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Preface

Electric power generated from renewable energy sources is getting increasing
attention and supports for new initiatives and developments in order to meet
the increased energy demands around the world. The availability of computer–
based advanced control techniques along with the advancement in the high-
power processing capabilities is opening new opportunity for the development,
applications and management of energy and electric power. Power Electronics
is integral part of the power processing and delivery from the energy sources to
the utility supply and the electricity consumers.

The demand for energy, particularly in electrical forms, is ever-increasing in
order to improve the standard of living. Power electronics helps with the efficient
use of electricity, thereby reducing power consumption. Semiconductor devices
are used as switches for power conversion or processing, as are solid state
electronics for efficient control of the amount of power and energy flow. Higher
efficiency and lower losses are sought for devices used in a range of applications,
from microwave ovens to high-voltage dc transmission. New devices and power
electronic systems are now evolving for even more effective control of power
and energy.

Power electronics has already found an important place in modern tech-
nology and has revolutionized control of power and energy. As the voltage
and current ratings and switching characteristics of power semiconductor de-
vices keep improving, the range of applications continue to expand in areas,
such as lamp controls, power supplies to motion control, factory automation,
transportation, energy storage, multi-megawatt industrial drives, and electric
power transmission and distribution. The greater efficiency and tighter control
features of power electronics are becoming attractive for applications in motion
control by replacing the earlier electromechanical and electronic systems. Ap-
plications in power transmission and renewable energy include high-voltage dc
(VHDC) converter stations, flexible ac transmission system (FACTS), static var
compensators, and energy storage. In power distribution, these include dc-to-ac
conversion, dynamic filters, frequency conversion, and custom power system.

Audience:
The purpose of Alternative Energy in Power Electronics is a derivative of
the best-selling Power Electronics Handbook, Third Edition. The purpose of
Alternative Energy in Power Electronics is to provide a reference that is both
concise and useful for engineering students and practicing professionals. It

xiii



xiv Preface

is designed to cover topics that relate to renewable energy processing and
delivery. It is designed as advanced textbooks and professional references. The
contributors are leading authorities in their areas of expertise. All were chosen
because of their intimate knowledge of their subjects, and their contributions
make this a comprehensive state-of-the-art guide to the expanding filed energy
of energy.

Muhammad H. Rashid, Editor-in-Chief

Any comments and suggestions regarding this book are welcome. They should
be sent to

Dr. Muhammad H. Rashid
Professor

Department of Electrical and Computer Engineering
University of West Florida

11000 University Parkway Pensacola.
FL 32514-5754, USA

E-mail: mrashidfl@gmail.com
Web: http://uwf.edu/mrashid
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1.1 INTRODUCTION

The Kyoto agreement on global reduction of greenhouse gas emissions has
prompted renewed interest in renewable energy systems worldwide. Many
renewable energy technologies today are well developed, reliable, and cost
competitive with the conventional fuel generators. The cost of renewable energy
technologies is on a falling trend and is expected to fall further as demand
and production increases. There are many renewable energy sources (RES)
such as biomass, solar, wind, mini hydro and tidal power. However, solar and
wind energy systems make use of advanced power electronics technologies and,
therefore the focus in this chapter will be on solar photovoltaic and wind power.

One of the advantages offered by (RES) is their potential to provide sustain-
able electricity in areas not served by the conventional power grid. The growing
market for renewable energy technologies has resulted in a rapid growth in the
need of power electronics. Most of the renewable energy technologies produce
DC power and hence power electronics and control equipment are required to
convert the DC into AC power.

Inverters are used to convert DC to AC. There are two types of inverters:
(a) stand-alone or (b) grid-connected. Both types have several similarities but
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are different in terms of control functions. A stand-alone inverter is used in
off-grid applications with battery storage. With back-up diesel generators (such
as photovoltaic (PV)/diesel/hybrid power systems), the inverters may have
additional control functions such as operating in parallel with diesel generators
and bi-directional operation (battery charging and inverting). Grid interactive
inverters must follow the voltage and frequency characteristics of the utility
generated power presented on the distribution line. For both types of inverters,
the conversion efficiency is a very important consideration. Details of stand-
alone and grid-connected inverters for PV and wind applications are discussed
in this chapter.

Section 1.2 covers stand-alone PV system applications such as battery
charging and water pumping for remote areas. This section also discusses power
electronic converters suitable for PV-diesel hybrid systems and grid-connected
PV for rooftop and large-scale applications. Of all the renewable energy options,
the wind turbine technology is maturing very fast. A marked rise in installed
wind power capacity has been noticed worldwide in the last decade. Per unit
generation cost of wind power is now quite comparable with the conventional
generation. Wind turbine generators are used in stand-alone battery charging
applications, in combinationwith fossil fuel generators as part of hybrid systems
and as grid-connected systems. As a result of advancements in blade design,
generators, power electronics, and control systems, it has been possible to
increase dramatically the availability of large-scale wind power. Many wind
generators now incorporate speed control mechanisms like blade pitch control
or use converters/inverters to regulate power output from variable speed wind
turbines. In Section 1.3, electrical and power conditioning aspects of wind
energy conversion systems were included.

1.2 POWER ELECTRONICS FOR PHOTOVOLTAIC
POWER SYSTEMS

1.2.1 Basics of Photovoltaics

The density of power radiated from the sun (referred as “solar energy constant”)
at the outer atmosphere is 1.373 kW/m2. Part of this energy is absorbed and
scattered by the earth’s atmosphere. The final incident sunlight on earth’s
surface has a peak density of 1 kW/m2 at noon in the tropics. The technology
of photovoltaics (PV) is essentially concerned with the conversion of this
energy into usable electrical form. Basic element of a PV system is the solar
cell. Solar cells can convert the energy of sunlight directly into electricity.
Consumer appliances used to provide services such as lighting, water pumping,
refrigeration, telecommunication, television, etc. can be run from PV electricity.
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Solar cells rely on a quantum-mechanical process known as the “photovoltaic
effect” to produce electricity. A typical solar cell consists of a p–n junction
formed in a semiconductor material similar to a diode. Figure 1.1 shows a
schematic diagram of the cross section through a crystalline solar cell [1]. It
consists of a 0.2–0.3mm thick monocrystalline or polycrystalline silicon wafer
having two layers with different electrical properties formed by “doping” it with
other impurities (e.g. boron and phosphorous). An electric field is established
at the junction between the negatively doped (using phosphorous atoms) and
the positively doped (using boron atoms) silicon layers. If light is incident on
the solar cell, the energy from the light (photons) creates free charge carriers,
which are separated by the electrical field. An electrical voltage is generated at
the external contacts, so that current can flow when a load is connected. The
photocurrent (Iph), which is internally generated in the solar cell, is proportional
to the radiation intensity.

A simplified equivalent circuit of a solar cell consists of a current source in
parallel with a diode as shown in Fig. 1.2a. A variable resistor is connected
to the solar cell generator as a load. When the terminals are short-circuited,
the output voltage and also the voltage across the diode is zero. The entire
photocurrent (Iph) generated by the solar radiation then flows to the output.
The solar cell current has its maximum (Isc). If the load resistance is increased,
which results in an increasing voltage across the p–n junction of the diode, a
portion of the current flows through the diode and the output current decreases
by the same amount. When the load resistor is open-circuited, the output current
is zero and the entire photocurrent flows through the diode. The relationship
between current and voltage may be determined from the diode characteristic
equation

I = Iph − I0(e
qV/kT − 1) = Iph − Id (1.1)

where q is the electron charge, k is the Boltzmann constant, Iph is photocurrent,
I0 is the reverse saturation current, Id is diode current, and T is the solar cell
operating temperature (◦K). The current vs voltage (I–V) of a solar cell is thus
equivalent to an “inverted” diode characteristic curve shown in Fig. 1.2b.

light

negative electrode

negative doped silicon

positive doped silicon

PN junction

positive electrode

FIGURE 1.1 Principle of the operation of a solar cell [2].
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FIGURE 1.2 Simplified equivalent circuit for a solar cell.

A number of semiconductor materials are suitable for the manufacturing
of solar cells. The most common types using silicon semiconductor material
(Si) are:

� Monocrystalline Si cells.
� Polycrystalline Si cells.
� Amorphous Si cells.

A solar cell can be operated at any point along its characteristic current–voltage
curve, as shown in Fig. 1.3. Two important points on this curve are the open-
circuit voltage (Voc) and short-circuit current (Isc). The open-circuit voltage is
themaximum voltage at zero current, while short-circuit current is themaximum
current at zero voltage. For a silicon solar cell under standard test conditions,Voc
is typically 0.6–0.7V, and Isc is typically 20–40mA for every square centimeter
of the cell area. To a good approximation, Isc is proportional to the illumi-
nation level, whereas Voc is proportional to the logarithm of the illumination
level.

Voc
V

Isc

I / P

Impp

Vmpp

Pmpp

FIGURE 1.3 Current vs voltage (I–V) and current power (P–V) characteristics for a solar cell.
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PV Cell PV Module PV Panel PV Array

FIGURE 1.4 PV generator terms.

A plot of power (P) against voltage (V) for this device (Fig. 1.3) shows that
there is a unique point on the I–V curve at which the solar cell will generate
maximum power. This is known as the maximum power point (Vmp, Imp). To
maximize the power output, steps are usually taken during fabrication, the three
basic cell parameters: open-circuit voltage, short-circuit current, and fill factor
(FF) – a term describing how “square” the I–V curve is, given by

Fill Factor = (Vmp × Imp)/(Voc × Isc) (1.2)

For a silicon solar cell, FF is typically 0.6–0.8. Because silicon solar cells
typically produce only about 0.5V, a number of cells are connected in series
in a PV module. A panel is a collection of modules physically and electrically
grouped together on a support structure. An array is a collection of panels (see
Fig. 1.4).

The effect of temperature on the performance of silicon solar module is
illustrated in Fig. 1.5. Note that Isc slightly increases linearly with temperature,
but, Voc and the maximum power, Pm decrease with temperature [1].

Figure 1.6 shows the variation of PV current and voltages at different inso-
lation levels. From Figs. 1.5 and 1.6, it can be seen that the I–V characteristics
of solar cells at a given insolation and temperature consist of a constant voltage
segment and a constant current segment [3]. The current is limited, as the cell
is short-circuited. The maximum power condition occurs at the knee of the
characteristic curve where the two segments meet.

1.2.2 Types of PV Power Systems

Photovoltaic power systems can be classified as:

� Stand-alone PV systems.
� Hybrid PV systems.
� Grid-connected PV systems.

Stand-alone PV systems, shown in Fig. 1.7, are used in remote areas with
no access to a utility grid. Conventional power systems used in remote areas
often based on manually controlled diesel generators operating continuously
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FIGURE 1.5 Effects of temperature on silicon solar cells.
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FIGURE 1.6 Typical current/voltage (I–V) characteristic curves for different insolation.

or for a few hours. Extended operation of diesel generators at low load levels
significantly increases maintenance costs and reduces their useful life. Renew-
able energy sources such as PV can be added to remote area power systems
using diesel and other fossil fuel powered generators to provide 24-hour power
economically and efficiently. Such systems are called “hybrid energy systems.”
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PV
Panel

Charge
regulator

unit

+

AC
Load

_

InverterBattery

FIGURE 1.7 Stand-alone PV system.

Diesel
Generator

Power
Conditioning and

Control

Battery

Load

PV Panel

FIGURE 1.8 PV-diesel hybrid system.

Power
Conditioning and

Control

PV Panel

Grid

FIGURE 1.9 Grid-connected PV system.

Figure 1.8 shows a schematic of a PV-diesel hybrid system. In grid-connected
PV systems shown in Fig. 1.9, PV panels are connected to a grid through
inverters without battery storage. These systems can be classified as small
systems like the residential rooftop systems or large grid-connected systems.
The grid-interactive inverters must be synchronized with the grid in terms of
voltage and frequency.
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1.2.3 Stand-alone PV Systems

The two main stand-alone PV applications are:

� Battery charging.
� Solar water pumping.

1.2.3.1 Battery Charging
1.2.3.1.1 Batteries for PV Systems

Stand-alone PV energy system requires storage to meet the energy demand
during periods of low solar irradiation and nighttime. Several types of batteries
are available such as the lead acid, nickel–cadmium, lithium, zinc bromide,
zinc chloride, sodium sulfur, nickel–hydrogen, redox, and vanadium batteries.
The provision of cost-effective electrical energy storage remains one of the
major challenges for the development of improved PV power systems. Typically,
lead-acid batteries are used to guarantee several hours to a few days of energy
storage. Their reasonable cost and general availability has resulted in the
widespread application of lead-acid batteries for remote area power supplies
despite their limited lifetime compared to other system components. Lead-acid
batteries can be deep or shallow cycling gelled batteries, batteries with captive
or liquid electrolyte, sealed and non-sealed batteries etc. [4]. Sealed batteries are
valve regulated to permit evolution of excess hydrogen gas (although catalytic
converters are used to convert as much evolved hydrogen and oxygen back to
water as possible). Sealed batteries need less maintenance. The following factors
are considered in the selection of batteries for PV applications [1]:

� Deep discharge (70–80% depth of discharge).
� Low charging/discharging current.
� Long duration charge (slow) and discharge (long duty cycle).
� Irregular and varying charge/discharge.
� Low self discharge.
� Long life time.
� Less maintenance requirement.
� High energy storage efficiency.
� Low cost.

Battery manufacturers specify the nominal number of complete charge and
discharge cycles as a function of the depth-of-discharge (DOD), as shown in
Fig. 1.10. While this information can be used reliably to predict the lifetime of
lead-acid batteries in conventional applications, such as uninterruptable power
supplies or electric vehicles, it usually results in an overestimation of the useful
life of the battery bank in renewable energy systems.

Two of the main factors that have been identified as limiting criteria for
the cycle life of batteries in PV power systems are incomplete charging and
prolonged operation at a low state-of-charge (SOC). The objective of improved
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battery control strategies is to extend the lifetime of lead-acid batteries to
achieve a typical number of cycles shown in Fig. 1.10. If this is achieved, an
optimum solution for the required storage capacity and the maximum DOD of
the battery can be found by referring to manufacturer’s information. Increasing
the capacity will reduce the typical DOD and therefore prolong the battery
lifetime. Conversely, it may be more economic to replace a smaller battery bank
more frequently.

1.2.3.1.2 PV Charge Controllers

Blocking diodes in series with PVmodules are used to prevent the batteries from
being discharged through the PV cells at night when there is no sun available
to generate energy. These blocking diodes also protect the battery from short
circuits. In a solar power system consisting of more than one string connected in
parallel, if a short circuit occurs in one of the strings, the blocking diode prevents
the other PV strings to discharge through the short-circuited string.

The battery storage in a PV system should be properly controlled to avoid
catastrophic operating conditions like overcharging or frequent deep discharg-
ing. Storage batteries account for most PV system failures and contribute signif-
icantly to both the initial and the eventual replacement costs. Charge controllers
regulate the charge transfer and prevent the battery from being excessively
charged and discharged. Three types of charge controllers are commonly used:

� Series charge regulators.
� Shunt charge regulators.
� DC–DC converters.

1.2.3.1.2.1 A. Series Charge Regulators: The basic circuit for the series
regulators is given in Fig. 1.11. In the series charge controller, the switch S1
disconnects the PV generator when a predefined battery voltage is achieved.
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PV
Panel

Charge
Controller

Battery

Load

Switch S2Switch S1

+     _

FIGURE 1.11 Series charge regulator.

When the voltage reduces below the discharge limit, the load is disconnected
from the battery to avoid deep discharge beyond the limit. The main problem
associated with this type of controller is the losses associated with the switches.
This extra power loss has to come from the PV power and this can be quite sig-
nificant. Bipolar transistors, metal oxide semi conductor field effect transistors
(MOSFETs), or relays are used as the switches.

1.2.3.1.2.2 B. Shunt Charge Regulators: In this type, as illustrated in
Fig. 1.12, when the battery is fully charged the PV generator is short-circuited
using an electronic switch (S1). Unlike series controllers, this method works
more efficiently even when the battery is completely discharged as the short-
circuit switch need not be activated until the battery is fully discharged [1].

The blocking diode prevents short-circuiting of the battery. Shunt-charge
regulators are used for the small PV applications (less than 20A).

PV
Panel

Charge
Controller

Battery +

Load

Switch S2

Blocking
Diode

_
S1

FIGURE 1.12 Shunt charge regulator.
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Deep discharge protection is used to protect the battery against the deep
discharge. When the battery voltage reaches below the minimum set point for
deep discharge limit, switch S2 disconnects the load. Simple series and shunt
regulators allow only relatively coarse adjustment of the current flow and seldom
meet the exact requirements of PV systems.

1.2.3.1.2.3 C. DC–DC Converter Type Charge Regulators: Switch mode
DC-to-DC converters are used to match the output of a PV generator to a variable
load. There are various types of DC–DC converters such as:

� Buck (step-down) converter.
� Boost (step-up) converter.
� Buck–boost (step-down/up) converter.

Figures 1.13–1.15 show simplified diagrams of these three basic types convert-
ers. The basic concepts are an electronic switch, an inductor to store energy,
and a “flywheel” diode, which carries the current during that part of switching
cycle when the switch is off. The DC–DC converters allow the charge current
to be reduced continuously in such a way that the resulting battery voltage is
maintained at a specified value.

Vdc

+
+

D

L

R

Iin Iout

PV panels

−

−

FIGURE 1.13 Buck converter.

+

C

+
D

L

RVdc

PV panels

lin lout

−

−

FIGURE 1.14 Boost converter.
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1.2.3.1.3 Maximum Power Point Tracking (MPPT)

A controller that tracks themaximumpower point locus of the PV array is known
as the MPPT. In Fig. 1.17, the PV power output is plotted against the voltage
for insolation levels from 200 to 1000W/m2 [5]. The points of maximum array
power form a curve termed as the maximum power locus. Due to high cost of
solar cells, it is necessary to operate the PV array at its maximum power point
(MPP). For overall optimal operation of the system, the load line must match
the PV array’s MPP locus.

Referring to Fig. 1.16, the load characteristics can be either curve OA or
curve OB depending upon the nature of the load and it’s current and voltage
requirements. If load OA is considered and the load is directly coupled to the
solar array, the array will operate at point A1, delivering only power P1. The
maximum array power available at the given insolation is P2. In order to use
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PV array power P2, a power conditioner coupled between array and the load is
needed.

There are generally two ways of operating PV modules at maximum power
point. These ways take advantage of analog and/or digital hardware control to
track the MPP of PV arrays.

1.2.3.1.4 Analog Control

There are many analog control mechanisms proposed in different articles.
For instance, fractional short-circuit current (ISC) [6–9], fractional open-circuit
voltage (VOP) [6,7,10–13], and ripple correlation control (RCC) [14–17].

Fractional open-circuit voltage (VOP) is one of the simple analogue control
method. It is based on the assumption that the maximum power point voltage,
VMPP, is a linear function of the open-circuit voltage, VOC. For exampleVMPP =
kVOC where k ≈ 0.76. This assumption is reasonably accurate even for large
variations in the cell short-circuit current and temperature. This type of MPPT
is probably the most common type. A variation to this method involves peri-
odically open-circuiting the cell string and measuring the open-circuit voltage.
The appropriate value of VMPP can then be obtained with a simple voltage
divider.

1.2.3.1.5 Digital Control

There are many digital control mechanisms that were proposed in different arti-
cles. For instance, perturbation and observation (P&O) or hill climbing [18–23],
fuzzy logic [24–28], neural network [18,29–31], and incremental conductance
(IncCond) [32–35].
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The P&O or hill climbing control involves around varying the input volt-
age around the optimum value by giving it a small increment or decrement
alternately. The effect on the output power is then assessed and a further small
correction is made to the input voltage. Therefore, this type of control is called
a hill climbing control. The power output of the PV array is sampled at an every
definite sampling period and compared with the previous value. In the event,
when power is increased then the solar array voltage is stepped in the same
direction as the previous sample time, but if the power is reduced then the array
voltage is stepped in the opposite way and try to operate the PV array at its
optimum/maximum power point.

To operate the PV array at the MPP, perturb and adjust method can be
used at regular intervals. Current drawn is sampled every few seconds and the
resulting power output of the solar cells is monitored at regular intervals. When
an increased current results in a higher power, it is further increased until power
output starts to reduce. But if the increased PV current results in lesser amount
of power than in the previous sample, then the current is reduced until the MPP
is reached.

1.2.3.2 Inverters for Stand-alone PV Systems
Inverters convert power from DC to AC while rectifiers convert it from AC
to DC. Many inverters are bi-directional, i.e. they are able to operate in both
inverting and rectifyingmodes. Inmany stand-alone PV installations, alternating
current is needed to operate 230V (or 110V), 50Hz (or 60Hz) appliances.
Generally stand-alone inverters operate at 12, 24, 48, 96, 120, or 240V DC
depending upon the power level. Ideally, an inverter for a stand-alone PV system
should have the following features:

� Sinusoidal output voltage.
� Voltage and frequency within the allowable limits.
� Cable to handle large variation in input voltage.
� Output voltage regulation.
� High efficiency at light loads.
� Less harmonic generation by the inverter to avoid damage to electronic

appliances like television, additional losses, and heating of appliances.
� Photovoltaic inverters must be able to withstand overloading for short term

to take care of higher starting currents from pumps, refrigerators, etc.
� Adequate protection arrangement for over/under-voltage and frequency,

short circuit etc.
� Surge capacity.
� Low idling and no load losses.
� Low battery voltage disconnect.
� Low audio and radio frequency (RF) noise.

Several different semiconductor devices such asmetal oxide semiconductor field
effect transistor (MOSFETs) and insulated gate bipolar transistors (IGBTs) are
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used in the power stage of inverters. Typically MOSFETs are used in units up to
5 kVA and 96V DC. They have the advantage of low switching losses at higher
frequencies. Because the on-state voltage drop is 2V DC, IGBTs are generally
used only above 96V DC systems.

Voltage source inverters are usually used in stand-alone applications. They
can be single phase or three phase. There are three switching techniques
commonly used: square wave, quasi-square wave, and pulse width modulation.
Square-wave ormodified square-wave inverters can supply power tools, resistive
heaters, or incandescent lights, which do not require a high quality sine wave for
reliable and efficient operation. However, many household appliances require
low distortion sinusoidal waveforms. The use of true sine-wave inverters is
recommended for remote area power systems. Pulse width modulated (PWM)
switching is generally used for obtaining sinusoidal output from the inverters.

A general layout of a single-phase system, both half bridge and full bridge, is
shown in Fig. 1.18. In Fig. 1.18a, single-phase half bridge is with two switches,
S1 and S2, the capacitorsC1 andC2 are connected in series across the DC source.
The junction between the capacitors is at the mid-potential. Voltage across each
capacitor is Vdc/2. Switches S1 and S2 can be switched on/off periodically to
produce AC voltage. Filter (Lf and Cf ) is used to reduce high-switch frequency
components and to produce sinusoidal output from the inverter. The output of
inverter is connected to load through a transformer. Figure 1.18b shows the
similar arrangement for full-bridge configuration with four switches. For the
same input source voltage, the full-bridge output is twice and the switches carry
less current for the same load power.

The power circuit of a three phase four-wire inverter is shown in Fig. 1.19.
The output of the inverter is connected to load via three-phase transformer
(delta/Y). The star point of the transformer secondary gives the neutral connec-
tion. Three phase or single phase can be connected to this system. Alternatively,
a center tap DC source can be used to supply the converter and the mid-point
can be used as the neutral.

Figure 1.20 shows the inverter efficiency for a typical inverter used in
remote area power systems. It is important to consider that the system load is
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FIGURE 1.18 Single-phase inverter: (a) half bridge and (b) full bridge.
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FIGURE 1.20 Typical inverter efficiency curve.

typically well below the nominal inverter capacity Pnom, which results in low
conversion efficiencies at loads below 10% of the rated inverter output power.
Optimum overall system operation is achieved if the total energy dissipated in
the inverter is minimized. The high conversion efficiency at low power levels of
recently developed inverters for grid-connected PV systems shows that there is
a significant potential for further improvements in efficiency.

Bi-directional inverters convert DC power to AC power (inverter) or AC
power to DC power (rectifier) and are becoming very popular in remote area
power systems [4,5]. The principle of a stand-alone single-phase bi-directional
inverter used in a PV/battery/diesel hybrid system can be explained by referring
Fig. 1.21. A charge controller is used to interface the PV array and the battery.
The inverter has a full-bridge configuration realized using four power electronic
switches (MOSFET or IGBTs) S1–S4. In this scheme, the diagonally opposite
switches (S1, S4) and (S2, S3) are switched using a sinusoidally PWM gate
pulses. The inverter produces sinusoidal output voltage. The inductors X1, X2,
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FIGURE 1.21 Bi-directional inverter system.

and the AC output capacitor C2 filter out the high-switch frequency components
from the output waveform. Most inverter topologies use a low frequency (50
or 60Hz) transformer to step up the inverter output voltage. In this scheme, the
diesel generator and the converter are connected in parallel to supply the load.
The voltage sources, diesel and inverter, are separated by the link inductor Xm.
The bi-directional power flow between inverter and the diesel generator can be
established.

The power flow through the link inductor, Xm, is

Sm = VmI
∗
m (1.3)

Pm = (VmVc sin δ)/Xm (1.4)

Qm = (Vm/Xm)(Vm − Vc cos δ) (1.5)

δ = sin−1[(XmPm)/(VmVc)] (1.6)

where δ is the phase angle between the two voltages. From Eq. (1.4), it can be
seen that the power supplied by the inverter from the batteries (inverter mode)
or supplied to the batteries (charging mode) can be controlled by controlling the
phase angle δ. The PWMpulses separately control the amplitude of the converter
voltage, Vc, while the phase angle with respect to the diesel voltage is varied for
power flow.

1.2.3.3 Solar Water Pumping
In many remote and rural areas, hand pumps or diesel driven pumps are used
for water supply. Diesel pumps consume fossil fuel, affects environment, needs
moremaintenance, and are less reliable. Photovoltaic poweredwater pumps have
received considerable attention recently due to major developments in the field
of solar cell materials and power electronic systems technology.

1.2.3.3.1 Types of Pumps

Two types of pumps are commonly used for the water pumping applica-
tions: positive and centrifugal displacement. Both centrifugal and positive
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displacement pumps can be further classified into those with motors that are
(a) surface mounted and those which are (b) submerged into the water (“sub-
mersible”).

Displacement pumps have water output directly proportional to the speed
of the pump, but, almost independent of head. These pumps are used for solar
water pumping from deep wells or bores. They may be piston type pumps, or
use diaphragm driven by a cam, rotary screw type, or use progressive cavity
system. The pumping rate of these pumps is directly related to the speed and
hence constant torque is desired.

Centrifugal pumps are used for low-head applications especially if they
are directly interfaced with the solar panels. Centrifugal pumps are designed
for fixed-head applications and the pressure difference generated increases in
relation to the speed of pump. These pumps are rotating impeller type, which
throws the water radially against a casing, so shaped that the momentum of
the water is converted into useful pressure for lifting [4]. The centrifugal
pumps have relatively high efficiency but it reduces at lower speeds, which
can be a problem for the solar water pumping system at the time of low
light levels. The single-stage centrifugal pump has just one impeller whereas
most borehole pumps are multistage types where the outlet from one impeller
goes into the center of another and each one keeps increasing the pressure
difference.

From Fig. 1.22, it is quite obvious that the load line is located relatively
faraway from Pmax line. It has been reported that the daily utilization efficiency
for a DC motor drive is 87% for a centrifugal pump compared to 57% for
a constant torque characteristics load. Hence, centrifugal pumps are more
compatible with PV arrays. The system operating point is determined by the
intersection of the I–V characteristics of the PV array and the motor as shown in
Fig. 1.22. The torque-speed slope is normally large due to the armature resistance
being small. At the instant of starting, the speed and the back emf are zero. Hence
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FIGURE 1.22 I–V characteristics of a PV array and two mechanical loads: (a) constant torque and
(b) centrifugal pump.
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FIGURE 1.23 Speed torque characteristics of a DC motor and two mechanical loads: (a) helical
rotor and (b) centrifugal pump.

the motor starting current is approximately the short-circuit current of the PV
array. By matching the load to the PV source through MPPT, the starting torque
increases.

The matching of a DC motor depends upon the type of load being used. For
instance, a centrifugal pump is characterized by having the load torque propor-
tional to the square of speed. The operating characteristics of the system (i.e. PV
source, permanent magnet (PM) DC motor and load) are at the intersection of
the motor and load characteristics as shown in Fig. 1.23 (i.e. points a, b, c, d, e,
and f for centrifugal pump). From Fig. 1.23, the system utilizing the centrifugal
pump as its load tends to start at low solar irradiation (point a) level. However,
for the systems with an almost constant torque characteristics in Fig. 1.22, the
start is at almost 50% of one sun (full insolation) which results in short period
of operation.

1.2.3.3.2 Types of Motors

There are various types of motors available for the PV water pumping
applications:

� DC motors.
� AC motors.

DC motors are preferred where direct coupling to PV panels is desired whereas
AC motors are coupled to the solar panels through inverters. AC motors in
general are cheaper than the DCmotors and are more reliable but the DCmotors
are more efficient. The DC motors used for solar pumping applications are:

� Permanent magnet DC motors with brushes.
� Permanent DC magnet motors without brushes.

In DC motors with the brushes, the brushes are used to deliver power to the
commutator and need frequent replacement due to wear and tear. These motors
are not suitable for submersible applications unless long transmission shafts
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are used. Brush-less DC permanent magnet motors have been developed for
submersible applications.

The AC motors are of the induction motor type, which is cheaper than DC
motors and available, worldwide. However, they need inverters to change DC
input from PV to AC power. A comparison of the different types of motors used
for PV water pumping is given in Table 1.1.

1.2.3.3.3 Power Conditioning Units for PV Water Pumping

Most PV pump manufacturers include power conditioning units (PCU) which
are used for operating the PV panels close to their MPP over a range of load
conditions and varying insolation levels and also for power conversion. DC or
AC motor-pump units can be used for PV water pumping. In its simplest form, a
solar water pumping system comprises of PV array, PCU, and DC water-pump
unit as shown in Fig. 1.24.

In case of lower light levels, high currents can be generated through power
conditioning to help in starting themotor-pumpunits especially for reciprocating
positive displacement type pumpswith constant torque characteristics, requiring
constant current throughout the operating region. In positive displacement type
pumps, the torque generated by the pumps depends on the pumping head,
friction, and pipe diameter etc. and needs certain level of current to produce the
necessary torque. Some systems use electronic controllers to assist starting and
operation of the motor under low solar radiation. This is particularly important
when using positive displacement pumps. The solar panels generate DC voltage
and current. The solar water pumping systems usually has DC or AC pumps. For
DC pumps, the PV output can be directly connected to the pump throughMPPT
or a DC–DC converter can also be used for interfacing for controlled DC output
from PV panels. To feed the AC motors, a suitable interfacing is required for the
power conditioning. These PV inverters for the stand-alone applications are very
expensive. The aim of power conditioning equipment is to supply the controlled
voltage/current output from the converters/inverters to the motor-pump unit.

These power-conditioning units are also used for operating the PV panels
close to their maximum efficiency for fluctuating solar conditions. The speed
of the pump is governed by the available driving voltage. Current lower than
the acceptable limit will stop the pumping. When the light level increases, the
operating point will shift from the MPP leading to the reduction of efficiency.
For centrifugal pumps, there is an increase in current at increased speed and
the matching of I–V characteristics is closer for wide range of light intensity
levels. For centrifugal pumps, the torque is proportional to the square of speed
and the torque produced by the motors is proportional to the current. Due to
decrease in PV current output, the torque from the motor and consequently the
speed of the pump is reduced resulting in decrease in back emf and the required
voltage of the motor. Maximum power point tracker can be used for controlling
the voltage/current outputs from the PV inverters to operate the PV close to



22
A
lternative

Energy
in

Pow
er

Electronics

TABLE 1.1 Comparison of the Different Types of Motor Used for PV Water Pumping

Types of
motor Advantages Disadvantages Main features

Brushed DC Simple and efficient for PV applications.
No complex control circuits is required
as the motor starts without high current
surge.
These motors will run slowly but do not
overheat with reduced voltage.

Brushes need to be replaced
periodically (typical replacement
interval is 2000–4000 hr or 2 years).

Requires MPPT for optimum
performance.
Available only in small motor sizes.
Increasing current (by paralleling PV
modules) increases the torque.
Increasing voltage (by series PV
modules) increases the speed.

Brush-less DC Efficient.
Less maintenance is required.

Electronic computation adds to extra
cost, complexity, and increased risk of
failure/malfunction.
In most cases, oil cooled, can’t be
submerged as deep as water cooled AC
units.

Growing trend among PV pump
manufacturers to use brush-less DC
motors, primarily for centrifugal type
submersible pumps.

AC induction
motors

No brushes to replace.
Can use existing AC motor/pump
technology which is cheaper and easily
available worldwide. These motors can
handle larger pumping requirements.

Needs an inverter to convert DC output
from PV to AC adding additional cost
and complexity.
Less efficient than DC motor-pump
units.
Prone to overheating if current is not
adequate to start the motor or if the
voltage is too low.

Available for single or three supply.
Inverters are designed to regulate
frequency to maximize power to the
motor in response to changing
insolation levels.
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FIGURE 1.24 Block diagram for DC motor driven pumping scheme.

FIGURE 1.25 Block diagram for BDCM for PV application.

maximum operating point for the smooth operation of motor-pump units. The
DC–DC converter can be used for keeping the PV panels output voltage constant
and help in operating the solar arrays close to MPP. In the beginning, high
starting current is required to produce high starting torque. The PV panels cannot
supply this high starting current without adequate power conditioning equipment
like DC–DC converter or by using a starting capacitor. The DC–DC converter
can generate the high starting currents by regulating the excess PV array voltage.
DC–DC converter can be boost or buck converter.

Brush-less DC motor (BDCM) and helical rotor pumps can also be used
for PV water pumping [36]. Brush-less DC motors are a self synchronous type
of motor characteristics by trapezoidal waveforms for back emf and air flux
density. They can operate off a low voltageDC supply which is switched through
an inverter to create a rotating stator field. The current generation of BDCMs
use rare earth magnets on the rotor to give high air gap flux densities and are
well suited to solar application. The block diagram of such an arrangement is
shown in Fig. 1.25 which consists of PV panels, DC–DC converter, MPPT, and
BDCM.

The PV inverters are used to convert the DC output of the solar arrays to
the AC quantity so as to run the AC motors driven pumps. These PV inverters
can be variable frequency type, which can be controlled to operate the motors
over wide range of loads. The PV inverters may involve impedance matching to
match the electrical characteristics of the load and array. The motor-pump unit
and PV panels operate at their maximum efficiencies. Maximum power point
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FIGURE 1.26 Block diagrams for various AC motor driven pumping schemes.

tracker is also used in the power conditioning. To keep the voltage stable for
the inverters, the DC–DC converter can be used. The inverter/converter has a
capability of injecting high-switch frequency components, which can lead to
the overheating and the losses. So care shall be taken for this. The PV arrays
are usually connected in series, parallel, or a combination of series parallel,
configurations. The function of power electronic interface, as mentioned be-
fore, is to convert the DC power from the array to the required voltage and
frequency to drive the AC motors. The motor-pump system load should be
such that the array operates close to it’s MPP at all solar insolation levels.
There are mainly three types solar powered water pumping systems as shown
in Fig. 1.26.

The first system shown in Fig. 1.26a is an imported commercially available
unit, which uses a specially wound low voltage induction motor driven sub-
mersible pump. Such a low voltage motor permits the PV array voltage to be
converted to ACwithout using a step-up transformer. The second system, shown
in Fig. 1.26bmakes use of a conventional “off-the-shelf” 415V, 50Hz, induction
motor [6]. This scheme needs a step-up transformer to raise inverter output
voltage to high voltage. Third scheme as shown in Fig. 1.26c comprises of a DC–
DC converter, an inverter that switches at high frequency, and a mains voltage
motor driven pump. To get the optimum discharge (Q), at a given insolation
level, the efficiency of the DC–DC converter and the inverter should be high.
So the purpose should be to optimize the output from PV array, motor, and the
pump. The principle used here is to vary the duty cycle of a DC–DC converter so
that the output voltage is maximum. The DC–DC converter is used to boost the
solar array voltage to eliminate the need for a step-up transformer and operate
the array at the MPP. The three-phase inverter used in the interface is designed
to operate in a variable frequency mode over the range of 20–50Hz, which is
the practical limit for most 50Hz induction motor applications. Block diagram
for frequency control is given in Fig. 1.27.

This inverter would be suitable for driving permanent magnet motors by
incorporating additional circuitry for position sensing of the motor’s shaft. Also
the inverter could be modified, if required, to produce higher output frequencies
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FIGURE 1.27 Block diagram for voltage/frequency control.

for high-speed permanent magnet motors. The inverter has a three-phase full-
bridge configuration implemented by MOSFET power transistors.

1.2.4 Hybrid Energy Systems

The combination of RES, such as PV arrays or wind turbines, with engine-driven
generators and battery storage, is widely recognized as a viable alternative to
conventional remote area power supplies (RAPS). These systems are generally
classified as hybrid energy systems (HES). They are used increasingly for
electrification in remote areas where the cost of grid extension is prohibitive
and the price for fuel increases drastically with the remoteness of the location.
For many applications, the combination of renewable and conventional energy
sources compares favorably with fossil fuel-based RAPS systems, both in regard
to their cost and technical performance. Because these systems employ two or
more different sources of energy, they enjoy a very high degree of reliability
as compared to single-source systems such as a stand-alone diesel generator
or a stand-alone PV or wind system. Applications of hybrid energy systems
range from small power supplies for remote households, providing electricity
for lighting and other essential electrical appliances, to village electrification for
remote communities has been reported [37].

Hybrid energy systems generate AC electricity by combining RES such as
PV array with an inverter, which can operate alternately or in parallel with a
conventional engine-driven generator. They can be classified according to their
configuration as [38]:

� Series hybrid energy systems.
� Switched hybrid energy systems.
� Parallel hybrid energy systems.

The parallel hybrid systems can be further divided to DC or AC coupling.
An overview of the three most common system topologies is presented by
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Bower [39]. In the following comparison of typical PV-diesel system config-
urations are described.

1.2.4.1 Series Configuration
In the conventional series hybrid systems shown in Fig. 1.28, all power genera-
tors feed DC power into a battery. Each component has therefore to be equipped
with an individual charge controller and in the case of a diesel generator with a
rectifier.

To ensure reliable operation of series hybrid energy systems both the diesel
generator and the inverter have to be sized to meet peak loads. This results in a
typical system operation where a large fraction of the generated energy is passed
through the battery bank, therefore resulting in increased cycling of the battery
bank and reduced system efficiency. AC power delivered to the load is converted
from DC to regulated AC by an inverter or a motor generator unit. The power
generated by the diesel generator is first rectified and subsequently converted
back toAC before being supplied to the load, which incurs significant conversion
losses.

The actual load demand determines the amount of electrical power delivered
by the PV array, wind generator, the battery bank, or the diesel generator. The
solar and wind charger prevents overcharging of the battery bank from the PV
generator when the PV power exceeds the load demand and the batteries are
fully charged. It may include MPPT to improve the utilization of the available
PV energy, although the energy gain is marginal for a well-sized system. The
system can be operated in manual or automatic mode, with the addition of
appropriate battery voltage sensing and start/stop control of the engine-driven
generator.
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Solar Charger
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~
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Generator
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FIGURE 1.28 Series hybrid energy system.
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Advantages:

� The engine-driven generator can be sized to be optimally loaded while
supplying the load and charging the battery bank, until a battery SOC of
70–80% is reached.

� No switching of AC power between the different energy sources is required,
which simplifies the electrical output interface.

� The power supplied to the load is not interrupted when the diesel generator
is started.

� The inverter can generate a sine-wave, modified square-wave, or square-
wave depending on the application.

Disadvantages:

� The inverter cannot operate in parallel with the engine-driven generator,
therefore the inverter must be sized to supply the peak load of the system.

� The battery bank is cycled frequently, which shortens its lifetime.
� The cycling profile requires a large battery bank to limit the depth-of-

discharge (DOD).
� The overall system efficiency is low, since the diesel cannot supply power

directly to the load.
� Inverter failure results in complete loss of power to the load, unless the load

can be supplied directly from the diesel generator for emergency purposes.

1.2.4.2 Switched Configuration
Despite its operational limitations, the switched configuration remains one of
the most common installations in some developing countries. It allows operation
with either the engine-driven generator or the inverter as the AC source, yet no
parallel operation of the main generation sources is possible. The diesel genera-
tor and the RES can charge the battery bank. Themain advantage compared with
the series system is that the load can be supplied directly by the engine-driven
generator, which results in a higher overall conversion efficiency. Typically, the
diesel generator power will exceed the load demand, with excess energy being
used to recharge the battery bank. During periods of low electricity demand
the diesel generator is switched off and the load is supplied from the PV array
together with stored energy. Switched hybrid energy systems can be operated in
manual mode, although the increased complexity of the system makes it highly
desirable to include an automatic controller, which can be implemented with
the addition of appropriate battery voltage sensing and start/stop control of the
engine-driven generator (Fig. 1.29).

Advantages:

� The inverter can generate a sine-wave, modified square-wave, or square-
wave, depending on the particular application.
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FIGURE 1.29 Switched PV-diesel hybrid energy system.

� The diesel generator can supply the load directly, therefore improving the
system efficiency and reducing the fuel consumption.

Disadvantages:

� Power to the load is interruptedmomentarily when the AC power sources are
transferred.

� The engine-driven alternator and inverter are typically designed to supply the
peak load, which reduces their efficiency at part load operation.

1.2.4.3 Parallel Configuration
The parallel hybrid system can be further classified as DC and AC couplings
as shown in Fig. 1.30. In both schemes, a bi-directional inverter is used to link
between the battery and an AC source (typically the output of a diesel generator).
The bi-directional inverter can charge the battery bank (rectifier operation) when
excess energy is available from the diesel generator or by the renewable sources,
as well as act as a DC–AC converter (inverter operation). The bi-directional
inverter may also provide “peak shaving” as part of a control strategy when the
diesel engine is overloaded. In Fig. 1.30a, the renewable energy sources (RES)
such as photovoltaic and wind are coupled on the DC side. DC integration of
RES results in “custom” system solutions for individual supply cases requiring
high costs for engineering, hardware, repair, and maintenance. Furthermore,
power system expandability for covering needs of growing energy and power
demand is also difficult. A better approach would be to integrate the RES on the
AC side rather than on the DC side as shown in Fig. 1.30b.

Parallel hybrid energy systems are characterized by two significant improve-
ments over the series and switched system configuration.

The inverter plus the diesel generator capacity rather than their individual
component ratings limit the maximum load that can be supplied. Typically, this
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FIGURE 1.30 Parallel PV-diesel hybrid energy system: (a) DC decoupling and (b) AC coupling.

will lead to a doubling of the system capacity. The capability to synchronize
the inverter with the diesel generator allows greater flexibility to optimize the
operation of the system. Future systems should be sized with a reduced peak
capacity of the diesel generator, which results in a higher fraction of directly
used energy and hence higher system efficiencies.

By using the same power electronic devices for both inverter and rectifier
operation, the number of system components is minimized. Additionally, wiring
and system installation costs are reduced through the integration of all power-
conditioning devices in one central power unit. This highly integrated system
concept has advantages over a more modular approach to system design, but it
may prevent convenient system upgrades when the load demand increases.
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The parallel configuration offers a number of potential advantages over
other system configurations. These objectives can only be met if the interactive
operation of the individual components is controlled by an “intelligent” hybrid
energy management system. Although today’s generation of parallel systems
include system controllers of varying complexity and sophistication, they do
not optimize the performance of the complete system. Typically, both the diesel
generator and the inverter are sized to supply anticipated peak loads. As a result
most parallel hybrid energy systems do not utilize their capability of parallel,
synchronized operation of multiple power sources.

Advantages:

� The system load can be met in an optimal way.
� Diesel generator efficiency can be maximized.
� Diesel generator maintenance can be minimized.
� A reduction in the rated capacities of the diesel generator, battery bank,

inverter, and renewable resources is feasible, while also meeting the peak
loads.

Disadvantages:

� Automatic control is essential for the reliable operation of the system.
� The inverter has to be a true sine-wave inverterwith the ability to synchronize

with a secondary AC source.
� System operation is less transparent to the untrained user of the system.

1.2.4.4 Control of Hybrid Energy Systems
The design process of hybrid energy systems requires the selection of the most
suitable combination of energy sources, power-conditioning devices, and energy
storage system together with the implementation of an efficient energy dispatch
strategy. System simulation software is an essential tool to analyze and compare
possible system combinations. The objective of the control strategy is to achieve
optimal operational performance at the system level. Inefficient operation of the
diesel generator and “dumping” of excess energy is common for many RAPS,
operating in the field. Component maintenance and replacement contributes
significantly to the lifecycle cost of systems. These aspects of system operation
are clearly related to the selected control strategy and have to be considered in
the system design phase.

Advanced system control strategies seek to reduce the number of cycles
and the DOD for the battery bank, run the diesel generator in its most efficient
operating range, maximize the utilization of the renewable resource, and ensure
high reliability of the system. Due to the varying nature of the load demand,
the fluctuating power supplied by the photovoltaic generator, and the resulting
variation of battery SOC, the hybrid energy system controller has to respond
to continuously changing operating conditions. Figure 1.31 shows different
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FIGURE 1.31 Operating modes for a PV single-diesel hybrid energy system.

operating modes for a PV single-diesel system using a typical diesel dispatch
strategy.

Mode (I): The base load, which is typically experienced at nighttime and
during the early morning hours, is supplied by energy stored in the bat-
teries. Photovoltaic power is not available and the diesel generator is not
started.
Mode (II): PV power is supplemented by stored energy to meet the medium
load demand.
Mode (III): Excess energy is available from the PV generator, which is stored
in the battery. The medium load demand is supplied from the PV generator.
Mode (IV): The diesel generator is started and operated at its nominal power to
meet the high evening load. Excess energy available from the diesel generator
is used to recharge the batteries.
Mode (V): The diesel generator power is insufficient to meet the peak load
demand. Additional power is supplied from the batteries by synchronizing the
inverter AC output voltage with the alternator waveform.
Mode (VI): The diesel generator power exceeds the load demand, but it is kept
operational until the batteries are recharged to a high SOC level.

In principle, most efficient operation is achieved if the generated power is
supplied directly to the load from all energy sources, which also reduces cycling
of the battery bank. However, since diesel generator operation at light loads
is inherently inefficient, it is common practice to operate the engine-driven
generator at its nominal power rating and to recharge the batteries from the
excess energy. The selection of the most efficient control strategy depends on
fuel, maintenance and component replacement cost, the system configuration,
environmental conditions, as well as constraints imposed on the operation of the
hybrid energy system.
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1.2.5 Grid-connected PV Systems

The utility interactive inverters not only conditions the power output of the PV
arrays but ensures that the PV system output is fully synchronizedwith the utility
power. These systems can be battery less or with battery backup. Systems with
battery storage (or flywheel) provide additional power supply reliability. The
grid connection of PV systems is gatheringmomentumbecause of various rebate
and incentive schemes. This system allows the consumer to feed its own load
utilizing the available solar energy and the surplus energy can be injected into
the grid under the energy by back scheme to reduce the payback period. Grid-
connected PV systems can become a part of the utility system. The contribution
of solar power depends upon the size of system and the load curve of the house.
When the PV system is integrated with the utility grid, a two-way power flow is
established. The utility grid will absorb excess PV power and will feed the house
during nighttime and at instants while the PV power is inadequate. The utility
companies are encouraging this scheme in many parts of the world. The grid-
connected system can be classified as:

� Rooftop application of grid-connected PV system.
� Utility scale large system.

For small household PV applications, a roof mounted PV array can be the
best option. Solar cells provide an environmentally clean way of producing
electricity, and rooftops have always been the ideal place to put them. With a PV
array on the rooftop, the solar generated power can supply residential load. The
rooftop PV systems can help in reducing the peak summer load to the benefit of
utility companies by feeding the household lighting, cooling, and other domestic
loads. The battery storage can further improve the reliability of the system at the
time of low insolation level, nighttime, or cloudy days. But the battery storage
has some inherent problems like maintenance and higher cost.

For roof-integrated applications, the solar arrays can be either mounted on
the roof or directly integrated into the roof. If the roof integration does not allow
for an air channel behind the PV modules for ventilation purpose, then it can
increase the cell temperature during the operation consequently leading to some
energy losses. The disadvantage with the rooftop application is that the PV array
orientation is dictated by the roof. In case, when the roof orientation differs from
the optimal orientation required for the cells, then efficiency of the entire system
would be suboptimal.

Utility interest in PV has centered on the large grid-connected PV systems.
In Germany, USA, Spain, and in several other parts of the world, some large
PV scale plants have been installed. The utilities are more inclined with large
scale, centralized power supply. The PV systems can be centralized or distributed
systems.

Grid-connected PV systems must observe the islanding situation, when
the utility supply fails. In case of islanding, the PV generators should be
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disconnected from mains. PV generators can continue to meet only the local
load, if the PV output matches the load. If the grid is re-connected during
islanding, transient overcurrents can flow through the PV system inverters and
the protective equipments like circuit breakers may be damaged. The islanding
control can be achieved through inverters or via the distribution network. Inverter
controls can be designed on the basis of detection of grid voltage, measurement
of impedance, frequency variation, or increase in harmonics. Protection shall be
designed for the islanding, short circuits, over/under-voltages/currents, ground-
ing, and lightening, etc.

The importance of the power generated by the PV system depends upon the
time of the day specially when the utility is experiencing the peak load. The
PV plants are well suited to summer peaking but it depends upon the climatic
condition of the site. PV systems being investigated for use as peaking stations
would be competitive for loadmanagement. The PV users can defer their load by
adopting loadmanagement to get themaximumbenefit out of the grid-connected
PV plants and feeding more power into the grid at the time of peak load.

The assigned capacity credit is based on the statistical probability with which
the grid can meet peak demand [4]. The capacity factor during the peaks is very
similar to that of conventional plants and similar capacity credit can be given for
the PV generation except at the timeswhen the PV plants are generating very less
power unless adequate storage is provided. With the installation of PV plants,
the need of extra transmission lines, transformers can be delayed or avoided. The
distributed PV plants can also contribute in providing reactive power support to
the grid and reduce burden on VAR compensators.

1.2.5.1 Inverters for Grid-connected Applications
Power conditioner is the key link between the PV array and mains in the grid-
connected PV system. It acts as an interface that converts DC current produced
by the solar cells into utility grade AC current. The PV system behavior relies
heavily on the power-conditioning unit. The inverters shall produce good quality
sine-wave output. The inverter must follow the frequency and voltage of the grid
and the inverter has to extract maximum power from the solar cells with the help
of MPPT and the inverter input stage varies the input voltage until the MPP on
the I–V curve is found. The inverter shall monitor all the phases of the grid. The
inverter output shall be controlled in terms of voltage and frequency variation.
A typical grid-connected inverter may use a PWM scheme and operates in the
range of 2–20kHz.

1.2.5.2 Inverter Classifications
The inverters used for the grid interfacing are broadly classified as:

� Voltage source inverters (VSI).
� Current source inverters (CSI).
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Whereas the inverters based on the control schemes can be classified as:

� Current controlled (CC).
� Voltage controlled (VC).

The source is not necessarily characterized by the energy source for the system.
It is a characteristic of the topology of the inverter. It is possible to change from
one source type to another source type by the addition of passive components. In
the voltage source inverter (VSI), the DC side is made to appear to the inverter as
a voltage source. The VSIs have a capacitor in parallel across the input whereas
the CSIs have an inductor is series with the DC input. In the CSI, the DC
source appears as a current source to the inverter. Solar arrays are fairly good
approximation to a current source. Most PV inverters are voltage source even
though the PV is a current source. Current source inverters are generally used for
largemotor drives though there have been some PV inverters built using a current
source topology. The VSI is more popular with the PWM VSI dominating the
sine-wave inverter topologies.

Figure 1.32a shows a single-phase full-bridge bi-directional VSI with (a)
voltage control and phase-shift (δ) control – voltage-controlled voltage source
inverter (VCVSI). The active power transfer from the PV panels is accomplished
by controlling the phase angle δ between the converter voltage and the grid
voltage. The converter voltage follows the grid voltage. Figure 1.32b shows the
sameVSI operated as a current controlled (CCVSI). The objective of this scheme
is to control active and reactive components of the current fed into the grid using
PWM techniques.

1.2.5.3 Inverter Types
Different types are being in use for the grid-connected PV applications such as:

� Line-commutated inverter.
� Self-commutated inverter.
� Inverter with high-frequency transformer.

1.2.5.3.1 Line-commutated Inverter

The line-commutated inverters are generally used for the electric motor ap-
plications. The power stage is equipped with thyristors. The maximum power
tracking control is required in the control algorithm for solar application. The
basic diagram for a single-phase line-commutated inverter is shown in the
Fig. 1.33 [3].

The driver circuit has to be changed to shift the firing angle from the
rectifier operation (0 < φ < 90) to inverter operation (90 < φ < 180). Six-pulse
or 12-pulse inverter are used for the grid interfacing but 12-pulse inverters
produce less harmonics. The thyristor type inverters require a low impedance
grid interface connection for commutation purpose. If the maximum power
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available from the grid connection is less than twice the rated PV inverter power,
then the line-commutated inverter should not be used [3]. The line-commutated
inverters are cheaper but inhibits poor power quality. The harmonics injected into
the grid can be large unless taken care of by employing adequate filters. These
line-commutated inverters also have poor power factor, poor power quality, and
need additional control to improve the power factor. Transformer can be used
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to provide the electrical isolation. To suppress the harmonics generated by these
inverters, tuned filters are employed and reactive power compensation is required
to improve the lagging power factor.

1.2.5.3.2 Self-commutated Inverter

A switch mode inverter using pulse width modulated (PWM) switching control,
can be used for the grid connection of PV systems. The basic block diagram for
this type of inverter is shown in the Fig. 1.34. The inverter bridges may consist
of bipolar transistors, MOSFET transistors, IGBT’s, or gate turn-off thyristor’s
(GTO’s), depending upon the type of application. GTO’s are used for the higher
power applications, whereas IGBT’s can be switched at higher frequencies i.e.
16 kHz, and are generally used for many grid-connected PV applications. Most
of the present day inverters are self-commutated sine-wave inverters.

Based on the switching control, the voltage source inverters can be further
classified based on the switching control as:

� PWM (pulse width modulated) inverters.
� Square-wave inverters.
� Single-phase inverters with voltage cancellations.
� Programmed harmonic elimination switching.
� Current controlled modulation.

1.2.5.3.3 Inverter with High-frequency Transformer

The 50Hz transformer for a standard PV inverter with PWM switching scheme
can be very heavy and costly. While using frequencies more than 20 kHz, a
ferrite core transformer can be a better option [3]. A circuit diagram of a
grid-connected PV system using high frequency transformer is shown in the
Fig. 1.35.

The capacitor on the input side of high frequency inverter acts as the filter.
The high frequency inverter with PWM is used to produce a high frequency AC
across the primary winding of the high frequency transformer. The secondary
voltage of this transformer is rectified using high frequency rectifier. The DC
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voltage is interfaced with a thyristor inverter through low-pass inductor filter and
hence connected to the grid. The line current is required to be sinusoidal and in
phase with the line voltage. To achieve this, the line voltage (V1) is measured
to establish the reference waveform for the line current I∗L . This reference
current I∗L multiplied by the transformer ratio gives the reference current at
the output of high frequency inverter. The inverter output can be controlled
using current control technique [40]. These inverters can be with low frequency
transformer isolation or high frequency transformer isolation. The low frequency
(50/60Hz) transformer of a standard inverter with PWM is a very heavy and
bulky component. For residential grid interactive rooftop inverters below 3 kW
rating, high frequency transformer isolation is often preferred.

1.2.5.3.4 Other PV Inverter Topologies

In this section, some of the inverter topologies discussed in various research
papers have been discussed.

A. Multilevel Converters Multilevel converters can be used with large PV
systems where multiple PV panels can be configured to create voltage steps.
These multilevel voltage-source converters can synthesize the AC output ter-
minal voltage from different level of DC voltages and can produce staircase
waveforms. This scheme involves less complexity, and needs less filtering. One
of the schemes (half-bridge diode-clamped three level inverter [41]) is given in
Fig. 1.36. There is no transformer in this topology. Multilevel converters can be
beneficial for large systems in terms of cost and efficiency. Problems associated
with shading and malfunction of PV units need to be addressed.

B. Non-insulated Voltage Source In this scheme [42], string of low voltage
PV panels or one high-voltage unit can be coupled with the grid through DC to
DC converter and voltage-source inverter. This topology is shown in Fig. 1.37.
PWM-switching scheme can be used to generate AC output. Filter has been used
to reject the switching components.
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C. Non-insulated Current Source This type of configuration is shown in
Fig. 1.38. Non-insulated current-source inverters [42] can be used to interface
the PV panels with the grid. This topology involves low cost which can provide
better efficiency.Appropriate controller can be used to reduce current harmonics.

D. Buck Converter with Half-bridge Transformer Link PV panels are con-
nected to grid via buck converter and half bridge as shown in Fig. 1.39. In this,
high-frequency PWM switching has been used at the low-voltage PV side to
generate an attenuated rectified 100Hz sine-wave current waveform [43]. Half-
wave bridge is utilized to convert this output to 50Hz signal suitable for grid
interconnection. To step up the voltage, transformer has also been connected
before the grid connection point.
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E. Flyback Converter This converter topology steps up the PV voltage to DC
bus voltage. Pulse width modulation operated converter has been used for grid
connection of PV system (Fig. 1.40). This scheme is less complex and has less
number of switches. Flyback converters can be beneficial for remote areas due
to less complex power conditioning components.
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F. Interface Using Paralleled PV Panels Low voltage AC bus scheme [44] can
be comparatively efficient and cheaper option. One of the schemes is shown in
Fig. 1.41. A number of smaller PV units can be paralleled together and then
connected to combine single low-frequency transformer. In this scheme, the PV
panels are connected in parallel rather than series to avoid problems associated
with shading or malfunction of one of the panels in series connection.

1.2.5.4 Power Control through PV Inverters
The system shown in Fig. 1.42 shows control of power flow on to the grid [45].
This control can be an analog or a microprocessor system. This control system
generates the waveforms and regulates the waveform amplitude and phase to
control the power flow between the inverter and the grid. The grid-interfaced PV
inverters, voltage-controlled VSI (VCVSI), or current-controlled VSI (CCVSI)
have the potential of bi-directional power flow. They cannot only feed the local
load but also can export the excess active and reactive power to the utility grid.
An appropriate controller is required in order to avoid any error in power export
due to errors in synchronization, which can overload the inverter.

There are advantages and limitations associated with each control mecha-
nism. For instance, VCVSIs provide voltage support to the load (here the VSI
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FIGURE 1.42 Schematic diagram of a parallel processing DGS.
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operates as a voltage source), while CCVSIs provide current support (here the
VSI operates as a current source). The CCVSI is faster in response compared
to the VCVSI, as its power flow is controlled by the switching instant, whereas
in the VCVSI the power flow is controlled by adjusting the voltage across the
decoupling inductor. Active and reactive power are controlled independently in
the CCVSI, but are coupled in the VCVSI. Generally, the advantages of one type
of VSI are considered as a limitation of the other type [46].

Figure 1.43 shows the simplified/equivalent schematic diagram of a VCVSI.
For the following analysis it is assumed that the output low-pass filters (Lf
and Cf ) of VSIs will filter out high-order harmonics generated by PWMs. The
decoupling inductor (Xm) is an essential part of anyVCVSI as it makes the power
flow control possible. In a VCVSI, the power flow of the distributed generation
system (DGS) is controlled by adjusting the amplitude and phase (power angle
(δ)) of the inverter output voltage with respect to the grid voltage. Hence, it
is important to consider the proper sizing of the decoupling inductor and the
maximum power angle to provide the required power flow when designing
VCVSIs. The phasor diagram of a simple grid-inverter interface with a first-
order filter are shown in Fig. 1.44.

Referring to Fig. 1.43, the fundamental grid current (Ig) can be expressed by
Eq. (1.7):

Ig = Vg < 0 − Vc < δ

jXm
= −Vc sin δ

Xm
− j

Vg − Vc cos δ

Xm
(1.7)

where Vg and Vc are respectively the grid and the VCVSI’s fundamental
voltages, and Xm is the decoupling inductor impedance. Using per unit values
(Sbase = V2

base/Zbase, Vbase = Vc, and Zbase = Xm) where Vbase, Zbase, and Sbase
are the base voltage, impedance and complex power values respectively. The
grid apparent power can be expressed as Eq. (1.8).

Sgpu = −Vgpu sin δ + j(V2
gpu − Vgpu cos δ) (1.8)

Using per unit values, the complex power of the VCVSI and decoupling
inductor are
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Scpu = −Vgpu sin δ + j(Vgpu cos δ − 1) (1.9)

Sxpu = j(V2
gpu − 2Vgpu cos δ + 1) (1.10)

where Sgpu, Scpu, and Sxpu are per unit values of the grid, VCVSI, and decoupling
inductor apparent power respectively, and Vgpu is the per unit value of the grid
voltage.

Figure 1.45 shows the equivalent schematic diagram of a CCVSI. As a
CCVSI controls the current flow using the VSI switching instants, it can be mod-
eled as a current source and there is no need for a decoupling inductor (Fig. 1.45).
As the current generated from the CCVSI can be controlled independently from
the AC voltage, the active and reactive power controls are decoupled. Hence,
unity power factor operation is possible for the whole range of the load. This is
one of the main advantages of CCVSIs.

Load

Xm=0
Ig

IL Ic

Vgrid = V   0 Vinv = V   0

FIGURE 1.45 The equivalent circuit of a CCVSI.
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As the CCVSI is connected in parallel to the DGS, it follows the grid
voltage. Figure 1.46 shows the phasor diagram of a CCVSI based DGS in the
presence of an inductive load (considering the same assumption as VCVSI
section). Figure 1.49 shows that when the grid voltage increases, the load’s
active power consumption, which supplied by the grid increases and the CCVSI
compensates the increase in the load reactive power demand. In this case, the
CCVSI maintains grid supply at unity power factor, keeping the current phase
delay with respect to the grid voltage at a fixed value (θ ). Therefore, the CCVSI
cannot maintain the load voltage in the presence of a DGS without utilizing extra
hardware and control mechanisms. This limitation on load voltage stabilization
is one of the main drawbacks of CCVSI based DGS.

Assuming the load active current demand is supplied by the grid (reactive
power support function), the required grid current can be rewritten as follows

I∗g = Re [IL] = Re

[
SL
Vg

]
(1.11)

where, SL is the demanded load apparent power. For grid power conditioning,
it is preferred that the load operate at unity power factor. Therefore, the CCVSI
must provide the remainder of the required current Eq. (1.12)

Ic = IL − I∗g (1.12)

For demand side management (DSM), it is desirable to supply the active
power by the RES, where excess energy from the RES is injected into the
DGS. The remaining load reactive power will be supplied by the CCVSI. Hence
Eq. (1.12) can be rewritten as Eq. (1.13).

I∗g = Re [IL] − Re [Ic] = Re

[
SL − PRES

Vg

]
(1.13)

When using a voltage controller for grid-connected PV inverter, it has been
observed that a slight error in the phase of synchronizing waveform can grossly
overload the inverter whereas a current controller is much less susceptible to
voltage phase shifts [45]. Due to this reason, the current controllers are better
suited for the control of power export from the PV inverters to the utility
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grid since they are less sensitive to errors in synchronizing sinusoidal voltage
waveforms.

A prototype current-controlled type power conditioning system has been
developed by the first author and tested on a weak rural feeder line at Kalbarri
in Western Australia [47]. The choice may be between additional conventional
generating capacity at a centralized location or adding smaller distributed
generating capacities using RES like PV. The latter option can have a number of
advantages like:

� The additional capacity is added wherever it is required without adding
additional power distribution infrastructure. This is a critical consideration
where the power lines and transformers are already at or close to their
maximum ratings.

� The power conditioning system can be designed to provide much more than
just a source of real power, for minimal extra cost. A converter providing real
power needs only a slight increase in ratings to handle significant amounts of
reactive or even harmonic power. The same converter that converts DC PV
power to AC power can simultaneously provide the reactive power support
to the week utility grid.

The block diagram of the power conditioning system used in the Kalbarri project
has been shown in the Fig. 1.47. This CCVSI operates with a relatively narrow
switching frequency band near 10 kHz. The control diagram indicates the basic
operation of the power conditioning system. The two outer control loops operate
to independently control the real and reactive power flow from the PV inverter.
The real power is controlled by an outer MPPT algorithm with an inner DC link
voltage control loop providing the real current magnitude request I∗p and hence
the real power export through PV converter is controlled through the DC link
voltage regulation. The DC link voltage is maintained at a reference value by a
PI control loop, which gives the real current reference magnitude as it’s output.
At regular intervals, the DC link voltage is scanned over the entire voltage range
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FIGURE 1.47 Block diagram of Kalbarri power conditioning system.
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to check that the algorithm is operating on the absolute MPP and is not stuck
around a local MPP. During the night, the converter can still be used to regulate
reactive power of the grid-connected system although it cannot provide active
power. During this time, the PI controller maintain a minimum DC link voltage
to allow the power conditioning system to continue to operate, providing the
necessary reactive power.

The AC line voltage regulation is provided by a separate reactive power
control, which provides the reactive current magnitude reference I∗Q. The control
system has a simple transfer function, which varies the reactive power command
in response to the AC voltage fluctuations. Common to the outer real and reactive
power control loops is an inner higher bandwidth zero average current error
(ZACE) current control loop. I∗p is in phase with the line voltages, and I∗Q is at 90◦
to the line voltage. These are added together to give one (per phase) sinusoidal
converter current reference waveform (I∗ac). The CCVSI control consists of
analog and digital circuitry which acts as a ZACE transconductance amplifier
in converting I∗ac into AC power currents [48].

1.2.5.5 System Configurations
The utility compatible inverters are used for power conditioning and synchro-
nization of PV output with the utility power. In general, four types of battery-less
grid-connected PV system configurations have been identified:

� Central plant inverter.
� Multiple string DC/DC converter with single output inverter.
� Multiple string inverter.
� Module integrated inverter.

1.2.5.5.1 Central Plant Inverter

In the central plant inverter, usually a large inverter is used to convert DC power
output of PV arrays to AC power. In this system, the PV modules are serially
stringed to form a panel (or string) and several such panels are connected in
parallel to a single DC bus. The block diagram of such a scheme is shown in
Fig. 1.48.
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FIGURE 1.48 Central plant inverter.
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1.2.5.5.2 Multiple String DC/DC Converter

In multiple string DC/DC converter, as shown in Fig. 1.49, each string will have
a boost DC/DC converter with transformer isolation. There will be a common
DC link, which feeds a transformer-less inverter.

1.2.5.5.3 Multiple String Inverters

Figure 1.50 shows the block diagram of multiple string inverter system. In this
scheme, several modules are connected in series on the DC side to form a string.
The output from each string is converted to AC through a smaller individual
inverter. Many such inverters are connected in parallel on the AC side. This
arrangement is not badly affected by the shading of the panels. It is also not
seriously affected by inverter failure.

1.2.5.5.4 Module Integrated Inverter

In the module integrated inverter system (Fig. 1.51), each module (typically 50–
300W) will have a small inverter. No cabling is required. It is expected that high
volume of small inverters will bring down the cost.
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FIGURE 1.49 Multiple string DC/DC converter.
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FIGURE 1.50 Multiple string inverter.
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FIGURE 1.51 Module integrated inverter.

1.2.5.6 Grid-compatible Inverters Characteristics
The characteristics of the grid-compatible inverters are:

� Response time.
� Power factor.
� Frequency control.
� Harmonic output.
� Synchronization.
� Fault current contribution.
� DC current injection.
� Protection.

The response time of the inverters shall be extremely fast and governed by
the bandwidth of the control system. Absence of rotating mass and use of
semiconductor switches allow inverters to respond in millisecond time frame.
The power factor of the inverters is traditionally poor due to displacement
power factor and the harmonics. But with the latest development in the inverter
technology, it is possible to maintain the power factor close to unity. The
converters/inverters have the capability of creating large voltage fluctuation by
drawing reactive power from the utility rather than supplying [49]. With proper
control, inverters can provide voltage support by importing/exporting reactive
power to push/pull towards a desired set point. This function would be of more
use to the utilities as it can assist in the regulation of the grid system at the
domestic consumer level.

Frequency of the inverter output waveshape is locked to the grid. Frequency
bias is where the inverter frequency is deliberately made to run at 53Hz. When
the grid is present, this will be pulled down to the nominal 50Hz. If the grid
fails, it will drift upwards towards 53Hz and trip on over frequency. This can
help in preventing islanding.

Harmonics output from the inverters have been very poor traditionally. Old
thyristor-based inverters are operated with slow switching speeds and could
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not be pulse width modulated. This resulted in inverters known as six-pulse
or twelve-pulse inverters. The harmonics so produced from the inverters can
be injected into the grid, resulting in losses, heating of appliances, tripping of
protection equipments, and poor power quality. The number of pulses being the
number of steps in a sine-wave cycle. With the present advent in the power
electronics technology, the inverter controls can be made very good. Pulse
width modulated inverters produce high quality sine waves. The harmonic levels
are very low, and can be lower than the common domestic appliances. If the
harmonics are present in the grid voltage waveform, harmonic currents can be
induced in the inverter. These harmonic currents, particularly those generated by
a voltage-controlled inverter, will in fact help in supporting the grid. These are
good harmonic currents. This is the reason that the harmonic current output of
inverters must be measured onto a clean grid source so that the only harmonics
being produced by the inverters are measured.

Synchronization of inverter with the grid is performed automatically and
typically uses zero crossing detection on the voltage waveform. An inverter has
no rotating mass and hence has no inertia. Synchronization does not involve the
acceleration of a rotating machine. Consequently the reference waveforms in
the inverter can be jumped to any point required within a sampling period. If
phase-locked loops are used, it could take up a few seconds. Phase-locked loops
are used to increase the immunity to noise. This allows the synchronization to
be based on several cycles of zero crossing information. The response time for
this type of locking will be slower.

Photovoltaic panels produce a current that is proportional to the amount of
light falling on them. The panels are normally rated to produce 1000W/m2

at 25◦ C. Under these conditions, the short-circuit current possible from these
panels is typically only 20% higher than the nominal current whereas it is
extremely variable for wind. If the solar radiation is low then the maximum
current possible under short-circuit is going to be less than the nominal full
load current. Consequently PV systems cannot provide the short-circuit capacity
to the grid. If a battery is present, the fault current contribution is limited by
the inverter. With the battery storage, it is possible for the battery to provide
the energy. However, inverters are typically limited between 100 and 200% of
nominal rating under current limit conditions. The inverter needs to protect itself
against the short circuits because the power electronic components will typically
be destroyed before a protection device like circuit breaker trips.

In case of inverter malfunction, inverters have the capability to inject the
DC components into the grid. Most utilities have guidelines for this purpose. A
transformer shall be installed at the point of connection on the AC side to prevent
DC from being entering into the utility network. The transformer can be omitted
when a DC detection device is installed at the point of connection on the AC
side in the inverter. The DC injection is essentially caused by the reference or
power electronics device producing a positive half cycle that is different from
the negative half cycle resulting in the DC component in the output. If the DC
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component can be measured, it can then be added into the feedback path to
eliminate the DC quantity.

1.2.5.6.1 Protection Requirements

A minimum requirement to facilitate the prevention of islanding is that the
inverter energy system protection operates and isolates the inverter energy
system from the grid if:

� Over voltage.
� Under voltage.
� Over frequency.
� Under frequency exists.

These limits may be either factory set or site programmable. The protection
voltage operating points may be set in a narrower band if required, e.g. 220–
260V. In addition to the passive protection detailed above, and to prevent
the situation where islanding may occur because multiple inverters provide a
frequency reference for one another, inverters must have an accepted active
method of islanding prevention following grid failure, e.g. frequency drift,
impedance measurement, etc. Inverter controls for islanding can be designed on
the basis of detection of grid voltage, measurement of impedance, frequency
variation, or increase in harmonics. This function must operate to force the
inverter output outside the protection tolerances specified previously, thereby
resulting in isolation of the inverter energy system from the grid. The maximum
combined operation time of both passive and active protections should be 2 s
after grid failure under all local load conditions. If frequency shift is used, it is
recommended that the direction of shift be down. The inverter energy system
must remain disconnected from the grid until the reconnection conditions are
met. Some inverters produce high voltage spikes, especially at light load, which
can be dangerous for the electronic equipment. IEEEP929 gives some idea about
the permitted voltage limits.

If the inverter energy system does not have the above frequency features, the
inverter must incorporate an alternate anti-islanding protection feature that is
acceptable to the relevant electricity distributor. If the protection function above
is to be incorporated in the inverter it must be type tested for compliance with
these requirements and accepted by the relevant electricity distributor. Otherwise
other forms of external protection relaying are required which have been type
tested for compliance with these requirements and approved by the relevant
electricity distributor. The inverter shall have adequate protection against short
circuit, other faults, and overheating of inverter components.

1.3 POWER ELECTRONICS FOR WIND POWER SYSTEMS

In rural USA, the first wind mill was commissioned in 1890 to generate
electricity. Today, largewind generators are competingwith utilities in supplying
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clean power economically. The average wind turbine size has been 300–600kW
until recently. The new wind generators of 1–3MW have been developed and
are being installed worldwide, and prototype of even higher capacity is under
development. Improved wind turbine designs and plant utilization have resulted
in significant reduction in wind energy generation cost from 35 cents per kWh
in 1980 to less than 5 cents per kWh in 1999, in locations where wind regime is
favorable. At this generation cost, wind energy has become one of the least cost
power sources. Main factors that have contributed to the wind power technology
development are:

� High strength fiber composites for manufacturing large low-cost blades.
� Variable speed operation of wind generators to capture maximum energy.
� Advancement in power electronics and associated cost.
� Improved plant operation and efficiency.
� Economy of scale due to availability of large wind generation plants.
� Accumulated field experience improving the capacity factor.
� Computer prototyping by accurate system modeling and simulation.

The Table 1.2 is for wind sites with average annual wind speed of 7m/s at
30m hub height. Since 1980s, wind technology capital costs have reduced by
80% worldwide. Operation and maintenance costs have declined by 80% and
the availability factor of grid-connected wind plants has increased to 95%. At
present, the capital cost of wind generator plants has dropped to about $600 per
kW and the electricity generation cost has reduced to 6 cents per kWh. It is
expected to reduce the generation cost below 4 cents per kWh. Keeping this in
view, thewind generation is going to be highly competitivewith the conventional
power plants. In Europe, USA, and Asia the wind power generation is increasing
rapidly and this trend is going to continue due to economic viability of wind
power generation.

The technical advancement in power electronics is playing an important
part in the development of wind power technology. The contribution of power

TABLE 1.2 Wind Power Technology Developments

1980 1999 Future

Cost per kWh $0.35–0.40 $0.05–0.07 <$0.04

Capital cost per kW $2000–3000 $500–700 <$400

Operating life 5–7 Years 20 Years 30 Years

Capacity factor (average) 15% 25–30% >30%

Availability 50–65% 95% >95%

Wind turbine unit size
range

50–150 kW 300–1000 kW 500–2000 kW
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electronics in control of fixed speed/variable speed wind turbines and interfacing
to the grid is of extreme importance. Because of the fluctuating nature of wind
speed, the power quality and reliability of the wind based power system needs to
be evaluated in detail. Appropriate control schemes require power conditioning.

1.3.1 Basics of Wind Power

The ability of a wind turbine to extract power from wind is a function of three
main factors:

� Wind power availability.
� Power curve of the machine.
� Ability of the machine to respond to wind perturbations.

The mechanical power produced by a wind turbine is given by

Pm = 0.5ρCpAU3 W (1.14)

The power from the wind is a cubic function of wind speed. The curve for power
coefficientCp and λ is required to infer the value ofCp for λ based onwind speed
at that time.

Where tip speed ratio, λ = rωA
U , ρ = Air density, Kg m−3, Cp = power

coefficient, A = wind turbine rotor swept area, m2, U = wind speed in m/s.
The case of a variable speed wind turbine with a pitch mechanism that alters

the effective rotor dynamic efficiency, can be easily considered if an appropriate
expression for Cp as a function of the pitch angle is applied. The power curve of
a typical wind turbine is given in Fig. 1.52 as a function of wind speed.

TheCp–λ curve for 150 kWwindmaster machine is given in Fig. 1.53, which
has been inferred from the power curve of the machine. The ratio of shaft power
to the available power in the wind is the efficiency of conversion, known as the
power coefficient Cp

Power

rated power

cut-in cut-out wind speed

wind turbine power

aerodynamic power

FIGURE 1.52 Power curve of wind turbine as a function of wind speed [50].



52 Alternative Energy in Power Electronics

0.5

0.4

0.2
Cp

0

2 5
λ

10 15

FIGURE 1.53 Cp–λ curve of wind machine [50].

Cp = Pm
(1/2ρAU3)

(1.15)

The power coefficient is a function of turbine blade tip speed to wind speed
ratio (β). A tip speed ratio of 1 means the blade tips are moving at the same
speed as the wind and when β is 2 the tips are moving at twice the speed of the
wind and so on [51]. Solidity (σ ) is defined as the ratio of the sum of the width
of all the blades to the circumference of the rotor. Hence,

σ = Nd/(2πR) (1.16)

where N = number of blades and d = width of the blades.
The power from a wind turbine doubles as the area swept by the blades

doubles. But doubling of the wind speed increases the power output eight times.
Figure 1.54 gives a family of power curves for a wind turbine. If the loading
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FIGURE 1.55 Typical diagram of HAWTs and VAWTs.

of the turbine is controlled such that the operating point is along the maximum
power locus at different wind speeds, then the wind energy system will be more
efficient.

1.3.1.1 Types of Wind Turbines
There are two types of wind turbines available Fig. 1.55:

� Horizontal axis wind turbines (HAWTs).
� Vertical axis wind turbines (VAWTs).

Vertical axis wind turbines (VAWTs) have an axis of rotation that is vertical,
and so, unlike the horizontal wind turbines, they can capture winds from any
direction without the need to reposition the rotor when the wind direction
changes (without a special yaw mechanism). Vertical axis wind turbines were
also used in some applications as they have the advantage that they do not
depend on the direction of the wind. It is possible to extract power relatively
easier. But there are some disadvantages such as no self starting system, smaller
power coefficient than obtained in the horizontal axis wind turbines, strong
discontinuation of rotations due to periodic changes in the lift force, and the
regulation of power is not yet satisfactory.

The horizontal axis wind turbines are generally used. Horizontal axis wind
turbines are, by far, the most common design. There are a large number of
designs commercially available ranging from 50W to 4.5MW. The number of
blades ranges from one to many in the familiar agriculture windmill. The best
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compromise for electricity generation, where high rotational speed allows use of
a smaller and cheaper electric generator, is two or three blades. The mechanical
and aerodynamic balance is better for three bladed rotor. In small wind turbines,
three blades are common. Multiblade wind turbines are used for water pumping
on farms.

Based on the pitch control mechanisms, the wind turbines can also be
classified as:

� Fixed pitch wind turbines.
� Variable pitch wind turbines.

Different manufacturers offer fixed pitch and variable pitch blades. Variable
pitch is desirable on largemachines because the aerodynamic loads on the blades
can be reduced and when used in fixed speed operation they can extract more
energy. But necessary mechanisms requiremaintenance and for small machines,
installed in remote areas, fixed pitch seems more desirable and economical. In
some machines, power output regulation involves yawing blades so that they no
longer point into the wind. One such system designed in Western Australia has
a tail that progressively tilts the blades in a vertical plane so that they present a
small surface to the wind at high speeds.

The active power of a wind turbine can be regulated by either designing the
blades to go into an aerodynamic stall beyond the designated wind speed, or by
feathering the blades out of the wind, which results in reducing excess power
using a mechanical and electrical mechanism. Recently, an active stall has been
used to improve the stability of wind farms. This stall mechanism can prevent
power deviation from gusty winds to pass through the drive train [52].

Horizontal axis wind turbines can be further classified into fixed speed (FS)
or variable speed (VS). The FS wind turbine generator (FSWT) is designed to
operate at maximum efficiency while operating at a rated wind speed. In this
case, the optimum tip-speed ratio is obtained for the rotor airfoil at a rated wind
speed. For a VSwind turbine generator (VSWT), it is possible to obtain optimum
wind speed at different wind speeds. Hence this enables the VS wind turbine to
increase its energy capture. The general advantages of a VSWT are summarized
as follows:

� VSWTs are more efficient than the FSWTs.
� At low wind speeds the wind turbines can still capture the maximum

available power at the rotor, hence increasing the possibility of providing
the rated power for wide speed range.

1.3.1.2 Types of Wind Generators
Schemes based on permanent magnet synchronous generators (PMSG) and
induction generators are receiving close attention in wind power applications
because of their qualities such as ruggedness, low cost, manufacturing sim-
plicity, and low maintenance requirements. Despite many positive features
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over the conventional synchronous generators, the PMSG was not being used
widely [23]. However, with the recent advent in power electronics, it is now
possible to control the variable voltage, variable frequency output of PMSG.
The permanent magnet machine is generally favored for developing new de-
signs, because of higher efficiency and the possibility of a rather smaller
diameter. These PMSG machines are now being used with variable-speed wind
machines.

In large power system networks, synchronous generators are generally used
with fixed-speed wind turbines. The synchronous generators can supply the
active and reactive power both, and their reactive power flow can be controlled.
The synchronous generators can operate at any power factor. For the induction
generator, driven by a wind turbine, it is a well-known fact that it can deliver
only active power, while consuming reactive power

Synchronous generators with high power rating are significantly more ex-
pensive than induction generators of similar size. Moreover, direct connected
synchronous generators have the limitation of rotational speed being fixed by
the grid frequency. Hence, fluctuation in the rotor speed due to wind gusts
lead to higher torque in high power output fluctuations and the derived train.
Therefore in grid-connected application, synchronous generators are interfaced
via power converters to the grid. This also allows the synchronous generators
to operate wind turbines in VS, which makes gear-less operation of the VSWT
possible.

The squirrel-cage induction generators are widely used with the fixed-speed
wind turbines. In some applications, wound rotor induction generators have also
been used with adequate control scheme for regulating speed by external rotor
resistance. This allows the shape of the torque-slip curve to be controlled to
improve the dynamics of the drive train. In case of PMSG, the converter/inverter
can be used to control the variable voltage, variable frequency signal of the wind
generator at varying wind speed. The converter converts this varying signal to
the DC signal and the output of converter is converted to AC signal of desired
amplitude and frequency.

The induction generators are not locked to the frequency of the network.
The cyclic torque fluctuations at the wind turbine can be absorbed by very small
change in the slip speed. In case of the capacitor excited induction generators,
they obtain the magnetizing current from capacitors connected across its output
terminals [51,53,54].

To take advantage of VSWTs, it is necessary to decouple the rotor speed
and the grid frequency. There are different approaches to operate the VSWT
within a certain operational range (cut-in and cut-out wind speed). One of the
approaches is dynamic slip control, where the slip is allowed to vary upto
10% [55]. In these cases, doubly-fed induction generators (DFIG) are used
(Fig. 1.56). One limitation is that DFIG require reactive power to operate. As
it is not desired that the grid supply this reactive power, these generators are
usually equipped with capacitors. A gear box forms an essential component of
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FIGURE 1.56 Variable speed doubly-fed induction generator (VSDFIG) system.

the wind turbine generator (WTG) using induction generators. This results in
the following limitations:

� Frequent maintenance.
� Additional cost.
� Additional losses.

With the emergence of large wind power generation, increased attention is being
directed towards wound rotor induction generators (WRIG) controlled from
the rotor side for variable speed constant frequency (VSCF) applications. A
wound rotor induction generator has a rotor containing a 3-phasewinding. These
windings are made accessible to the outside via slip rings. The main advantages
of a wound rotor induction generator for VSCF applications are:

� Easier generator torque control using rotor current control.
� Smaller generator capacity as the generated power can be accessed from the

stator as well as from the rotor. Usually the rotor power is proportional to
the slip speed (shaft speed–synchronous speed). Consequently smaller rotor
power converters are required. The frequency converter in the rotor (inverter)
directly controls the current in the rotor winding, which enables the control of
the whole generator output. The power electronic converters generally used
are rated at 20–30% of the nominal generator power.

� Fewer harmonics exist because control is in the rotor while the stator is
directly connected to the grid.

If the rotor is short-circuited (making it the equivalent of a cage rotor induction
machine), the speed is primarily determined by the supply frequency and the
nominal slip is within 5%. The mechanical power input (PTURBINE) is converted
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into stator electrical power output (PSTATOR) and is fed to the AC supply. The
rotor power loss, being proportional to the slip speed, is commonly referred to as
the slip power (PROTOR). The possibility of accessing the rotor in a doubly-fed
induction generator makes a number of configurations possible. These include
slip power recovery using a cycloconverter, which converts the ac voltage of one
frequency to another without an intermediate DC link [56–58], or back-to-back
inverter configurations [59,60].

Using voltage-source inverters (VSIs) in the rotor circuit, the rotor currents
can be controlled at the desired phase, frequency, and magnitude. This enables
reversible flow of active power in the rotor and the system can operate in sub-
synchronous and super-synchronous speeds, both in motoring and generating
modes. The DC link capacitor acts as a source of reactive power and it is
possible to supply the magnetizing current, partially or fully, from the rotor
side. Therefore, the stator side power factor can also be controlled. Using
vector control techniques, the active and reactive powers can be controlled
independently and hence fast dynamic performance can also be achieved.

The converter used at the grid interface is termed as the line-side converter
or the front end converter (FEC). Unlike the rotor side converter, this operates at
the grid frequency. Flow of active and reactive powers is controlled by adjusting
the phase and amplitude of the inverter terminal voltage with respect to the grid
voltage. Active power can flow either to the grid or to the rotor circuit depending
on the mode of operation. By controlling the flow of active power, the DC bus
voltage is regulated within a small band. Control of reactive power enables unity
power factor operation at the grid interface. In fact, the FEC can be operated at a
leading power factor, if it is so desired. It should be noted that, since the slip range
is limited, the DC bus voltage is less in this case when compared to the stator
side control. A transformer is therefore necessary to match the voltage levels
between the grid and the DC side of the FEC. With a PWM converter in the
rotor circuit, the rotor currents can be controlled at the desired phase, frequency,
and magnitude. This enables reversible flow of active power in the rotor and the
system can operate in sub-synchronous and super-synchronous speeds, both in
motoring and generating modes (Fig. 1.57).

(a) (b)

PSTATOR
PSTATOR

PTURBINE PTURBINE

PROTOR
PROTOR

FIGURE 1.57 Doubly-fed induction generator power flow in generating mode: (a) sub-
synchronous and (b) super-synchronous.
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1.3.2 Types of Wind Power Systems

Wind power systems can be classified as:

� Stand-alone.
� Hybrid.
� Grid-connected.

1.3.3 Stand-alone Wind Power Systems

Stand-alone wind power systems are being used for the following purposes in
remote area power systems:

� Battery charging.
� Household power supply.

1.3.3.1 Battery Charging with Stand-alone Wind Energy System
The basic elements of a stand-alone wind energy conversion system are:

� Wind generator.
� Tower.
� Charge control system.
� Battery storage.
� Distribution network.

In remote area power supply, an inverter and a diesel generator are more
reliable and sophisticated systems. Most small isolated wind energy systems use
batteries as a storage device to level out the mismatch between the availability
of the wind and the load requirement. Batteries are a major cost component in
an isolated power system.

1.3.3.2 Wind Turbine Charge Controller
The basic block diagram of a stand-alone wind generator and battery charging
system is shown in Fig. 1.58.

Generator
Charge
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Battery

Wind
turbine

To
DC
load

Permanent Magnet
or Capacitor Excited

FIGURE 1.58 Block diagram for a stand-alone wind generator and battery charging system.
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The function of charge controller is to feed the power from thewind generator
to the battery bank in a controlled manner. In the commonly used permanent
magnet generators, this is usually done by using the controlled rectifiers [61].
The controller should be designed to limit the maximum current into the battery,
reduce charging current for high battery SOC, and maintain a trickle charge
during full SOC periods.

1.3.4 Wind–diesel Hybrid Systems

The details of hybrid systems are already covered in Section 1.2.4. Diesel
systems without batteries in remote area are characterized by poor efficiency,
high maintenance, and fuel costs. The diesel generators must be operated
above a certain minimum load level to reduce cylinder wear and tear due
to incomplete combustion. It is a common practice to install dump loads to
dissipate extra energy. More efficient systems can be devised by combining
the diesel generator with a battery inverter subsystem and incorporating RES,
such as wind/solar where appropriate. An integrated hybrid energy system
incorporating a diesel generator, wind generator, battery or flywheel storage,
and inverter will be cost effective at many sites with an average daily energy
demand exceeding 25 kWh [62]. These hybrid energy systems can serve as
a mini grid as a part of distributed generation rather than extending the grid
to the remote rural areas. The heart of the hybrid system is a high quality
sine-wave inverter, which can also be operated in reverse as battery charger.
The system can cope with loads ranging from zero (inverter only operation)
to approximately three times greater capacity (inverter and diesel operating in
parallel).

Decentralized form of generation can be beneficial in remote area power
supply. Due to high cost of PV systems, problems associated with storing
electricity over longer periods (like maintenance difficulties and costs),
wind turbines can be a viable alternative in hybrid systems. Systems with
battery storage although provide better reliability. Wind power penetration
can be high enough to make a significant impact on the operation of diesel
generators.

High wind penetration also poses significant technical problems for the
system designer in terms of control and transient stability [30]. In earlier stages,
wind diesel systems were installed without assessing the system behavior due
to lack of design tools/software. With the continual research in this area, there
are now software available to assist in this process. Wind diesel technology has
now matured due to research and development in this area. Now there is a need
to utilize this knowledge into cost effective and reliable hybrid systems [63].
In Western Australia, dynamic modeling of wind diesel hybrid system has been
developed in Curtin/MUERI, supported by the Australian Cooperative Research
Centre for Renewable Energy (ACRE) program 5.21.
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1.3.5 Grid-connected Wind Energy Systems

Small scale wind turbines, connected to the grid (weak or strong grid), have
been discussed here. Wind diesel systems have been getting attention in many
remote parts of the world lately. Remote area power supplies are characterized
by low inertia, low damping, and poor reactive power support. Such weak
power systems are more susceptible to sudden change in network operating
conditions [64]. In this weak grid situation, the significant power fluctuations
in the grid would lead to reduced quality of supply to users. This may manifest
itself as voltage and frequency variations or spikes in the power supply. These
weak grid systems need appropriate storage and control systems to smooth
out these fluctuations without sacrificing the peak power tracking capability.
These systems can have two storage elements. The first is the inertia of the
rotating mechanical parts, which includes the blades, gearbox, and the rotor of
the generators. Instead of wind speed fluctuation causing large and immediate
change in the electrical output of the generator as in a fixed speed machine,
the fluctuation will cause a change in shaft speed and not create a significant
change in generator output. The second energy storage element is the small
battery storage between the DC–DC converter and the inverter. The energy in
a gust could be stored temporarily in the battery bank and released during a lull
in the wind speed, thus reducing the size of fluctuations.

In larger scale wind turbines, the addition of inverter control further reduces
fluctuation and increases the total output power. Thus the total output of the
wind energy system can be stabilized or smoothed to track the average wind
speed and can omit certain gusts. The system controller should track the peak
power to maximize the output of the wind energy system. It should monitor
the stator output and adjust the inverter to smooth the total output. The amount
of smoothing would depend on SOC of the battery. The nominal total output
would be adjusted to keep the battery bank SOC at a reasonable level. In this
way, the total wind energy system will track the long-term variations in the wind
speed without having fluctuations caused by the wind. The storage capacity of
the battery bank need only be severalminutes to smooth out the gusts in thewind,
which can be easily handled by the weak grid. In the cases, where the weak grid
is powered by diesel generators, the conventional wind turbine can cause the
diesel engines to operate at low capacity. In case of strong wind application, the
fluctuations in the output of the wind energy generator system can be readily
absorbed by the grid. The main aim here is to extract the maximum energy from
the wind. The basic block layout of such a system [65] is shown in the Fig. 1.59.

The function of the DC–DC converter will be to adjust the torque on the
machine and hence ensure by measurement of wind speed and shaft speed
that the turbine blades are operating so as to extract optimumpower. The purpose
of the inverter is to feed the energy gathered by the rotor and DC–DC converter,
in the process of peak power tracking, to the grid system. The interaction
between the two sections would be tightly controlled so as to minimize or
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FIGURE 1.59 System block diagram of grid-connected wind energy system.

eliminate the need for a battery bank. The control must be fast enough so that
the inverter output power set point matches the output of the DC–DC converter.
For a wound rotor induction machine operating over a two to one speed range,
the maximum power extracted from the rotor is equal to the power rating of the
stator. Thus the rating of the generator from a traditional point of view is only
half that of the wind turbine [65]. Since half the power comes from the stator and
half from the rotor, the power electronics of the DC–DC converter and inverter
need to handle only half the total wind turbine output and no battery would be
required.

Power electronic technology also plays an important role in both system
configurations and in control of offshorewind farms [66].Wind farms connect in
various configurations and control methods using different generator types and
compensation arrangements. For instance, wind farms can be connected to the
AC local network with centralized compensation or with a HVDC transmission
system, and DC local network. Decentralized control with a DC transmission
system has also been used [67].

1.3.5.1 Soft Starters for Induction Generators
When an induction generator is connected to a load, a large inrush current flows.
This is something similar to the direct online starting problem of induction
machines. It has been observed that the initial time constants of the induction
machines are higher when it tries to stabilize initially at the normal operating
conditions. There is a need to use some type of soft starting equipment to start
the large induction generators. A simple scheme to achieve this is shown in the
Fig. 1.60.
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FIGURE 1.60 Soft starting for wind turbine coupled with induction generator.

Two thyristors are connected in each phase, back-to-back. Initially, when the
induction generator is connected, the thyristors are used to control the voltage
applied to the stator and to limit the large inrush current. As soon as the generator
is fully connected, the bypass switch is used to bypass the soft starter unit.

1.3.6 Control of Wind Turbines

Theory indicates that operation of a wind turbine at fixed tip speed ratio
(Cpmax) ensures enhanced energy capture [50]. Thewind energy systemsmust be
designed so that above the rated wind speed, the control system limit the turbine
output. In normal operation, medium to large-scale wind turbines are connected
to a large grid. Various wind turbine control policies have been studied around
the world. Grid-connected wind turbines generators can be classified as:

� Fixed speed wind turbines.
� Variable speed wind turbines.

1.3.6.1 Fixed Speed Wind Turbines
In case of a fixed speed wind turbine, synchronous or squirrel-cage induction
generators are employed and is characterized by the stiff power train dynamics.
The rotational speed of the wind turbine generator in this case is fixed by the
grid frequency. The generator is locked to the grid, thereby permitting only
small deviations of the rotor shaft speed from the nominal value. The speed is
very responsive to wind speed fluctuations. The normal method to smooth the
surges caused by the wind is to change the turbine aerodynamic characteristics,
either passively by stall regulation or actively by blade pitch regulation. The
wind turbines often subjected to very low (below cut in speed) or high wind
speed (above rated value). Sometimes they generate below rated power. No pitch
regulation is applied when the wind turbine is operating below rated speed, but
pitch control is required when the machine is operating above rated wind speed
to minimize the stress. Figure 1.61 shows the effect of blade pitch angle on the
torque speed curve at a given wind speed.

Blade pitch control is a very effective way of controlling wind turbine speed
at high wind speeds, hence limiting the power and torque output of the wind
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FIGURE 1.61 Cp/λ curves for different pitch settings.

machine. An alternative but cruder control technique is based on airfoil stall [50].
A synchronous link maintaining fixed turbine speed in combination with an
appropriate airfoil can be designed so that, at higher than rated wind speeds
the torque reduces due to airfoil stall. This method does not require external
intervention or complicated hardware, but it captures less energy and has greater
blade fatigue.

The aims of variable pitch control of medium- and large-scale wind turbines
were to help in start-up and shutdown operation, to protect against overspeed
and to limit the load on the wind turbine [68]. The turbine is normally operated
between a lower and an upper limit of wind speed (typically 4.5–26m/s). When
the wind speed is too low or too high, the wind turbine is stopped to reduce wear
and damage. The wind turbine must be capable of being started and run up to
speed in a safe and controlled manner. The aerodynamic characteristics of some
turbines are such that they are not self starting. The required starting torque may
be provided bymotoring or changing the pitch angle of the blade. In case of grid-
connected wind turbine system, the rotational speed of the generator is locked
to the frequency of the grid. When the generator is directly run by the rotor, the
grid acts like an infinite load. When the grid fails, the load rapidly decreases to
zero resulting in the turbine rotor to accelerate quickly. Over-speed protection
must be provided by rapid braking of the turbine. A simple mechanism of one
of blade pitch control techniques is shown in Fig. 1.62.

In this system, the permanent magnet synchronous generator (PMSG) has
been used without any gearbox. Direct connection of generator to the wind
turbine requires the generator to have a large number of poles. Both induction
generators and wound filed synchronous generators of high pole number require
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FIGURE 1.62 Pitch control block diagram of a PMSG.

a large diameter for efficient operation. Permanent magnet synchronous gen-
erators allow a small pole pitch to be used [69]. The power output, Pmech, of
any turbine depends mainly upon the wind speed, which dictates the rotational
speed of the wind turbine rotor. Depending upon the wind speed and rotational
speed of turbine, tip speed ratio λ is determined. Based on computed λ, the
power coefficientCp is inferred. In the control strategy above, the torque output,
Tactual, of the generator is monitored for a given wind speed and compared with
the desired torque, Tactual, depending upon the load requirement. The generator
output torque is passed through the measurement filter. The pitch controller then
infers the modified pitch angle based on the torque error. This modified pitch
angle demand and computed λ decides the new Cp resulting in the modified
wind generator power and torque output. The controller will keep adjusting the
blade pitch angle till the desired power and torque output are achieved.

Some of the wind turbine generator includes the gearbox for interfacing the
turbine rotor and the generator. The general drive train model [68] for such a
system is shown in Fig. 1.63. This system also contains the blade pitch angle
control provision.

The drive train converts the input aerodynamic torque on the rotor into the
torque on the low-speed shaft. This torque on the low-speed shaft is converted to
high-speed shaft torque using the gearbox and fluid coupling. The speed of the
wind turbine here is low and the gear box is required to increase the speed so as
to drive the generator at rated rpm e.g. 1500 rpm. The fluid coupling works as a
velocity-in-torque-out device and transfer the torque [68]. The actuator regulates
the tip angle based on the control system applied. The control system here is
based on a pitch regulation scheme where the blade pitch angle is adjusted to
obtain the desired output power.
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1.3.6.2 Variable Speed Wind Turbines
The variable speed constant frequency turbine drive trains are not directly
coupled to the grid. The power-conditioning device is used to interface the wind
generator to the grid. The output of the wind generator can be variable voltage
and variable frequency, which is not suitable for grid integration and appropriate
interfacing is required. The wind turbine rotor in this case is permitted to rotate
at any wind speed by power generating unit.

A number of schemes have been proposed in the past which allow wind
turbines to operate with variable rotor speed while feeding the power to a
constant frequency grid. Some of the benefits that have been claimed for variable
speed constant frequency wind turbine configuration is as follow [65]:

� The variable speed operation results in increased energy capture by main-
taining the blade tip speed to wind speed ratio near the optimum value.

� By allowing the wind turbine generator to run at variable speed, the torque
can be fixed, but the shaft power allowed to increase. This means that the
rated power of the machine can be increased with no structural changes.

� A variable speed turbine is capable of absorbing energy in wind gusts as it
speeds up and gives back this energy to the system as it slows down. This
reduces turbulence induced stresses and allows capture of a large percentage
of the turbulent energy in the wind.

� More efficient operation can be achieved by avoiding aerodynamic stall over
most of operating range.

� Better grid quality due to support of grid voltage.

Progress in the power electronics conversion system has given a major boost
to implementing the concept of variable speed operation. The research studies
have shown that the most significant potential advancement for wind turbine
technology was in the area of power electronic controlled variable speed
operation. There is much research underway in the United States and Europe
on developing variable speed wind turbine as cost effective as possible. In
United States, the NASAMOD-0 andMOD-5B were operated as variable speed
wind turbines [65]. Companies in United States and Enercon (Germany) made
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machines incorporate a variable speed feature. Enercon variable speed wind
machine is already in operation in Denham, Western Australia.

The ability to operate at varying rotor speed, effectively adds compliance
to the power train dynamics of the wind turbine. Although many approaches
have been suggested for variable speed wind turbines, they can be grouped into
two main classes: (a) discretely variable speed and (b) continuously variable
speed [65,70].

1.3.6.3 Discretely Variable Speed Systems
The discretely variable speed category includes electrical systemwhere multiple
generators are used, either with different number of poles or connected to the
wind rotor via different ratio gearing. It also includes those generators, which
can use different number of poles in the stator or can approximate the effect
by appropriate switching. Some of the generators in this category are those with
consequent poles, dual winding, or pole amplitudemodulation. A brief summary
of some of these concepts is presented below.

1.3.6.3.1 Pole Changing Type Induction Generators

These generators provide two speeds, a factor of two apart, such as four
pole/eight pole (1500/750 rpm at a supply frequency of 50Hz or 1800/900 rpm
at 60Hz). They do this by using one-half the poles at the higher speed.
These machines are commercially available and cost about 50% more than the
corresponding single speed machines. Their main disadvantage, in comparison
with other discretely variable machines is that the two to one speed range is
wider than the optimum range for a wind turbine [71].

1.3.6.3.2 Dual Stator Winding Two Speed Induction Generators

These machines have two separate stator windings, only one of which is active
at a time. As such, a variety of speed ranges can be obtained depending on the
number of poles in each winding. As in the consequent pole machines only two
speeds may be obtained. These machines are significantly heavier than single
speed machines and their efficiency is less, since one winding is always unused
which leads to increased losses. These machines are commercially available.
Their cost is approximately twice that of single speed machines [71].

1.3.6.3.3 Multiple Generators

This configuration is based on the use of a multiple generator design. In one
case, there may simply be two separate generators (as used on some European
wind turbines). Another possibility is to have two generators on the same shaft,
only one of which is electrically connected at a time. The gearing is arranged
such that the generators reach synchronous speed at different turbine rotor
speeds.
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1.3.6.3.4 Two Speed Pole Amplitude Modulated Induction
Generator (PAM)

This configuration consists of an induction machine with a single stator, which
may have two different operating speeds. It differs from conventional generators
only in the winding design. Speed is controlled by switching the connections
of the six stator leads. The winding is built in two sections which will be in
parallel for one speed and in series for the other. The result is the superposition
of one alternating frequency on another. This causes the field to have an
effectively different number of poles in the two cases, resulting in two different
operating speeds. The efficiency of the PAM is comparable to that of a single
speed machine. The cost is approximately twice that of conventional induction
generators.

The use of a discretely variable speed generator will result in some of the
benefits of continuously variable speed operation, but not all of them. The main
effect will be in increased energy productivity, because the wind turbine will be
able to operate close to its optimum tip speed ratio over a great range of wind
speeds than will a constant speed machine. On the other hand, it will perform as
single speed machine with respect to rapid changes in wind speed (turbulence).
Thus it could not be expected to extract the fluctuating energy as effective from
the wind as would be continuously variable speed machine. More importantly, it
could not use the inertia of the rotor to absorb torque spikes. Thus, this approach
would not result in improved fatigue life of the machine and it could not be
an integral part of an optimized design such as one using yaw/speed control or
pitch/speed control.

1.3.6.4 Continuously Variable Speed Systems
The second main class of systems for variable speed operation are those that
allow the speed to be varied continuously. For the continuously variable speed
wind turbine, there may be more than one control, depending upon the desired
control action [72–76]:

� Mechanical control.
� Combination of electrical/mechanical control.
� Electrical control.
� Electrical/power electronics control.

The mechanical methods include hydraulic and variable ratio transmissions. An
example of an electrical/mechanical system is one in which the stator of the gen-
erator is allowed to rotate. All the electrical category includes high-slip induction
generators and the tandem generator. The power electronic category contains a
number of possible options. One option is to use a synchronous generator or a
wound rotor induction generator, although a conventional induction generator
may also be used. The power electronics is used to condition some or all the
power to form a appropriate to the grid. The power electronics may also be used
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to rectify some or all the power from the generator, to control the rotational speed
of the generator, or to supply reactive power. These systems are discussed below.

1.3.6.4.1 Mechanical Systems

A. Variable Speed Hydraulic Transmission One method of generating electri-
cal power at a fixed frequency, while allowing the rotor to turn at variable speed,
is the use of a variable speed hydraulic transmission. In this configuration, a
hydraulic system is used in the transfer of the power from the top of the tower
to ground level (assuming a horizontal axis wind turbine). A fixed displacement
hydraulic pump is connected directly to the turbine (or possibly gearbox) shaft.
The hydraulic fluid is fed to and from the nacelle via a rotary fluid coupling.
At the base of the tower is a variable displacement hydraulic motor, which is
governed to run at constant speed and drive a standard generator.

One advantage of this concept is that the electrical equipment can be placed
at ground level making the rest of the machine simpler. For smaller machines, it
may be possible to dispense with a gearbox altogether. On the other hand, there
are a number of problems using hydraulic transmissions in wind turbines. For
one thing, pumps and motors of the size needed in wind turbines of greater than
about 200 kW are not readily available. Multiples of smaller units are possible
but this would complicate the design. The life expectancy of many of the parts,
especially seals, may well be less than five years. Leakage of hydraulic fluid
can be a significant problem, necessitating frequent maintenance. Losses in the
hydraulics could also make the overall system less efficient than conventional
electric generation. Experience over the last many years has not shown great
success with the wind machines using hydraulic transmission.

B. Variable Ratio Transmission A variable ratio transmission (VRT) is one
in which the gear ratio may be varied continuously within a given range. One
type of VRT suggested for wind turbines is using belts and pulleys, such as are
used in some industrial drives [65,77]. These have the advantage of being able
to drive a conventional fixed speed generator, while being driven by a variable
speed turbine rotor. On the other hand, they do not appear to be commercially
available in larger sizes and those, which do exist, have relatively high losses.

1.3.6.4.2 Electrical/Mechanical Variable Speed Systems –Rotating
Stator Induction Generator

This system uses a conventional squirrel-induction generator whose shaft is
driven by a wind turbine through a gearbox [50,77]. However, the stator is
mounted to a support, which allows bi-directional rotation. This support is in
turn driven by a DC machine. The armature of the DC machine is fed from a
bi-directional inverter, which is connected to the fixed frequency AC grid. If
the stator support allowed to turn in the same direction as the wind turbine,
the turbine will turn faster. Some of the power from the wind turbine will
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be absorbed by the induction generator stator and fed to the grid through the
inverter. Conversely, the wind turbine will turn more slowly when the stator
support is driven in the opposite direction. The amount of current (and thus the
torque) delivered to or from the DC machine is determined by a closed loop
control circuit whose feedback signal is driven by a tachometer mounted on the
shaft of the DC machine.

One of the problems with this system is that the stator slip rings and brushes
must be sized to take the full power of the generator. They would be subjected
to wear and would require maintenance. The DC machine also adds to cost,
complexity, and maintenance.

1.3.6.4.3 Electrical Variable Speed Systems

A. High Slip Induction Generator This is the simplest variable speed system,
which is accomplished by having a relatively large amount of resistance in the
rotor of an induction generator. However, the losses increase with increased
rotor resistance. Westwind Turbines in Australia investigated such a scheme on
a 30 kW machine in 1989.

B. Tandem Induction Generator A tandem induction generator consists of an
induction machine fitted with two magnetically independent stators, one fixed in
position and the other able to be rotated, and a single squirrel-cage rotor whose
bars extend to the length of both stators [65,77]. Torque control is achieved by
physical adjustment of the angular displacement between the two stators, which
causes a phase shift between the induced rotor voltages.

1.3.6.4.4 Electrical/Power Electronics

The general configuration is shown in the Fig. 1.64. It consists of the following
components:

� Wind generator.
� Rectifier.
� Inverter.

Wind Turbine

Generator

Rectifier Inverter

Grid

S2

S1 S3

S4

S5

V1

S6 Grid

FIGURE 1.64 Grid-connected wind energy system through AC/DC/AC converter.



70 Alternative Energy in Power Electronics

The generator may be DC, synchronous (wound rotor or permanent magnet
type), squirrel-cage wound rotor, or brush-less doubly-fed induction generator.
The rectifier is used to convert the variable voltage variable frequency input
to a DC voltage. This DC voltage is converted into AC of constant voltage
and frequency of desired amplitude. The inverter will also be used to control
the active/reactive power flow from the inverter. In case of DC generator, the
converter may not be required or when a cycloconverter is used to convert the
AC directly from one frequency to another.

1.3.6.5 Types of Generator Options for Variable Speed Wind
Turbines Using Power Electronics
Power electronicsmay be applied to four types of generators to facilitate variable
speed operation:

� Synchronous generators.
� Permanent magnet synchronous generators.
� Squirrel-cage induction generators.
� Wound rotor induction generators.

1.3.6.5.1 Synchronous Generator

In this configuration, the synchronous generator is allowed to run at variable
speed, producing power of variable voltage and frequency. Control may be
facilitated by adjusting an externally supplied field current. The most common
type of power conversion uses a bridge rectifier (controlled/uncontrolled), a DC
link, and inverter as shown in Fig. 1.64. The disadvantage of this configuration
include the relatively high cost and maintenance requirements of synchronous
generators and the need for the power conversion system to take the full power
generated (as opposed to the wound rotor system).

1.3.6.5.2 Permanent Magnet Synchronous Generators

The permanent magnet synchronous generator (PMSG) has several significant
advantageous properties. The construction is simple and does not required
external magnetization, which is important especially in stand-alone wind power
applications and also in remote areas where the grid cannot easily supply the
reactive power required to magnetize the induction generator. Similar to the pre-
vious externally supplied field current synchronous generator, the most common
type of power conversion uses a bridge rectifier (controlled/uncontrolled), a DC
link, and inverter as shown in Fig. 1.65 [78–80].

Figure 1.66 shows a wind energy system where a PMSG is connected to
a three-phase rectifier followed by a boost converter. In this case, the boost
converter controls the electromagnet torque and the supply side converter
regulates the DC link voltage as well as controlling the input power factor. One
drawback of this configuration is the use of diode rectifier that increases the
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FIGURE 1.65 Grid-connected PMSG wind energy system through DC/AC converter.
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FIGURE 1.66 Grid-connected PMSGwind energy system through DC/AC converter with a boost
chopper.

current amplitude and distortion of the PMSG. As a result, this configuration
have been considered for small size wind energy conversion systems (smaller
than 50 kW).

The advantage of the system in Fig. 1.65with regardant to the system showed
in Fig. 1.66 is, it allows the generator to operate near its optimal working point
in order to minimize the losses in the generator and power electronic circuit.
However, the performance is dependent on the good knowledge of the generator
parameter that varies with temperature and frequency. The main drawbacks,
in the use of PMSG, are the cost of permanent magnet that increase the price
of machine, demagnetization of the permanent magnet material, and it is not
possible to control the power factor of the machine

To extract maximum power at unity power factor from a PMSG and feed
this power (also at unity power factor) to the grid, the use of back-to-back
connected PWM voltage source converters are proposed [81]. Moreover, to
reduce the overall cost, reduced switch PWM voltage source converters (four
switch) instead of conventional (six switch) converters for variable speed drive
systems can be used. It is shown that by using both rectifier and inverter current
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control or flux based control, it is possible to obtain unity power factor operation
both at the WTG and the grid. Other mechanisms can also be included to
maximize power extraction from the VSWT (i.e. MPPT techniques) or sensor-
less approaches to further reduce cost and increase reliability and performance
of the systems.

1.3.6.5.3 Squirrel-cage Induction Generator

Possible architecture for systems using conventional induction generators which
have a solid squirrel-cage rotor havemany similarities to those with synchronous
generators. The main difference is that the induction generator is not inherently
self-exciting and it needs a source of reactive power. This could be done by
a generator side self-commutated converter operating in the rectifier mode. A
significant advantage of this configuration is the low cost and low maintenance
requirements of induction generators. Another advantage of using the self-
commutated double converter is that it can be on the ground, completely separate
from thewindmachine. If there is a problem in the converter, it could be switched
out of the circuit for repair and the wind machine could continue to run at
constant speed. The main disadvantage with this configuration is that, as with
the synchronous generator, the power conversion system would have to take
the full power generated and could be relatively costly compared to some other
configurations. There would also be additional complexities associated with the
supply of reactive power to the generator.

1.3.6.5.4 Wound Rotor Induction Generator

A wound rotor induction rotor has three-phase winding on the rotor, accessible
to the outside via slip rings. The possibility of accessing the rotor can have the
following configurations:

� Slip power recovery.
� Use of cycloconverter.
� Rotor resistance chopper control.

A. Slip Power Recovery (Static Kramer System) The slip power recovery
configuration behaves similarly to a conventional induction generator with very
large slip, but in addition energy is recovered from the rotor. The rotor power is
first carried out through slip rings, then rectified and passed through a DC link
to a line-commutated inverter and into the grid. The rest of the power comes
directly from the stator as it normally does. A disadvantage with this system is
that it can only allow super-synchronous variable speed operation. Its possible
use in the wind power was reported by Smith and Nigim [82].

In this scheme shown in Fig. 1.67, the stator is directly connected to the
grid. Power converter has been connected to the rotor of wound rotor induction
generator to obtain the optimum power from variable speed wind turbine.
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FIGURE 1.67 Schematic diagram of doubly-fed induction generator.

The main advantage of this scheme is that the power-conditioning unit has to
handle only a fraction of the total power so as to obtain full control of the
generator. This is very important when the wind turbine sizes are increasing
for the grid-connected applications for higher penetration of wind energy and
the smaller size of converter can be used in this scheme.

B. Cycloconverter (Static Scherbius System) A cycloconverter is a converter,
which converts AC voltage of one frequency to another frequency without an in-
termediate DC link.When a cycloconverter is connected to the rotor circuit, sub-
and super-synchronous operation variable speed operation is possible. In super-
synchronous operation, this configuration is similar to the slip power recovery. In
addition, energy may be fed into the rotor, thus allowing the machine to generate
at sub-synchronous speeds. For that reason, the generator is said to be doubly
fed [83]. This system has a limited ability to control reactive power at the termi-
nals of the generator, although as a whole it is a net consumer of reactive power.
On the other hand, if coupled with capacitor excitation, this capability could
be useful from the utility point of view. Because of its ability to rapidly adjust
phase angle and magnitude of the terminal voltage, the generator can be resyn-
chronized after a major electrical disturbance without going through a complete
stop/start sequence. With some wind turbines, this could be a useful feature.

C. Rotor Resistance Chopper Control A fairly simple scheme of extracting
rotor power as in the form of heat has been proposed in [44].

1.3.6.6 Isolated Grid Supply System with Multiple Wind Turbines
The isolated grid supply system with a wind park is shown in Fig. 1.68. Two or
more wind turbines can be connected to this system. A diesel generator can be
connected in parallel. The converters, connected with wind generators will work
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FIGURE 1.68 Schematic diagram of isolated grid system having a wind park.

in parallel and the supervisory control blockwill control the output of these wind
generators in conjunction with the diesel generator. This type of decentralized
generation can be a better option where high penetration of wind generation
is sought. The individual converter will control the voltage and frequency of
the system. The supervisory control system will play an important part in co-
ordination between multiple power generation systems in a remote area power
supply having weak grid.

1.3.6.7 Power Electronics Technology Development
To meet the needs of future power generation systems, power electronics
technology will need to evolve on all levels, from devices to systems. The
development needs are as follows:

� There is a need for modular power converters with plug-and-play controls.
This is particularly important for high power utility systems, such as wind
power. The power electronics equipment used today is based on industrial
motor drives technology. Having dedicated, high power density, modular
systems will provide flexibility and efficiency in dealing with different
energy sources and large variation of generation systems architectures.

� There is a need for new packaging and cooling technologies, as well as
integration with PV and fuel cell will have to be addressed. The thermal
issues in integrated systems are complex, and new technologies such as direct
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fluid cooling ormicrochannel coolingmay find application in future systems.
There is large potential for advancement in this area.

� There is a need for new switching deviceswith higher temperature capability,
higher switching speed, and higher current density/voltage capability. The
growth in alternative energy markets will provide a stronger pull for further
development of these technologies.
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2.1 INTRODUCTION

In modern societies, development level and economic well-being of a society
are directly measured by energy generation and consumption. Energy plays
an important role on the economic health of a country that is reflected by the
gross national product (GNP). The per capita GNP of a country is correlated
to the per capita energy consumption. There is a steady demand to increase
the energy generation capacity in all over the world since the global energy
consumption is rising. The main reasons are the technological developments,
industrial revolution, introduction of new loads and appliances, and increase in
population. In a modern and industrialized community, energy is used in every
single human activity. Some major examples are;

– Household applications: such as heating, cooking, lighting, water heating, and
air conditioning.

– Transportation: passenger cars, busses, trains, trucks, ships, and aircrafts.
– Manufacturing heat and electricity as well as user-end or industrial products.
– Irrigation and fertilizing in agriculture.

The worldwide energy consumption has been growing steadily and rapidly right
after the industrial revolution. Today’s global energy consumption has reached
to more than 532 EJ (Exajoule, 1 EJ = 1018 Joule = 277.778 TWh, Terawatt-
hours). This amount of energy is consumed with an hourly rate of 16.87 TWh
[1]. In other worlds, in the world, 16.87 TWh of energy is consumed hourly.
Hourly global energy consumption in 1900 was ∼ 0.7 TWh. From 1973 to



Energy Sources Chapter | 2 83

2010, the global annual energy consumption increased by more than two folds;
from 255.687 EJ (6.107 Gtoe, Gigatons of oil equivalent) to more than 532 EJ
(12.717 Gtoe).

United States is the second largest energy consumer in the world, after
China surpassed United States as top energy consumer. United States ranks
seventh in energy consumption per capita. The amount of energy consumed in
United States was 91.8 EJoule or 25,500 TWh in 2014, with equivalent hourly
rate of 2.91 TW [2,3]. If the hourly consumed power is 2.91 TW, 1 year of
consumption corresponds to 25,500TWh, by 2.91 TW × 24 h × 365 days. The
energy consumption in the United States reduced by 4.7% as compared to the
consumption levels of 2004. This is mostly due to the advanced manufacturing
technologies, more efficient building materials and technologies, and the 2009
economic crises.

Between 1980 and 2006, the worldwide energy consumption annual growth
rate was 2%. The total energy consumption in 2012 for the United States is
given in Table 2.1 according to the US Energy Information Administration [4].
According to the table,

This total consumption is shared among several sectors. Around 10.97% of
this 95.02 Btu is consumed by residential sector including lighting, heating, air-
conditioning, and household appliances. 8.72% is consumed by the commercial
sector including heating, cooling, lighting, and office equipment. Industrial
sector, covering manufacturing, construction, and agriculture, consumes about
24.87% of the total energy. By 28.12%, transportation is the most energy
consuming sector, including light-duty vehicles, commercial light trucks and

TABLE 2.1 Total Energy Consumption

Source Total Consumed Energy (quadrillion Btu) Percentage

Oil 35.87 37.75

Gas 26.20 27.57

Coal 17.34 18.25

Nuclear 8.05 8.47

Hydropower 2.67 2.82

Biomass 2.53 2.66

Renewablesa 1.97 2.07

Otherb 0.39 0.41

Total 95.02 quadrillion Btu = 27,847.61 TWh = 100.25 EJ

a Wind, PV, solar thermal, grid-connected electricity from landfill gas and biowaste.
b Nonbiogenic waste, liquid hydrogen, methanol, some domestic inputs to the refineries.
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larger freight trucks, and air and rail transportation. The electricity delivery-
related losses count for 27.32% of the total energy consumed, attributed to all
residential, commercial, industrial, and transportation sectors [4]. This delivery-
related loss amount includes the transmission and distribution losses.

The overall energy consumption percentages by sector are shown in Fig. 2.1.
According to Fig. 2.1, electricity delivery-related losses are considerably

high. Almost every 1/3 of the generated energy is lost in electricity generation
and delivery. This is due to the fact that efficiency of a typical power plant
is around 38% [5]. Figure 2.1 clearly reveals that more than a quarter of
the produced energy is lost in low efficient conventional energy conversion
systems and transmission lines. This issue encourages the increased focus on
high efficiency renewable energy systems, which may also eliminate or reduce
the transmission and/or distribution losses if they are built as localized energy
generation units. As compared to the efficiency of conventional power plants,
new generation of power plants using gas turbines or microturbines may reach a
substantially higher efficiency of 55%; however, they still rely on another fossil
fuel which is natural gas [6].

After the invention of steam engines, coal began to be the main source of
energy for the eighteenth and nineteenth centuries. Since the automobiles were
invented and electricity usage became more common, coal left its popularity
to the oil during the twentieth century. From 1920s to 1973, oil was the main
resource fueling the industry and transportation and its price steadily dropped
during these years. Oil kept its expansiveness till 1970s. In the oil crises of 1973
and 1979, price per barrel boosted from 5 to 45 dollars and oil was not the
best and most common source of energy production anymore [7]. From these
dates, coal and nuclear became the major sources for electric power generation.
In those years, energy conversation and increasing the energy efficiency gained
importance. However, the use of fossil fuels has continued over the past 30

Lost energy 
(27.32%)

Commercial 
(8.72%)

Transportation 
(28.12%)

Industrial 
(24.87%)

R
esidential 

(10.97%
)

FIGURE 2.1 Percentage share of sectors on energy consumption.
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years and their contribution to overall energy production has increased. During
past decade, coal has become the fastest growing fossil fuel, since it has large
remaining reserves [7]. On the other hand, renewable energy sources have
gained interest due to the depletion of fossil fuels, increased oil prices, national
energy security, and climate change concerns related to the carbon emissions.
Therefore, government support on development, deployment, incentives, and
commercialization of renewable energies are ever increasing. For instance, in
March 2007, it is agreed by the European Union members that at least 20% of
their nations’ energy should be produced from renewable sources by 2020 while
United States also has a national renewable energy target of 20%. In Canada,
there are nine provincial renewable energy targets although there is no national
target that has been set yet. This is also a part of environmental concerns such
as global warming [8] and building a sustainable energy economy by reducing
the nations’ dependence on imported fossil fuels. However, although there is a
large availability of renewable sources, their contribution to globally consumed
energy is relatively poor.

In developed countries, such as Germany and Japan, gross national product
is 6 kW per person and 11.4 kW per person in the United States. Bangladesh
has a relatively lower consumption with 0.2 kW per person while it is around
0.7 kW per person for a developing country such as India. 25% of overall
world’s energy is consumed by the United States while its share of global
energy generation is 22% [1]. Energy consumption in United States is shared
by four broad sectors according to the US Department of Energy and the Energy
Information Administration. Accordingly, the largest user is the transportation
sector, currently consuming 28.12% of the total energy. Next largest amount
of energy is consumed for industry followed by residential and commercial
users. Energy consumption shares of United States for four major energy
consumption sectors (industrial, transportation, residential, and commercial) are
demonstrated in Table 2.2 [4,9,10].

Most of the electric power generation of the United States is provided by
conventional thermal power plants. Most of these power plants are operated by
coal. However, from 1990 to 2000, the number of natural gas or other types of
gas-operated power plants were increased significantly. 270 GW of new gas-
operated thermoelectric power plants were built in United States from 1992 to
2005. Only 14 GW of capacity belonged to new nuclear and coal-fired power
plants, with 2.315 GW of this amount being nuclear while the remaining is the
coal-fired power plants [11]. The significant shift to the gas-operated power
plants is due to the deregulation, political, and economic factors; however,
nuclear and coal are considerably capital intensive. On the other hand, there
is a great potential for renewable energies in the United States. For instance, US
wind power capacity is close to 20 GW, which is sufficient to supply power to
4.5 million typical households [12]. Although there is a great availability of the
solar power, solar power percentage of total capacity is about 0.11% retrieved
by plants that are currently in operation; including the new Nevada Solar One
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TABLE 2.2 US Nation-Wide Energy Consumption Sectors

Sector Major Use Shares

Transportation: Transportation ac-

counts for the 28.12% of the total
energy consumption. This energy
is shared among light-duty vehi-
cles, trucks including commercial
light trucks and freight trucks, pas-
senger and freight rail, shipping,
and air. “Other” converse mili-
tary, boats, busses, lubricants, and
pipeline fuel

20.72%

57.93%

Light dusty
Trucks
Rail
Shipping
Air
Other

Industrial: This sector mainly con-

sumes 24.87% of total energy
for the manufacturing, produc-
ing, and processing goods such as
chemical refining, metal produc-
tion, paper, and cement produc-
tion and several other industrial
processes

Residential: This sector consumes

the 10.97% of total energy for
household power requirements

Commercial: This sector includes

the business, government, and
other service providing institu-
tions, facilities, and their equip-
ments corresponding to 17% of
total energy consumption

25%

13%

11% 6% 6%

6%

6%

27%
Lighting
Heating
Cooling
Refigration
Water heating
Ventialtion
Electronics
Others
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TABLE 2.3 Energy Generation in United States in 2012

Annual Number of
Total Production Plants in % Of Annual

Source Capacity(MW) (Billions kWh) Operation Production

Coal 336.3 1514.04 557 36.97

Natural gas 488.2 1237.79 1758 30.23

Nuclear 107.9 769.33 66 18.79

Hydro 78.2 276.24 1426 6.75

Renewables 80.5 218.33 1956 5.33

Petroleum 53.8 23.19 1129 0.57

Other 2 13.79 64 0.34

Storage 20.9 −4.95 41 −0.12

Import-export 47.26 1.15

Total 1168 4095 6997 100

plant with 64 MW capacity and the largest solar thermal power station in the
Mojave Desert with a total generation capacity of 354 MW, which is the world’s
largest solar plant [13].

The existing power generation infrastructure in the United States has a
generation capacity of 1.168 GW in total. In 2012, 4047.76 billion kWh of
energy was generated in the United States. Table 2.3 summarizes the U.S.
electric power generation for 2012 in terms of total power capacity (MW),
annual production (billion kWh), and number of power plants in operation [14].
Please note that number of plants refer to the number of facilities and not the
number of units; i.e., number of wind farms instead of number of turbines or
number of nuclear power plants instead of number of reactors.

According to Table 2.3, it is seen that the most contributing power source
to US energy production is the coal-fired thermoelectric power plants. Second
greatest source in annual energy production is the natural gas-fired power
plants due to the fact that natural gas is cleaner than coal, natural gas is more
environmental friendly, gas-fired power plants are more efficient, and gas-fired
units have faster dynamics (easier up and downregulation).

Other than the nuclear power plants and fossil fueled power plants, hydro-
electric power plants have a considerable contribution to the annual production
although most of them are small hydro units. Renewable energy sources of wind
and solar still have insignificant number of units in operation and their annual
contribution is considerably insignificant to the nation’s total energy production
although the available potential capacity of these sources are really high.

The energy production rates of energy sources are given in Fig. 2.2 [14].
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TABLE 2.4 Electrical Energy Generation from Renewables in United States
in 2012

Annual Number of
Total Production Plants in % Of Annual

Source Capacity(MW) (Billions kWh) Operation Production

Hydro 78.2 276.24 4023 6.75

Wind 59.6 140.82 947 3.44

Wood 8.5 37.8 351 0.92

Biomass 5.5 19.82 1766 0.48

Geothermal 3.7 15.56 197 0.38

Solar 3.2 4.33 553 0.11

Total 158.7 494.57 7837 12.08

The electrical energy usage of the United States increased by 5% from 2002
to 2012 [15]. However, it decreased by 2.2% since 2007 when it peaked. This
is mostly due to the conservation efforts and more efficient buildings, industrial
processes, and appliances. At least for the next decade, coal, nuclear, and natural
gas will remain in top three fuels for electric energy generation of the United
States. From 2008 to 2012, within 4 years, the contribution of coal in annual
energy generation reduced from about 50% to 37% and natural gas contribution
increased. Nuclear power contributions will likely stay about the same due to
the decommissioning of the older power plants nearing end of their lifetimes and
bringing new plants online. Hydro, wind, and solar will most likely keep increas-
ing in order to meet the national renewable energy targets as well as the targets
set by states. The environmental concerns on global warming and sustainability
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along with the political considerations on the supplies’ security will shift the
overall energy consumption away from the imported fuels. Nowadays, many
researchers and politicians call for immediate actions for long-term sustainable
energy solutions. Based on a growing consensus, peak oil may be reached in the
near future and this will result in severe oil price increases [16]. If a long-term
solutions cannot be developed prior to the peak oil scenario, the world economy
may face a grinding halt.

This chapter focuses on naturally available energy sources and deals with
the efficient utilization of these sources. Moreover, renewable and sustainable
energy generation techniques are discussed in this chapter. In addition, the oper-
ating principles, efficient utilization, and grid-connection issues as well as power
electronic interfaces for these renewable energy sources are demonstrated.While
inventing new methodologies to maximize the efficient usage of traditional
sources such as coal, oil, and natural gas, it is of great importance to develop
new technologies to produce emerging sources of energy from renewables.

Consequently, by efficient use of conventional energy sources and utilizing
alternate sources of energy, the reserves of the conventional energy resources
can last for longer, global warming can be slowed down, and environmental
pollution can be reduced [17].

2.2 AVAILABLE ENERGY SOURCES

Primary sources of energy are fossil fuels such as oil, natural gas, coal, and
other sources such as nuclear, solar, wind, hydroelectricity, or potential sources
available in oceans. The energy that has not been converted or transformed into
another form is known as primary energy source. More convenient form of
energy such as electrical energy is obtained by transforming primary energies
in energy conversion processes. These converted forms are called as secondary
energy sources.

2.2.1 Coal

Coal is the most abundant fossil fuel of the world with around 948 billion short
tons of reserves. It is expected to sustain for the next 150 years at the current
production rate [4]. Coal is the fastest growing fossil fuel to meet the energy de-
mand of the global community. However, coal is the dirtiest energy source with
numerous pollutants and high emissions [11]. The United States has the largest
estimated and proven recoverable reserves of coal of the world. More than 81%
of the coal in United States was used in power plants to generate electric power.

2.2.2 Oil

It is estimated that there is 57 ZJ of oil reserves on Earth. This amount includes
the available but not necessarily recoverable reserves. Other estimates vary from
8 ZJ including currently proven and recoverable reserves to a maximum of
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110 ZJ including nonrecoverable reserves [18]. World’s current oil consumption
is 85 million barrels per day (mbd) and it is estimated that the peak consumption
will be 93 mbd in 2020. Oil and its chemical derivatives are mainly used for
transportation and electric power generation. The total reserves are estimated to
be 1,481,526 million barrels. If the current demand would remain static, then
the remaining oil supplies would last for about 120 years.

2.2.3 Natural Gas

It is estimated that there are 850 trillion cubic meters of estimated remaining
recoverable reserves of natural gas. According to the U.S. Energy Information
Administration, there are 5,977,000 millions of cubic meter natural gas reserves
in the United States [19]. Natural gas has become one of the major sources
of electric power generation through the steam turbines and gas turbines due
to their higher efficiency. Natural gas is cleaner than any other fossil fuels
and produces fewer pollutants per generated unit energy. Burning natural gas
produces about 30% less carbon dioxide than burning petroleum and about
45% less than burning coal for an equivalent amount of heat [20]. Some of the
natural gas power plants are operated in combined cycle mode to obtain higher
efficiencies. In this operation, gas turbines are combined with the steam turbines
in order to get the benefit of waste heat using steam turbines.

2.2.4 Hydropower

Hydroelectric power plants supplies about 16.4%of theworld’s electric annually
[21] and is expected to grow more than 3% every year for the next 25 years. The
hydroelectric power may not be a long-term effective solution, since, most of
the potential sites are already in use or they are not feasible to be exploited
due to environmental and economical concerns. In addition, the life span of
hydroelectric power plants is limited, due to the soil erosion and accumulation.
Because of these concerns, the construction of large hydroelectric power plants
has stagnated. The new trend in all over the world has been building smaller hy-
dro power units called as “micro-hydro” since they can be as a part of distributed
generation, opening up many locations for power generation and they have less
or negligible environmental effects [22,23]. On the other hand, hydroelectric
power plants have no emissions since no fuel is burnt. Hence, hydropower is a
clean energy source in compare to fossil fuel-based energy sources. In 2010, the
worldwide hydroelectric energy generation reached to 3427 TWh.

2.2.5 Nuclear Power

Nuclear power plants provided about 5.7% of the world’s energy and contributed
to the world’s electric power generation by 13% in 2012 [14,24,25]. Total
power capacity of the established nuclear power plants were about 372 GW
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by November 2007 [24]. The remaining uranium resources are estimated to be
2500ZJ by the InternationalAtomic EnergyAgency [26]. Since there is plenty of
available sources and developed technology, the contribution of nuclear power
to the future’s energy demand is not limited. However, there are political and
environmental constraints, which restrict the growth of nuclear power plants.
The cost of generating nuclear power is approximately equal to that of the coal
power. Moreover, nuclear power has zero pollutant emissions such as CO, CO2,
NO, and SO2.

2.2.6 Solar

Earth receives around 174,000 TW of solar energy resource per year. As an en-
ergy source, less than 0.02% of available solar resources are capable of entirely
replacing all nuclear power and fossil fuels [27,28]. Although it is still expensive
in compare to conventional energy conversion techniques, the fastest growing
energy source in 2007 were grid-connected photovoltaic systems. The total
installed capacity reached to 8.7 GW by increasing all photovoltaic installations
by 83% in 2007 [29]. In the United States, from 2013 to 2014, the total power
of all installations increased from 930 to 2106 MW. High cost of manufacturing
solar cells, reliance on weather conditions, storage, and grid-connection prob-
lems are the major barriers of further development of solar generation. On the
other hand, efficiency of solar photovoltaic cells continuously increases with the
developments in material science and technologies. Nowadays, research level
solar photovoltaics have reached to about 40% of efficiencies.

2.2.7 Wind

Wind is one of the greatest available potential energy sources. The available
wind power is estimated to be 300 TW [30] to 870 TW [31]. Only 5% of the
available energy is capable of supplying the current worldwide energy demands.
However, due to the fewer obstacles, most of this wind energy is available on the
open oceans on which construction of wind turbines and energy transmission
is relatively difficult and expensive. From 2006 to 2007, the installed wind
turbines’ capacity was increased by 27% to total of 94 GW according to the
Global Wind Energy Council [32]. However, the actual generated power is less
than the nominal capacity since the nominal capacity represents the peak output
and actual output is around 40% of the nominal capacity due to efficiency issues
and lower wind speeds [33]. In 2010, wind energy production exceeded 2.5% of
the world electric energy generation and it grows about 25% per year.

2.2.8 Ocean

Energy of ocean can be categorized in three major methods; ocean wave power,
ocean tidal power, and ocean thermal power. All of these three methods can
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be installed as on-shore or off-shore applications. It is estimated that theoretical
potential is equivalent to 4-18 million tons of oil equivalent.

Wave energy harvesting is a concept that the kinetic energy of waves of the
deep water or waves hitting the shores is captured and converted to electrical
energy. The kinetic energy of waves is converted to electrical energy using
several different methods. It is estimated that the deep water wave power
resources vary from 1 to 10 TW [34], while the total power of the waves hitting
the shores may add an additional power of 3 TW [30]. Capturing this entire
amount of power is not practical and feasible. It is estimated that 2 TW of this
power can be usefully captured [35,36].

Ocean tides occur due to the tidal forces of the moon and the sun, in
combination with the Earth’s rotation. Tidal power has a great potential for
future energy generation since it is cleaner in compare to fossil fuels and it
is more predictable in compare to other renewable energies such as wind and
solar. The kinetic energy of the moving water can be captured by tidal stream
or tidal current turbines. Alternatively, the barrages can be used to capture the
potential energy created due to the height difference between the low and high
tides. Various methods can be employed for the realization of these concepts.
The total estimated tidal power potential is 3.7 TW [37]. However, only around
0.8 TW of this amount is available due to the dissipation of tidal fluctuations.
The amount of energy generated from ocean tides was 0.3 GW at the end of
2005 [38], which is much less than the available potential.

The other way of generating power from the oceans is the ocean thermal
energy conversion (OTEC). In this method, the temperature difference between
the warm shallow water and the cold deep water is used to drive a heat
engine, which in turn drives an electric generator [39]. The efficiency of OTEC
power plants is relatively low [39,40] due to the power requirements of the
auxiliary OTEC devices such as water intake and discharge pumps. Moreover,
this technique is expensive since the efficiency is low and greater capacities of
installations are required to produce reasonable amounts of energy [41].

2.2.9 Hydrogen

Hydrogen is an energy carrier [42,43], in other words it is an intermediate
medium for energy storage and carriage. Hydrogen is themost abundant element
of the Earth (approximately corresponding 75% of the elemental mass of the
universe) [44] and it is the simplest and lightest element of all chemical elements
with an atomic number of 1. Hydrogen exists in nature in combination with
other elements such as carbon and nitrogen in fossil fuels, biological materials,
or with oxygen in water [45]. Hydrogen can be combusted in air or it can
react with oxygen using fuel cells to produce energy. The resultant combustion
energy or electrical energy does not cause any CO or CO2 emissions. However,
splitting hydrogen from the combination of other elements requires additional
energy. The main source of global hydrogen production is natural gas (48%).
Other sources of hydrogen production are oil (30%), coal (18%), and water
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electrolysis (4%) [46]. Currently, most of the hydrogen is produced from gas
derivatives such as natural gas, ethane, methane, ethanol, or methanol. Hydrogen
production from fossil fuels, known as reformation, contains several pollutant
emissions. Although electrolysis is clean, this method has various challenges
and still has very poor efficiencies and high production costs. Biological or
fermentative reactions can be another method of hydrogen production; however,
this method has some obstacles such as the amount of products are not significant
[46,47]. Using hydrogen in hydrogen combustion engines is several percents
more efficient than the conventional internal combustion engines. On the other
hand, using hydrogen in the fuel cells is twice or three times more efficient than
that of the internal combustion engines.However, there are several challenges for
the commercialization of fuel cells such as the size, weight, cost, and durability.
Other major technical difficulties related to hydrogen are the production, deliv-
ery, and storage issues.

2.2.10 Geothermal

Geothermal energy is the utilization of heat stored in the inner layers of the
Earth or collecting the absorbed heat derived from underground. The geothermal
energy production has reached to 37.3 GW at the end of 2005 [48]. 9.3 GW of
this amount is used for electric power generation while the rest of it is used
for residential or commercial heating purposes. Enhanced geothermal systems
(EGS) is a technique that extends the potential for the use of geothermal energy.
In this technique, the heat is extracted by building subsurface fractures to
which water can be added through injection wells. Through this technique, the
electrical generation capacity can reach to about 138 GW [49]. The overall
EGS capacity of the world is calculated to be more than 13 YJ, where 200 ZJ
of this amount is extractable. By the technological improvements and invest-
ments, this amount is projected to increase over 2 YJ [50]. However, in contrary
to this enormous potential, geothermal supplies less than 1% of the world’s
energy demand as of 2008 [21]. The electricity generation potential is estimated
to be from 35 to 2000 GW while the current installed capacity is 10.715 GW
with the highest capacity is in the United States by more than 3 GW. Geothermal
energy has high availability (average daily availabilities more than 90%) and in
fact has no pollutant emissions since it does not require any fuel or combustion.
Furthermore, geothermal power stations do not rely on weather conditions. In
addition, it is considered to be a sustainable source of energy since the extracted
heat is relatively small in compare to the heat reservoir’s size. In other words,
geothermal heat energy is replenished from deeper layers of the Earth, therefore
it is not exhaustible.

2.2.11 Biomass

Biomass is a fuel that is also called biofuel, and the bioenergy is the energy
enclosed in the biomass. Today, biomass has a small contribution to the overall
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energy supply, although it was the major fuel till the nineteenth century. In
2005, electric power from biomass was about 44 GW while more than 230 GW
biomass power is used for heating [38]. As a sustainable energy source, biomass
is a developing industry in many countries such as Brazil, United States,
Germany, and many others. As an alternative to the fossil fuels, biomass produc-
tion is significantly increasing worldwide. The biodiesel production increased
by 85% to 1.03 billion gallons in 2005 and biodiesel became the world’s fastest
growing renewable source of energy. Bioethanol production was also increased
by 8% and reached 8.72 billion gallons during 2005 [38]. Even though it is
commonly believed that biomasses may be carbon-neutral, their current farming
methods cause substantial carbon emissions [51,52]. As of 2012, there are 351
wood and biomass fired electric power plants in the United States with a total
power generation capacity of 8.5GWand annual production of 37.8 billion kWh.

2.3 ELECTRIC ENERGY GENERATION TECHNOLOGIES

Electric energy generation is a process that the energy sources or energy potential
is converted to the electrical energy. Energy generation can be done in various
techniques. Due to the upcoming emerging challenges in the global energy
supply systems, energy from the conventional sources need to be highly efficient.
In addition, there should be an increase in utilization of energy generation from
alternative and renewable energy sources. In following sections, the energy
sources and their conversion to electric energy are described.

2.3.1 Thermoelectric Energy

Thermoelectric power plants are mainly coal-fired power stations. In a thermo-
electric power plant, coal or other fuels are burnt in order to heat up the water
in the boiler. In this system, the high-pressurized steam rotates a steam turbine,
which is coupled to an electric generator. After the steam passes through the
turbine, it is cooled and condensed back to water in the condenser. This is known
as Rankine Cycle [53]. More than 80% thermal power plants in all over the
world operate based on this cycle. In the Rankine Cycle, there are four processes
in which the working fluid’s state is changed as shown in Fig. 2.3 [54]. These
processes can be described as follows [55,56]:

Process 1-2: When the fluid is condensed and converted to liquid form, the
liquid is pumped from low to high pressure. The pumping process requires a
small amount of energy.

Process 2-3: The high pressure liquid that pumped into the boiler is heated
at constant pressure until it becomes saturated dry vapor. The boiler is energized
by a heat source such as a coal furnace.

Process 3-4: During this process, saturated vapor passes through the steam
turbine. The heat energy is converted to mechanical energy. While the steam
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FIGURE 2.3 Rankine Cycle block diagram.

passes through the turbine, it may partly get condensed since this process
decreases the pressure and temperature of the vapor.

Process 4-1: In this process, the vapor is condensed at a constant pressure
and temperature, in a condenser. As a result, wet vapor is converted to saturated
liquid. The cooler helps keeping the temperature constant as the vapor changes
its phase from steam to liquid.

These four processes of the Rankine Cycle are shown in Fig. 2.3.
Since coal is the most abundant energy source of the world, coal-fired power

plants have been widely used in electric power generation in all over the world
[57]. Coal is a cheap energy source and coal-fired power plants have mature
technology. Therefore, the generation cost is less and thermoelectric power
plants can be constructed anywhere close to fuel and water supply. Although
the consumption sites might be relatively far away from the coal mines or water
supplies, fuel and water can be transported to the generation plants. Since the
coal has been the backbone of the electric power industry since late 1800s,
approximately 49% of the electric power generated in the world is supplied by
coal-fired thermoelectric power plants [58]. Today, energy generation from coal
corresponds to about 27% of the world’s total energy generation.

In a simple form, the operation of a coal-fired power plant can be similar to
Rankine Cycle. In this form, the plant consists of a boiler, a steam turbine driving
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an electric generator, a condenser, and a feed-water pump.Coal is first pulverized
and burnt in the steam generation furnaces. The water in the boiler tubes is
heated and steam is generated in this way at high pressures. The steam generation
process is composed of three sub processes which are economizing, boiling, and
superheating. In the economizer, the water is heated to a point that it is close to
the boiling point. Then, the steam is raised in the boiler. Finally, the steam is
further heated and dried at the superheater. The steam at its final form is then
conveyed to the steam turbine. The mechanical force pushing the turbine blades
yields the steam turbine to rotate which in turn drives the electric generator
producing electricity. The cooler steam with lower pressure is released from the
turbine. This steam is conveyed to the condenser to be liquefied. This water is
pumped back to the steam generator and the closed loop system is completed
[55]. Considering the other auxiliary devices and peripheral components such as
cooling tower, coal conveyor, ash&waste management units, and many others,
the schematic of a coal-fired thermoelectric power plant can be presented as
Fig. 2.4.

The components of the thermoelectric power plant are described in Table 2.5.
The operation of the coal-fired power plant begins with the coal conveyor.

From an exterior stack, coal is conveyed through a coal hopper to the pulverizing
fuel mill where it is grounded and converted to a fine powder. The pulverized
coal is mixed preheated air. The air is taken by an air intake pipe and pumped
to be mixed with pulverized coal. This preheated air is supplied by the forced
draught fan. In the boiler, where the air-fuel mixture is ignited at high pressure,
generated heat increases the temperature of the water. The water is then changes
its phase to steam where it flows vertically up the boiler tubes. This steam is
passed to the boiler drum where its remaining water content is separated. This
dry steam is then passed through a manifold from the drum into the superheater.
In the superheater, further pressure and temperature increases, steam reaches
about 200 bar and 570 ◦C. The turbine process of the power plant comprises three
stages; high pressure turbine, intermediate pressure turbine, and low pressure

FIGURE 2.4 Schematic diagram of the thermoelectric power plant.
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TABLE 2.5 Thermoelectric Power Plant Components

1. Coal conveyor 10. Air intake pipe 19. Low pressure turbine

2. Coal hopper 11. Air preheater 20. Condenser

3. Pulverization mill 12. Feed heater 21. Electric generator

4. Boiler drum 13. Steam governor 22. Induced draught fan

5. Ash hopper 14. High pressure turbine 23. Cooling water pump

6. Superheater 15. Deaerator 24. Power transformer

7. Forced draught fan 16. Intermediate pressure turbine 25. Cooling tower

8. Reheater 17. Precipitator 26. Chimney stack

9. Economizer 18. Boiler feed pump from condenser 27. Transmission network

turbine. First, the steam passes to the high pressure turbine through the pipes.
Both the manual turbine control and the automatic set-point following can be
provided by a steam governor valve. The temperature and the pressure of the
steam decrease when it is exhausted from the high pressure turbine. This steam
is returned to the boiler reheater for further use. The reheated steam passes to the
intermediate pressure turbine. The steam released from the intermediate pressure
turbine is passed directly to the low pressure turbine. Now the steam is cooler
and just above its boiling point. This steam is then condensed in the condenser
by contacting thermally with the cold water tubes of the condenser. As a result,
the steam is converted back into water and the condensation causes a vacuum
effect inside the condenser chest. The condensed water is prewarmed by the
feed-heater using the heat of the steam released from the high pressure turbine
and then in the economizer. Then, this prewarmed water is deaerated and passed
by a feed-water pump, which completes the closed cycle. The cooling tower
cools down the water from the condenser creating an intense and visible plume.
Finally, the water is pumped back to the cooling water cycle. The induced draft
fan draws the exhaust gas of the boiler. Here, an electrostatic precipitator is used.
Finally, this exhaust gas is vented through the chimneys of the power plant.

In the thermoelectric power plants; load following capability, efficiency, fuel
and water management, and emissions are important issues. In addition, the
active and reactive outputs of the power plant’s generators and frequency and
voltage regulations have impact on the power plant operation.

2.3.2 Hydroelectric Energy

Hydroelectric energy is generated by the kinetic and potential energy of flowing
or falling water under the effect of gravitational force. Hydroelectric is the most
mature and widest utilized form of renewable energies. Hydroelectric energy has
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approximately 17% contribution to the overall world energy generation [59]. No
fuel is burnt at hydroelectric power plants; therefore they do not have greenhouse
gas emissions. The operating cost is relatively low since the water running the
plant is supplied free by the nature. It is a renewable source of energy since the
rainfall naturally replenishes and enriches the water reservoirs.

Hydroelectric energy is generally obtained from the potential energy of
dammed or reservoired water. When the water falls from a certain height of
the reservoir output, it looses its potential energy and gains kinetic energy.
The water flow drives a water turbine that is coupled to an electric generator
which in turn generates electricity. This generated energy is a function of the
water volume and the difference between the source and outflow of the water
[60]. This height difference between the water output and turbine is called as
“head.” The potential energy of the water is proportional to the head. In order
to generate greater amounts of energy, the head can be increased by running the
water for hydraulic turbine through a large and long pipe called as penstock [61].
The cross-sectional view of a hydraulic dam and the hydroelectric power plant
components are represented in Fig. 2.5.

In Table 2.6, these components are explained.

A

E

B

D

C
F

H

G

FIGURE 2.5 A hydroelectric dam and power plant components [61].

TABLE 2.6 Hydroelectric Power Plant Components

A. Reservoir E. Water intake

B. Intake F. Penstock

C. Water turbine G. Transformer and transmission lines

D. Electric generator H. River (or lower reservoir)
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Electric power generation in a hydroelectric power plant can be approxi-
mately calculated as [62],

P = (hrg) ηtηg (2.1)

where P is the generated power (kW), h is the height (m), r is the water flow rate
(m3/s), and g is the gravitational acceleration (m/s2). In Eq. 2.1, the term hrg
represents the potential energy of the water. ηg and ηg represent the efficiency
of the water turbine and the generator, respectively. These efficiency rates are
required for the water potential energy conversion into the electrical energy.

The other methods of electric generation by hydroelectricity are the pumped
storage hydroelectric power plants and run-of-the-river plants. In pumped stor-
age method, the water is pumped into higher elevations by using the excess
generation capacity during the periods when electrical demand and cost are
relatively lower. The water is released back into lower elevations through a
turbine when the electric power demand and cost are relatively higher. In this
method, water acts as an energy carrier in order to compensate the generation-
consumption difference in a commercial device by improving the daily load fac-
tor [60–62]. In run-of-the-river plants, water reservoirs are not used and the ki-
netic energy of the flowing water through a river is captured using waterwheels.

2.3.3 Solar Energy Conversion and Photovoltaic Systems

Solar energy is one of the fastest growing renewable energy sources, which
is plentiful and has the greatest availability among other energy sources. The
amount of solar energy supplied from solar to the Earth in 1 h is capable of
satisfying the total energy requirements of the Earth for 1 year [63]. Furthermore,
solar energy does not produce pollutants or harmful byproducts, it is free
of emissions. Solar energy is applicable to many fields such as vehicular,
residential, space, and naval applications.

2.3.3.1 Photovoltaic Effect and Semiconductor Structure of PVs
Photovoltaic (PV) effect is known as a physical process in which that a PV
cell converts the sunlight into electricity. When a PV cell is subject to the
sunlight, the absorbed amount of light generates electric energy while remaining
sunlight can be reflected or passed through. The electrons in the atoms of the PV
cell are energized by the energy of the absorbed light. With this energy, these
electrons move from their normal positions in the semiconductor PV material
and they create an electrical flow, i.e., electric current through an external electric
circuit connected to the PV cell terminals. The built-in electric field which is a
specific electric feature of the PV cells provides the voltage potential difference
that drives the current through an external load [64]. Two layers of different
semiconductor materials are placed in contact with each other in order to induce
the built-in electric field within a PV cell. The first layer which is n-type has
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Junction

FIGURE 2.6 p-n junction structure and current flow in a PV cell.

abundance of electrons and it is negatively charged. The other layer which is
p-type has abundance of holes and it is positively charged. Since the n-type
silicon has excess electrons and p-type silicon has excess holes, contacting
these layers together creates a p/n junction at their interface, thereby creating
an electric field. In this contact, excess electrons move from the n-type side to
the p-type side. As a result, a positive charge is built-up along the n-type side of
the interface and negative charge along the p-type side. Thus an electric field is
created at the surface where the layers meet, called the p/n junction. This electric
field is due to the flow of electrons and holes. This electric field causes the
electrons to move from the semiconductor toward the negative surface to carry
current. At the same time, the holes move in the opposite direction, toward the
positive surface, where theywait for incoming electrons [64]. The basic structure
of a p-n junction in a PV cell is illustrated in Fig. 2.6.

2.3.3.2 PV Cell/Module/Array Structures
A photovoltaic (PV) or solar cell is the basic building block of a PV (or
solar electric) system. An individual PV cell is usually quite small, typically
producing about 1 or 2 W of power [65]. PV cells can be connected together to
form a larger unit called modules in order to increase the power output of PV
cells. Modules can be connected together and form larger units that are called
arrays to generate more electric power. The output voltage of a PV system can
be boosted by connecting the cells or modules in series. On the other hand, the
output current can reach higher values by connecting them in parallel.

2.3.3.3 Active and Passive Solar Energy Systems
Based on the solar tracking capability, solar energy systems can be categorized
in two types, passive and active systems [66,67]. In passive solar energy systems
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there are not anymovingmechanisms for the panels. In this technique, the energy
is absorbed and retained and spaces are designed that naturally circulate air to
transfer energy and referencing the position of a building to the sun to enhance
energy capture. On the other hand, in active solar energy systems, typically there
are electrical andmechanical components such as trackingmechanisms, sensors,
motors, pumps, heat exchangers, and fans to capture sunlight and process it into
usable forms such as heating, lighting, and electricity. The panel positions are
controlled in order to maximize exposure to the sun.

2.3.3.4 Components of a Complete Solar Electrical Energy System
In Fig. 2.7, the block diagram of a solar energy system is demonstrated. In this
system, the sunlight is captured by the PV array. The photodiode or photo-
sensor signals determine the sun tracking motor positions. This sun tracking
control helps following the daily and seasonal solar position changes to face
the sun directly and capture the most available sunlight. A DC/DC converter is
employed at the PV panels’ output in order to operate at the maximum power
point (MPP) based on the current-voltage (I-V) characteristics of the PV array
[68]. This DC/DC converter is controlled to operate at the desired current and
voltage output of the PV array. A DC/AC inverter is usually connected to the
output of this MPPT DC/DC converter in order to feed the AC loads for grid
interconnection. A battery pack can be connected to the DC bus of the system to
provide extra power that might not be available from the PVmodule during night
and cloudy periods. The battery pack can also store energy when the PV module
generates more power than the demanded. A grid connection is also useful to
draw/inject power from/to the utility network to take the advantage of excess
power or to recharge the batteries using grid power during the peak-off periods
of the utility network.

FIGURE 2.7 A solar energy system.
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2.3.3.5 I-V Characteristics of Photovoltaic (PV) Systems,
PV Models, and Equivalent PV Circuit
PV systems have a special current-voltage characteristic. As more current is
drawn from the PV system, the system output voltage decreases. These char-
acteristic curves differ at different solar insulation and temperature conditions
hence the curves can be obtained by varying the load resistance (varying the
output current) and measuring the output voltage for many different current
values. I-V curve passes through two points for zero voltage and zero current.

• The short-circuit current (ISC): ISC is the current produced when the positive
and negative terminals of the cell are short-circuited, and the voltage between
the terminals is zero, which corresponds to zero load resistance.

• The open-circuit voltage (VOC): VOC is the voltage across the positive and
negative terminals under open-circuit conditions, when the current is zero,
which corresponds to infinite load resistance.

In order to extract maximum power from a PV system, for a constant ambient
condition there is only one current-voltage pair. On the I-V curve, themaximum-
power point (Pm) occurs when the product of current and voltage is the
maximum. Although the current is maximum, no power is produced at the short-
circuit current due to zero voltage. In addition, no power is produced at the open-
circuit voltage due to zero current. The MPP is somewhere between these two
points. Maximum power is generated at about the “knee” of the curve. This point
represents the maximum efficiency of the solar device in converting sunlight into
electricity [69]. A typical I-V curve characteristic of a PV system is given in
Fig. 2.8.

PV systems exhibit nonlinear I-V characteristics [70]. There are various
models available to mathematically model the I-V characteristics of the PV
systems. An equivalent circuit expressing the PV model characteristics is shown
in Fig. 2.9. This model is known as single-diode model and is one of the most
common equivalent circuits representing PV system behaviors.

I

V

ISC
Impp

VOCVmpp

MPP

FIGURE 2.8 A typical I-V curve characteristic of a PV system.
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FIGURE 2.9 Single-diode model of solar cell equivalent circuit.

In this model, open-circuit voltage and short-circuit current are the key
parameters. Illumination or solar radiation affects the short-circuit current, while
the open-circuit voltage is affected by the material and temperature. In this
model, ISC is the short-circuit current, Is is the diode reverse saturation current,
m is the diode ideality factor (generally various between 1 and 5), and VT is the
temperature voltage expressed as VT = kT/q, which is 25.7 mV at 25 ◦C. The
equations defining this model are,

ID = IS

[
e

V
mVT − 1

]
, (2.2)

I = ISC − ID, (2.3)

and

V = mVT · ln
[
ISC − I

IS
+ 1

]
(2.4)

The I-V characteristic of the solar cell can be alternatively defined by [71],

I = Iph − ID

= Iph − I0

[
exp

(
q (V + RsI)

AkBT

)
− 1

]
− V + RsI

Rsh
(2.5)

where V is the PV output voltage (V), I is the PV output current (A), Iph is the
photocurrent (A), ID is the diode current (A), I0 is the saturation current (A), A is
the ideality factor, q is the electronic charge (C), kB is the Boltzmann’s constant
(J K− 1), T is the junction temperature (K), Rs is the series resistance (�), and
Rsh is the shunt resistance (�).

2.3.3.6 Sun Tracking Systems
Incident solar radiation is the most important parameter for the power generated
by solar energy systems. Sun changes its position during the day from morning
to night. Moreover, the sun orbit differs from one season to another. By properly
following the sun, through utilizing sun tracking systems, the incident solar
irradiance can be effectively increased [72]. A sun tracker is an electromechanic
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component used for orienting a solar photovoltaic panel, concentrating solar
reflector, or lens toward the sun. Solar panels require a high degree of accuracy
to ensure that the concentrated sunlight is directed precisely to the photovoltaic
device. Solar tracking systems can substantially improve the amount of power
produced by a system by enhancing morning and afternoon performance. For
instance, the orientation of PV panels can increase the solar-electric energy
conversion efficiency between 20% and 50% [73–77].A fixed system oriented to
a fixed sun facing direction will have a relatively low annual production because
they do not move to track the sun which yields significant increase of incident
irradiation. An efficient sun tracking system should be capable of movement
from north to south and from east to west as shown in Fig. 2.10.

2.3.3.7 Maximum Power Point Tracking Techniques
The conditions of radiation and temperature affect the current-voltage (I-V)
characteristics of solar cells. The voltage and current should be controlled to
track the maximum power of the PV systems in order to operate the PV systems

FIGURE 2.10 Rotations of a sun tracking system.
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at the point of (Vmax, Imax). Maximum power point tracking (MPPT) techniques
are used to extract maximum available power from the solar cells by controlling
the voltage and current. Systems composed of various PV modules located at
different positions should have individual power conditioning systems to ensure
the MPPT for each module [78]. In this section, most common and applicable
MPPT techniques are described.

2.3.3.7.1 Incremental Conductance-Based MPPT Technique

The incremental conductance (INC) technique is the most commonly used
MPPT for PV systems [71] (79–81). The technique is based on the fact that
the sum of the instantaneous conductance I/V and the INC �I/�V is zero at the
MPP, negative on the right side of the MPP, and positive on the left side of the
MPP.

If the change of current and change of voltage is zero at the same time,
no increment or decrement is required for the reference current. If there is no
change for the current, while the voltage change is positive, reference current
should be increased. Similarly, if there is no change for the current while the
voltage change is negative, reference current should be decreased. Contrarily,
the change of the current might not be zero. If the current change is not
zero, while �V/�I = − V/I, the PV is operating at MPP. If the current change
is not zero and �V/�I �= − V/I, then �V/�I > − V/I. If �V/�I �= − V/I
and �V/�I > − V/I, the reference current should be decreased. However, if
�V/�I �= − V/I and�V/�I < − V/I, the reference current should be increased
in order to track the MPP.

Practically, due to the noise and errors, satisfying the condition of
�I/�V = − I/V may be very difficult [82]. Therefore, this condition can be
satisfied with good approximation by,

|�I/�V + I/V| < ε (2.6)

where ε is a positive small value. Based on this algorithm, the operating point is
either located in BC interval or it is oscillating among the AB and CD intervals
as shown in Fig. 2.11.

Selecting the step size (�Vref ), shown in Fig. 2.11, is a tradeoff of accurate
steady tracking and dynamic response. If larger step sizes are used for quicker
dynamic responses, the tracking accuracy decreases and the tracking point
oscillates around theMPP. On the other hand, when small step sizes are selected,
the tracking accuracy will increase. In the mean time, the time duration required
to reach the MPP will increase [83].

The normalized IV, PV (power-voltage), and absolute derivative of PV
characteristics of a PV array are shown in Fig. 2.12.

From these characteristics, it is seen that the |dP/dV | decreases as the MPP
is approached and it gets greater when the operating point gets away from the
MPP. This relation can be given by,
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FIGURE 2.11 Operating point trajectory of incremental conductance-based MPPT.
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FIGURE 2.12 Normalized IV, PV, and |dP/dV | characteristics of a PV array.

⎧⎪⎨
⎪⎩
dP/dV < 0, right of MPP

dP/dV = 0, at MPP

dP/dV > 0, left of MPP

(2.7)

In order to obtain the operating MPP, dP/dV should be calculated. The
dP/dV can be obtained by only measuring the incremental and instantaneous
conductance of the PV array, i.e., �I/�V and I/V [79].

dP

dV
= d (IV)

dV
= I + V

dI

dV
. (2.8)
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2.3.3.7.2 Other MPPT Techniques

In the Perturb and Observe technique, the current drawn from the PV array
is perturbed in a given direction and if the power drawn from the PV array
increases, the operating point gets closer to the MPP and, thus, the operating
current should be further perturbed in the same direction [84]. If the current is
perturbed and this results in a decrease in the power drawn from the PV array, this
means that the point of operation is moving away from the MPP and, therefore,
the perturbation of the operating current should be reversed.

The P-V and I-V characteristics of a roof-mounted PV array are
monotonously increasing or decreasing under a stable insulation conditions.
The I-V characteristic is a function of voltage, insulation level, and temperature.
From these characteristics, MPPT controllers can be developed based on the
linearized I-V characteristics [85–87].

Fractional open-circuit voltage-based method [88–95], fractional short-
circuit-based method [95,96], fuzzy logic controller-based method [97–106],
neural network-based method [107–112], ripple correlation-based method
[113], current sweep-based method [114], and DC-link capacitor droop control-
based method [115,116] are the other applicable methods for MPPT.

2.3.3.8 Power Electronic Interfaces for PV Systems
Power electronic interfaces are either used to convert the DC energy to AC
energy to supply AC loads or connection to the grid or to control the terminal
conditions of the PV module to track the MPP for maximizing the extracted
energy. They also provide wide operating range, capability of operation over
different daily and seasonal conditions, and reaching the highest possible effi-
ciency [117]. There are various ways to categorize power electronic interfaces
for solar systems. In this book, power electronic interfaces are categorized as
power electronic interfaces for grid-connected PV systems and stand-alone PV
systems.

2.3.3.8.1 Power Electronic Interfaces for Grid-Connected PV Systems

The power electronic interfaces for grid-connected PV systems can be classified
into two main criteria: classification based on inverter utilization and classifica-
tion based on converter stage and module configurations.

2.3.3.8.1.1 Topologies Based on Inverter Utilization: The centralized in-
verter system is illustrated in Fig. 2.13.

In this topology, PV modules are connected in series and parallel to achieve
the required current and voltage levels. Only one inverter is used in this topology
at the common DC bus. In this topology, the inverter’s power losses are higher
than string inverter or multi-inverter topologies due to the mismatch between
the modules and necessity of string diodes that are connected in series. In this
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FIGURE 2.13 Conventional PV system technology using centralized inverter system topology.

topology, voltage boost may not be required since the voltage of series connected
string voltages is high enough [118].

In string inverters topology, the single string of modules connected to the
separate inverters for each string [119]. In this topology, voltage boosting may
not be required if enough number of components are connected in series in each
string.

In the multi-string invert topology, several strings are interfaced with their
own integrated DC/DC converter to a common DC/AC inverter [120,121] as
shown in Fig. 2.14.

Therefore, this is a flexible design with high efficiency. In this topology each
PV module has its integrated power electronic interface with utility. The power
loss of the system is relatively lower due to the reduced mismatch among the
modules, but the constant losses in the inverter may be the same as for the
string inverter. In addition, this configuration supports optimal operation of each
module, which leads to an overall optimal performance [118]. This is due to the
fact that each PV panel has its individual DC/DC converter and maximum power
levels can be achieved separately for each panel.

PV
panels

AC 
bus

DC/AC 
inverter

DC/DC 
converter

Integrated 
panel/converter

DC/DC 
converter

FIGURE 2.14 Multi-string inverters topology.
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2.3.3.8.1.2 Topologies Based on Module and Stage Configurations:
The power electronic conditioning circuits for solar energy systems can be
transformer-less, or they can utilize high-frequency transformers embedded
in a DC/DC converter, which avoids bulky low-frequency transformers. The
number of stages in the presented topologies refers to the number of cascaded
converters/inverters in the system.

Isolated DC/DC converters consist of a transformer between the DC/AC and
AC/DC conversion stages [122]. This transformer provides isolation between
the PV source and load. A typical topology is depicted in Fig. 2.15.

In the topology shown in Fig. 2.15, the outputs of the PV panel and DC/DC
converter are DC voltages. The two stage DC/DC converter consists of a DC/AC
inverter, a high-frequency transformer, and a rectifier. In this topology, a capac-
itor can be used between the bottom leg of the high-frequency inverter and the
transformer, forming an LC resonant circuit with the equivalent inductance of the
transformer. This resonance circuit reduces the switching losses of the inverter.
Alternatively, only two switches are enough if a push-pull converter is used;
however, this topology requires a middle terminal outputted transformer [118].

The topologies shown in Fig. 2.16(a) and (b) are two stage single-module
topologies, in which a DC/DC converter is connected to a DC/AC converter for
grid connection. The DC/DC converter deals with the MPP tracking and the
DC/AC inverter is employed to convert the DC output to AC voltage for grid
connection. These are nonisolated converters since they are transformer-less.

Instead of using a full-bridge inverter for the DC/AC conversion stage, a
half-bridge inverter can also be used. In this way, number of switching elements
can be reduced and controller can be simplified, however, for the DC bus, two
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FIGURE 2.15 Isolated DC/DC converter topology.
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FIGURE 2.16 (a) Boost converter with full-bridge inverter and (b) buck converter with full-bridge
inverter.
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series connected capacitor is required to obtain the midpoint. This midpoint of
two series connected capacitors will be used as the negative terminal of the AC
network of the half-bridge configuration.

The single-stage inverter for multiple modules is depicted in Fig. 2.17, which
is the simplest grid-connection topology [123]. The inverter is a standard voltage
source PWM inverter, connected to the utility through an LCL filter. The input
voltage, generated by the PV modules, should be higher than the peak voltage
of the utility. The efficiency is about 97%. On the other hand, all the modules
are connected to the same MPPT device. This may cause severe power losses
during partial shadowing. In addition, a large capacitor is required for power
decoupling between PV modules and the utility [124].

A topology for multi-module multi-string interfaces is shown in Fig. 2.18
[121,125]. The inverter in Fig. 2.18 consists of up to three boost converters, one
for each PV string, and a common half-bridge PWM inverter. The circuit can
also be constructed with an isolated current- or voltage-fed push-pull or full-
bridge converter [126], and a full-bridge inverter toward the utility. The voltage
across each string can be controlled individually [121,126].

As an alternative to the topology shown in Fig. 2.18, other types of DC/DC
converter can be employed to the first stage, such as isolated DC/DC converters.

PV
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+
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FIGURE 2.17 Single-stage inverter for multiple modules.
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FIGURE 2.18 Topology of the power electronics of the multi-string inverter.
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2.3.3.8.2 Power Electronic Interfaces for Stand-Alone PV Systems

The stand-alone PV systems composed of a storage device and its controller for
sustainable satisfaction of the load power demands [127]. The storage device
with the controller should provide the power differencewhen the available power
from the PV panel is smaller than the required power at the load bus [128].When
the available power from the PV panel is more than the required power, the PV
panel should supply the load power and the excess power should be used to
charge the storage device. A simple PV panel/battery connection topology is
shown in Fig. 2.19.

In this simple topology, the DC/DC converter between the battery and the PV
panel is used to capture the all available power from the PV panel. In this system,
battery pack acts as an energy buffer, charged from the PV panel and discharged
through the DC/AC inverter to the load side. The charging controller determines
the charging current of the battery, depending on the MPP of the PV panels at a
certain time. When there is no solar insulation available, the DC/DC converter
disables and the stored energy within the battery supplies the load demands. The
battery size should be selected so that it can supply all the power demands during
a possible no-insulation period. In addition, it could be fully charged during
the insulated periods to store the energy for future use. Since the combined
model produces AC electrical energy, it should be converted to AC electrical
energy for domestic electrical loads. The combined system requires a DC/AC
inverter, which also used tomatch the different dynamics of the combined energy
system and various loads. The proper response of the PV/battery system to
the overall load dynamics can be achieved by generating appropriate switching
signals to the inverter while modulating for both active and reactive powers.
The load bus voltage can be controlled by the modulation index control of the
inverter; while the load control can be achieved by the phase angle control of the
inverter.

2.3.4 Wind Turbines and Wind Energy Conversion Systems

Wind turbines are devices that are capable of capturing the kinetic energy of
winds. This kinetic energy is converted to the mechanical energy to rotate the
turbine which is coupled to an electric generator. In this way, kinetic energy of
the wind can be converted into a usable form of energy, i.e., electrical energy.
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FIGURE 2.19 PV/battery connection for stand-alone applications.



112 Alternative Energy in Power Electronics

Wind turbines can be installed stand-alone to power remote or isolated locations,
or they can be grid connected, to supply power to the utility grid. Wind power
is renewable, widely distributed, plentiful, and it is a clean way of energy con-
version. Additionally, it contributes in reducing the greenhouse gas emissions;
since it can be used as an alternative to fossil fuel-based power generation [129].
Althoughwind energy has a great potential to significantly contribute the world’s
power generation, only 3% of worldwide power requirement is supplied by wind
turbines [130].

Several key parameters, such as air density, area of the blades, wind speed,
and rotor area, need to be considered in order to efficiently capture wind energy.
Wind force is converted into a torque that rotates the blades of wind turbine. The
wind force is stronger in higher air densities. In other words, kinetic energy of
the wind depends on air-density and heavier winds carry more kinetic energy. At
normal atmospheric pressure and at 15 ◦C the weight of the air is 1.225 kg/m3,
but if the humidity increases, the density decreases slightly. The other fact, which
determines the air density is whether the air is warm or cold. Warmer winds
are less dense than cold ones, so at high altitudes the air is less dense [131].
Besides, the area of the blades (air swept area), the diameter of the blade, plays
important role in captured wind energy. Under the same conditions more wind
can be captured with longer blades and bigger rotor area of wind turbine [130,
131]. The other parameter is the wind speed. It is expected that wind kinetic
energy arises as wind speed increases [131].

Kinetic energy of the wind can be expressed as

Ek = 1

2
m · v2 = 1

2
ρ · R2 · π · d · v2 (2.9)

where Ek represents kinetic energy of the wind, m stands for the mass of the
wind, v is wind speed, ρ is air density, A is rotor area, R is blade length, while d
stands for thickness of the “air disc” shown in Fig. 2.20.

FIGURE 2.20 Kinetic energy of wind.
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Hence, the overall wind power (P) is [131]:

P = Ek
t

= 1

2
ρ · R2 · π · v3 (2.10)

From Eq. 2.10 it can be seen that the power content of the wind varies with
the cube (the third power) of the average wind speed as shown in Fig. 2.21.

2.3.4.1 Wind Turbine Power
2.3.4.1.1 Betz’s Law

The theoretical maximum power that can be extracted from the wind is demon-
strated by the Betz’s law [132,133]. The wind turbines extract the kinetic energy
of the wind. Higher wind speeds results in higher extracted energy. It should be
noted that the wind speed after turbine (after passes through turbine) is much
lower than before it comes to turbine (before energy is extracted) since the wind
looses its speed by transferring its kinetic energy to the wind turbine. That means
wind speed before wind approaches (in front of) the turbine, and its speed after
(behind) turbine are different. Figure 2.22 shows both speeds. The wind after
the turbine has less amount of energy due to decreased speed of wind.

The decreased wind speed, after turbine, provides information on amount of
possible extracted energy from the wind. The extracted power from the wind can
be calculated using Eq. 2.7.

Pextracted = Ek
t

= 1

2
ρ · R2 · π · va + vb

2
·
(
vb

2 − va
2
)

(2.11)

where Pextracted shows maximum extracted power from the wind, vA and vb are
wind speeds after and before passing through the turbine. ρ is the air density and
R demonstrates the radius of the blades.
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FIGURE 2.21 Specific wind power due to wind speed variation.
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FIGURE 2.22 Wind speed before and after turbine.

The relation of total amount of power Ptotal to the extracted power Pextracted
can be calculated as

Pextracted
Ptotal

=
va + vb

2
· (vb2 − va2

)
vb3

= 1

2

(
1 − va2

vb2

)
·
(
1 + va

vb

)
(2.12)

For the maximum power extraction, the ratio of the wind speed after and

before the turbine can be calculated using
d (Pextract/Ptotal)

d (va/vb)
= 0.

Solving Eq. (2.12) for va/vb, yields,

va
vb

= 1

3
(2.13)

As a result, Eq. (2.12) reaches its maximum value for
va
vb

= 1

3
.

Pextracted
Ptotal

∣∣∣∣ va
vb

= 1
3

≈ 59.3% (2.14)

Equation (2.14) shows that the maximum extracted power from the wind is
59.3% of the total available power. In other words, it is not possible to extract
all 100% of wind energy since the wind speed after turbine cannot be 0.

Betz’s law indicates that the maximum theoretical extracted wind power is
59%. However, in practice, the real efficiency of wind turbine is slightly different
(lower) due to the other nonideal properties.
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2.3.4.2 Different Electrical Machines in Wind Turbines
There are many types of electrical machines that are used in wind turbines.
There is no clear criterion for choosing particular machine to work as wind
generator. Based on the installed power, site of turbine, load type, and sim-
plicity of control the wind generator can be chosen. Squirrel cage induction or
Brushless DC (BLDC) generators are usually used for small wind turbines in
household applications. Doubly fed induction generators (DFIGs) are usually
used for megawatt size turbines. Synchronous machines and permanent magnet
synchronous machines (PMSM) can also be used for wind turbine applications.

2.3.4.2.1 Brushless DC Machines

BLDC machines are very popular in many applications due to the recent
advances in their development. In addition, the development of fast semi-
conductor switches, cost-effective DSP processors, and other microcontrollers
have influenced the development of the motor/generator drives. BLDC ma-
chines are widely used because of their simple control, efficiency, compactness,
lightweight, ease of cooling, less noise, and lowmaintenance [134,135]. Usually
BLDC machines are used in small wind turbines (up to 15 kW).

The simplified equivalent circuit of the BLDC generator connected to a
diode rectifier is shown in Fig. 2.23. This is the simplest way of using BLDC
machine for wind applications, because there is no switch to control the phase
current. The full bridge rectifies the induced voltages of variable frequency
(because of variable wind speeds). Basically, the waveform of the induced
EMF (electromotive force) is converted to DC voltage regardless of the input
waveform. Usually these types of wind turbines are connected to batteries;
therefore rectified electrical power is used to charge the battery.

Three-phase active synchronous rectifiers can be used with BLDC gen-
erators. In this case, the controlled rectifier is used for BLDC-phase current
control. Usually hysteresis regulators are used to control current. In synchronous
rectifiers, active switching devices such as IGBTs or MOSFETs are used. By
employing a PWM control strategy for the synchronous rectifier, MPPT of the
wind turbine can be achieved. An inverter can be placed at the DC bus for grid
interconnection or powering the AC loads.

AC/DC

Ea

Eb

Ec

La

Lb

Lc

Cd Rd

+

-

Vd

Three-phase
diode

rectifier

FIGURE 2.23 Diode rectifier connected to BLDC generator.
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2.3.4.2.2 Permanent Magnet Synchronous Machines

For both fixed and variable speed applications PMSM can be used. The per-
manent magnet synchronous generator (PMSG) is very efficient and suitable
for wind turbine applications. PMSGs allow direct-drive energy conversion for
wind applications. Direct-drive energy conversion helps eliminating the gearbox
between the turbine and generator; thus, these systems are less expensive and
less maintenance is required [136,137]. However, lower speed determined by
the turbine shaft is the operating speed for the generator.

A wind power system (WPS) where a PMSG is connected to a full-bridge
rectifier followed by a boost converter is shown in Fig. 2.24. In this case, the
boost converter controls the electromagnetic torque. The supply side converter
regulates the DC-link voltage and controls the input power factor. One drawback
of this configuration is the use of diode rectifier that increases the current
amplitude and losses. The grid-side converter can be used to control active
and reactive power being supplied to the grid. Automatic voltage regulator
(AVR) obtains the information of speed of turbine, DC-link voltage, current,
and grid-side voltage and current. It calculates PWM pattern (control scheme)
for converter. This configuration has been considered for small size (less than
50 kW) WPS [138].

Instead of using a diode rectifier cascaded by a DC/DC converter, both
rectifier and inverter can be controllable. A PMSG where the PWM rectifier is
placed between the generator and the DC link, and PWM inverter is connected
to the utility is shown in Fig. 2.25. In this case, the back-to-back converter can
be used as the interface between the grid and the stator windings of the PMSG
[139]. The turbine can be operated at its maximum efficiency and the variable
speed operation of PMSG can be controlled by using a power converter which

FIGURE 2.24 PMSG with rectifier/inverter.

FIGURE 2.25 PMSG with back-to-back inverter.
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is utilized to regulate the maximum power flow. The stator terminal voltage can
be controlled in several ways [140]. In this system, utilizing the field oriented
control (FOC) allows the generator to operate near its optimal working point
in order to minimize the losses in the generator and power electronic circuit.
However, the performance depends on the knowledge of the generator parameter
that varies with temperature and frequency. The main drawbacks are the cost of
permanent magnets that increases the price of themachine; and demagnetization
of the permanent magnets. In addition, it is not possible to control the power
factor of the machine [134].

2.3.4.2.3 Squirrel Cage Induction Machines

The three-phase induction machines are commonly used in industrial motor
applications. However, they can also be effectively used as generators in elec-
trical power systems. The main issue with induction machines as electric power
generators is the need for an external reactive power source that will excite the
induction machine, which is certainly not required for synchronous machines
in similar applications. If induction machine is connected to the grid, required
reactive power can be provided by the power system. Induction machine may
be used in cogeneration with other synchronous generators or the excitation
might be supplied from capacitor banks (only for stand-alone self-excited
generators application) [141–146]. The reactive power required for excitation
can be supplied using static VAr compensators [147,148] or static compensators
(STATCOMs) [149].

Due to its low cost, brushless rotor construction does not need a separate
source for excitation. No maintenance and self protection against severe over
loads, short circuits, and self-excited induction generators are used in wind
turbine applications [142–146]. The only drawback of these types of generators
can be their inherent generated voltage and frequency regulation under varied
loads [150].

Common structure of a squirrel cage induction generator with back-back
converters is shown in Fig. 2.26. In this structure, stator winding is connected to
utility through a four-quadrant power converter. Two PWM VSI are connected
back-to-back through a DC link. The stator-side converter regulates the elec-
tromagnetic torque and supplies reactive power, while the grid-side converter
controls the real and reactive power delivered from the system to the utility and
regulates the DC link. This topology has several practical advantages, and one

FIGURE 2.26 Induction machine controlled by back-to-back inverter.
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of them is possibility of fast transient response for speed variations. In addition,
the inverter can operate as a VAR/harmonic compensator [151].

On the other hand, main drawback is the complex control system. Usually
FOC is used to control this topology, where its performance relies on the
generator parameters, which vary with temperature and frequency. Hence, in
order to supply the magnetizing power requirements, i.e., to magnetize the
machine, the stator-side converter must be oversized 30-50% with respect to
rated power.

2.3.4.2.4 Doubly Fed Induction Generator

Figure 2.27 presents a topology consists of a DFIG with AC/DC and DC/AC
converters; i.e., a four-quadrant AC/AC converter using IGBTs connected to the
rotor windings. In the DFIG topology, the induction generator is not a squirrel
cage machine and the rotor windings are not short circuited. Instead they are
used as the secondary terminals of the generator which provides the capability
of controlling the machine power, torque, speed, and reactive power. To control
the active and reactive power flow of the DFIG topology, rotor and grid-side
converters should be controlled separately [152–155].

Wounded rotor inductionmachines can be supplied fromboth rotor and stator
sides. The speed and the torque of the wounded rotor induction machine can be
controlled by regulating voltages from both rotor and stator sides of machine.
The DFIG can be considered as a synchronous/asynchronous hybrid machine.
In the DFIG, similar to the synchronous generator, the real power depends
on the rotor voltage magnitude and angle. In addition, the induction machine
slip is also a function of the real power [156]. DFIG topology offers several
advantages in compare to systems using direct-in-line converters [157,158].
These benefits are;

– The main power is transferred through the stator windings of the generator
which is directly connected to the grid. Around 65-75% of the total power
is transmitted through stator windings. The remaining power is transmitted

FIGURE 2.27 Doubly fed induction machine topology.
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using the rotor windings, i.e., through the converters, which is about 25% of
the total power. Since the inverter rating is 25% of total system power the
inverter cost and size can considerably be reduced.

– While the generator losses are the same in both topologies (direct-in-line and
DFIG), the inverter losses can be reduced from around 3% to 0.75%, because
the inverter is supposed to only transfer 25% of the total power. Therefore,
approximately 2-3% efficiency improvement can be obtained.

– DFIG topology offers a decoupled control of generator active and reactive
powers [159,160].

– Cost and size of the inverter and EMI filters can be reduced since the inverter
size is reduced. In addition, the inverter harmonics are lowered because the
inverter is not connected to the main stator windings.

In the rotor circuit, two voltage-fed PWM converters are connected back-to-
back while the stator windings are directly connected to the AC grid side
as shown in Fig. 2.27. The direction and magnitude of power between the
rotor windings and stator windings can be controlled by adjusting the switch-
ing of the PWM signals of the inverters [161–163]. This is very similar to
connecting a controllable voltage source to the rotor circuit [164]. This can
also be considered as a conventional induction generator without a zero rotor
voltage.

To take the benefits of variable speed operation, the optimum operating point
of the torque-speed curve should be tracked precisely [165]. By controlling the
torque of the machine, speed can be adjusted. Thus, using the instantaneous
rotor speed value and by controlling the rotor current iry in stator flux-oriented
reference frame, the desired active power can be obtained. Operation at the
desired active power results in the desired speed and torque [153]. On the
other hand, the grid-side converter is controlled to keep the DC-link voltage
fixed, independent of the direction of rotor power flow. By using supply voltage
vector-oriented control, the decoupled control of active and reactive power flow
between rotor and grid can be obtained.

Using DFIG, the over-sizing problem can be solved. Still speed range of
turbine is wide enough, thus a power converter, which is rated for much lower
powers, can be placed in rotor side only and stator is connected to grid directly.
Since power flowing through rotor is usually around 25-30% of power going
through stator, the power electronic interface is designed for only 25-30% of
total power. This is the most important advantage of DFIG.

2.3.4.2.5 Synchronous Generators

Synchronous generators are commonly used for variable speed wind turbine
applications, due to their low rotational synchronous speeds that produce the
voltage at grid frequency. Synchronous generators can be an appropriate se-
lection for variable speed operation of wind turbines [166,167]. They do not
need a pitch control mechanism. The pitch control mechanism increases the
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cost of the turbine and causes stress on turbine and generator [168]. Synchronous
generators in variable speed operationwill generate variable voltage and variable
frequency power. Using an AVR for the excitation of the field voltage, the output
voltage of the synchronous generator can be controlled. However, induction
generators require controlled capacitors for voltage control. In addition, their
operating speed should be over synchronous speed in order to operate in
generating mode [169].

Multi-pole synchronous generators can be used more efficiently since the
gear can be eliminated and direct drive of the turbine and generator can
be achieved [170,171]. However, synchronous generators without multipoles
require gearboxes in order to produce the required frequency for grid connection.
On the other hand, a DC voltage source or an AC/DC converter is required for
synchronous generators in wind applications in order to produce the required
excitation voltage for the field windings. The synchronous generator connection
with wind turbine is shown in Fig. 2.28.

2.3.4.3 Energy Storage Applications for Wind Turbines
The batteries and other DC energy storage devices can be connected to the
DC links of any topologies. The main purpose of batteries is to assists the
generator to meet the load demand. When the load current is smaller than
generator current, the extra current is used to charge the battery energy storage.
On the other hand, when the load current is larger than generator current, the
current is supplied from the battery to the load. With this strategy, the voltage
and frequency of the generator can be controlled for various load conditions.
Energy storage decreases system inertia, improves the behavior of the system
in the case of disturbances, compensates transients, and therefore, improves the
efficiency [172]. However, it brings an initial cost to the system and requires
periodical maintenance depending on the storage devices. Therefore, the voltage
and frequency control can be modified by using batteries as the controllable load
of the VSI as presented in Fig. 2.29. In this way, the load can be regulated by
controlling the power flow to the batteries. A bidirectional inverter/converter
can be used for power flow from/to the batteries. As another alternative,
the battery voltage can be converted to AC voltage with another individual
inverter to provide power to AC loads. Although an induction generator is
shown in Fig. 2.29, these energy storage systems are applicable to any other
topologies.

Storage systems can be connected in various forms to the wind turbine
systems [173–177]. Generally, a bidirectional DC/DC converter is required
for the integration of the storage system to the DFIG system [178]. In this
topology, one of the converters regulates the storage power; whereas the other
is responsible for DC bus voltage control. The bidirectional energy storage
topology for DFIGs in wind applications is shown in Fig. 2.30.
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FIGURE 2.28 Multi-pole synchronous generator for wind turbine applications.

FIGURE 2.29 Voltage and frequency control using energy storage.

FIGURE 2.30 Energy storage with bidirectional converter in DFIG systems.
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2.3.5 Ocean Energy Harvesting

2.3.5.1 Ocean Wave Energy
Ocean waves are a plentiful, clean, and renewable source of energy. The total
power of waves breaking around the world’s coastlines is estimated at 2-3
million MW. The west coasts of the United States and Europe and the coasts of
Japan and New Zealand are good sites for harnessing wave energy [179]. Wave
energy conversion is one of the feasible future energy technologies; however,
it is not mature enough. Therefore, construction cost of wave power plants
is considerably high. These energy systems are not developed and maturated
commercially due to the problems of dealing with sea conditions, complexity,
and difficulty of interconnection and transmission of electricity.

A wave power absorber, a turbine, a generator, and power electronic in-
terfaces are the main components of a typical ocean wave energy harvesting
technique. The kinetic energy of the ocean waves are captured by absorbers.
The absorbed kinetic energy of the waves is either conveyed to turbines or
the absorber directly drives the generator. The shaft of the electric generator is
driven by the turbine. Turbines are generally used within the systems including
rotational generators. Linear motion generators are used in systems without
turbines, which can be directly driven by the power absorber or movement
of the device. Due to the varying amplitude and period of the ocean waves,
both linear and rotational generators generate variable frequency—variable
amplitude AC voltage. This AC voltage can be rectified to DC voltage to
take the benefit of DC energy transmission through the salty ocean water. DC
transmission in salty water does not require an additional cable for the negative
polarity. Thus, it will be more cost effective than transmitting the power in
AC form, which requires three-phase cables. Transmission cable length varies
depending on the location of the application, which is either near-shore or off-
shore. However, the main idea and the principles are same for both types of
applications. After the DC power is transmitted from ocean to the land, a DC/DC
converter or a tap-changing transformer can be used for voltage regulation.
Depending on the utilized voltage regulation system, a DC/AC inverter is used
before or after the voltage regulator. The voltage synchronization is provided
by the inverter and the output terminals of the inverter can be connected to
the grid.

In Fig. 2.31, a system level diagram of the ocean wave energy harvesting
technology is shown. At an in-water substation, wave energy conversion de-
vices (including the absorber, turbine, and generator) are interconnected. The
substation consists of the connection equipments and controllers for individual
devices. The outputs of the generators are connected to a common DC bus using
DC/AC converters for transforming power before transmission to the shore. A
transmission line connects the cluster to shore. An on-shore inverter converts the
DC voltage to a 50 or 60 Hz AC voltage for grid connection. An optional shore
transformer with tap changer or a DC/DC converter compensates the voltage
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FIGURE 2.31 System level diagram of ocean wave energy harvesting.

variations. A group of absorber, turbine, and generators could be used in a farm
structure thus the captured energy can be increased.

Alternatively, the land converters might be moved off-shore to come up with
space limitations that may occur in land stations. This brings some complexity
to the system and may require more maintenance, which is harder to deal, in
compare to land-side converters. Moreover, the transformer can be installed off-
shore. This would increase the power transmission capability, since the higher
voltage transmission will result in less transmission losses. However, in this case
the advantage of DC transmission will not exist. As a different option, boost
DC/DC converters can be used after the AC/DC converter of the generator. This
allows a high voltage DC transmission link. In this case, both transmission losses
will be kept at minimum and only single-line DC transmission through the ocean
water will be required.

2.3.5.1.1 Energy of Ocean Waves

The total potential and kinetic energy of an ocean wave can be expressed as,

E = 1

2
ρgA2 (2.15)

where g is the acceleration of gravity (9.8 m/s2), ρ is the density of water
(1000 kg/m3), and A is the wave amplitude (m).

The power of a wave in a period is equal to the energy E multiplied by the
speed of wave propagation, vg, for deep water

vg = L

2T
(2.16)

where T is the wave period (s) and L is the wave length (m) [180].

Pw = 1

2
ρgA2

L

2T
(2.17)

The dispersion relationship describes the connection between the wave
period T and the wave length L as,

L = gT2

2π
. (2.18)
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If Eq. (2.18) is substituted in Eq. (2.17), the power or energy flux of an ocean
wave can be calculated as

Pw = ρg2TA2

8π
. (2.19)

Instead of using the wave amplitude, wave power can also be rewritten as a
function of wave height, H (m). Considering that the wave amplitude is the half
of the wave height, the wave power becomes:

Pw = ρg2TH2

32π
. (2.20)

2.3.5.1.2 Ocean Wave Energy Harvesting Technologies

In general, ocean wave energy harvesting technologies can be classified in two
types with respect to their distance from the shore; Off-Shore Ocean Wave
Energy Harvesting Technologies and On-Shore Ocean Wave Energy Harvesting
Technologies. These are discussed in details in following subsections.

2.3.5.1.2.1 Off-Shore Ocean Wave Energy Harvesting Technologies:
Off-shore applications are located away from the shore and they generally use
a floating body as wave power absorber and another body that is fixed to the
ocean bottom. Generally, linear generators with buoys are used in off-shore
applications. Linear generators are directly driven by the movement of a floating
body on the ocean. Salter cam and buoys with air-driven turbines are the only
applications involving rotational generators in off-shore applications.

2.3.5.1.2.1.1 Air-Driven Turbine-Based Off-Shore Technologies. In air-
driven turbine systems for off-shore applications, the primary conversion is from
wave to the pressurized air. Secondary conversion stage is the conversion to
mechanical energy by rotating shaft of the turbine. The last stage is converting
mechanical rotation into electric power by electric generators.

The operating principle of an off-shore application which consists of a
floating buoy with an air chamber and an air-driven generator is shown in
Fig. 2.32. In this system, the water level inside channel of the buoy increases
when the waves hit the body. This increase in water level, applies a pressure
to the air in the air chamber. When the air is pressurized, it applies a force to
the ventilator turbine and rotates it. This turbine drives the electric generator
and electricity is generated at the output terminals of this generator. When the
waves are pulled back to the ocean, the air in the air chamber is also pulled back
since the water level in the buoy channel decreases. Due to the syringe effect,
this time turbine shaft rotates in the contrary direction but produces electricity.
There should be very good mechanical insulation through the air chamber and
the ventilating generator to achieve higher efficiencies. However, this brings
design complexity and additional cost to the system.



Energy Sources Chapter | 2 125

FIGURE 2.32 Spinning the air-driven turbines using wave power [181].

In another method, water level increases and air is taken out from the upper
outlets while spinning the turbines as shown in Fig. 2.33(a). Contrarily, when
the waves are pulled back to the sea, water level decreases. This results in
sucking the air back from the upper inlets while spinning the turbines as shown
in Fig. 2.33(b).

2.3.5.1.2.1.2 Direct-Drive Permanent Magnet Linear Generator-Based
Buoy Applications. The height differences of the wave top and bottom levels
yields an up and down motion for the piston which is the transaxle of the linear
generator. When the wave is floating on the ocean surface, the buoy follows the
motion of the wave. Buoy can move vertically on a pillar, which is connected to a
hull. On the surface of the hull, permanentmagnets aremounted,while outside of
the hull contains the coil windings. The pillar and stator are connected together
on a concentrate foundation standing on the seabed of the ocean. The hull and
mounted magnets, called rotor or piston, are the moving parts of the generator.
Since the motion is linear, this generator is called a linear generator.

In Fig. 2.34, the linear generator in the floating buoy and fixed pillar are
shown.

When the wave rises, the buoy will drive the generator piston through a
stiff rope. When the wave subsides, the generator will be driven by the spring
that stores the mechanical energy in the first case. Thus, electric generation is
provided during both up and down motion. Due to the existence of variable
frequency in the current and voltage from the stator, an AC/DC rectifier followed
by a DC/AC converter is required to make the grid connection possible. Instead
of placing moving parts to the ocean bottom, the permanent magnets and the
stator windings can be placed at the sea level [182]. Fig. 2.35 shows the x-y plane
of the cross-section view of one pole of the longitudinal flux surface mounted
linear permanent magnet generator.
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(a)

(b)

FIGURE 2.33 Air pressure ring buoy. (a) Water level increases and air is taken out from the upper
outlets and (b) water level decreases and air is pulled back from upper inlets.

2.3.5.1.2.1.3 Salter Cam Method. Salter cam method implementation is
shown in Fig. 2.36. Salter cam rolls around a fixed inner cylinder by activation
of an incoming wave. Through the differential rotation between the cylinder and
the cam, power can be captured. The motion of the cam is converted from wave
to a hydraulic fluid. Then hydraulic motor is used to convert the pressurized
hydraulic fluid to rotational mechanical energy. Finally, rotational mechanical
energy is converted to electricity by utilizing electric generators. Flywheels or
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FIGURE 2.34 Linear generator-based buoy type wave energy harvesting method.

FIGURE 2.35 Schematic of a longitudinal flux permanent magnet generator used for wave energy
conversion.
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FIGURE 2.36 A schematic illustrating the fixation of Salter cam wave energy conversion
device.

pressurized liquids can be used as an intermediate step in order to reduce the
intermittencies of the wave power.

2.3.5.1.2.2 Near-Shore Ocean Wave Energy Harvesting Technologies:
Near-shore topologies are applied within the surfing zone of the ocean or right
on the shore. Near-shore applications have some advantages and disadvantages
in compare to the off-shore applications.

2.3.5.1.2.2.1 Channel/Reservoir/Turbine-Based Near-Shore Wave En-
ergy Harvesting Method. Wave currents can be tapered into a narrow channel
to increase their power and size in order to harness the wave energy. As shown
in Fig. 2.37, waves can be channeled into a catch basin and used directly to
rotate the turbines. Since this method requires building a reservoir to collect
the water coming with the waves to drive the turbine, it is more expensive in
compare to the other buoy-shaped off-shore applications. However, it requires
less maintenance in compare to the off-shore applications, since all components
of the wave energy conversion system are located on land. Additionally, since
a reservoir collects the ocean water, the intermittencies can be eliminated. This
will create a convenient platform for voltage and frequency regulation. Building
these types of plants in the locations, where they have regular and sustaining
wave regimes, is more advantageous.
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FIGURE 2.37 Channeled ocean wave to a reservoir to spin the turbines.

2.3.5.1.2.2.2 Air-Driven Turbine-Based Near-Shore Wave Energy Har-
vesting Method Using oscillating water columns that generates electricity from
the wave-driven rise and fall of water in a cylindrical shaft or pipe is another
way to harness the wave energy. The air is driven into and out of the top of the
shaft due to the rising and falling water, powering an air-driven turbine which is
shown in Fig. 2.38.

The general structure of the near shore air-driven turbine is shown in
Fig. 2.38(a).Waves push the air through the ventilator which drives the electrical
machine as shown in Fig. 2.38(b). The wave retreats from the wave chamber
inside the channel which decreases the pressure as shown in Fig. 2.38(c). This
method is advantageous because of the capability of using not only wave power
but also the power from the tidal motions. However, mechanical isolation should
be provided within the wave and air chambers in order to obtain better efficien-
cies. This will also bring some more cost and design complexity to the system.

2.3.5.2 Ocean Tidal Energy
The generation of electrical power from ocean tides is similar to the traditional
hydroelectric generation. A dam, known as a barrage, across an inlet is required
for the simplest tidal power plants. In a tidal power plant, usually a tidal pond
created by a dam and a powerhouse, which contains a turbo generator, and a
sluice gate to allow the bidirectional tidal flow. During the flood tide, the rising
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(a)

(b) (c)

FIGURE 2.38 Air-driven turbines using the wave power. (a) Upcoming wave starts filling the
chamber, (b) air is compressed by rising water, and (c) air is pulled back by retreating waves [181].

tidal waters fill the tidal basin after opening the gate of the dam.When the dam is
filled to capacity, the gates are closed. The tidal basin is released through a turbo
generator after the ocean waters have receded. Power can be generated during
ebb tide, flood tide, or both. When the water is pulled back ebb tide occurs,
and when the water level increases near the shore flood tide happens [183].
Tidal power can be economical at sites where mean tidal range exceeds 16 ft.
[183,184].

Tidal current is not affected by climate change, lack of rain, or snowmelt.
Therefore, tidal energy harvesting is practical since the tidal current is regular
and predictable. Moreover, environmental and physical impacts and pollution
issues are negligible. Tidal power can additionally be used for water electrolysis
for hydrogen production applications and desalination. However, tidal power
generation is an immature technology, which needs further investigations and
developments.

Tidal turbines can be used for tidal energy harvesting, similar to the wind
turbines. Tidal turbines can be located where there is a strong tidal flow. These
turbines have to bemuch stronger than wind turbines since the water is about 800
times as dense as air. They will be heavier and more expensive; however, they
will be able to capture more energy at much higher densities [181]. In Fig. 2.39,
a typical tidal turbine is shown.

Usually, tidal fences having multiple turbines are mounted in the entrance of
channels which are affected by ocean tides. Tidal water is forced to pass through
a fence structure,which is called caisson in this fence application. Unlike barrage
stations, basins are not required for fence applications and they can be used in
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FIGURE 2.39 Tidal turbine.

a channel between the mainland and a nearby off-shore island, or between two
islands. Tidal fences can bemounted at the entrance of channels that ocean water
gets inside the land via a bay (Fig. 2.40(a)), or between the main land and an
island (Fig. 2.40(b)), or simply between two islands (as shown in Fig. 2.40(c)).
Since they do not require flooding the basin, tidal fences have much less
impact on the environment. In addition, they are significantly cheaper to install;
however, the caisson may disrupt the movement of large marine animals and
shipping [184].

2.3.5.3 Power Electronic Interfaces for Ocean Energy Harvesting
Applications
Both in ocean wave and ocean tidal energy harvesting applications, the genera-
tors may produce alternating currents and voltages that have varying magnitude
and frequency. Therefore, output power of the ocean energy converters need
further conditioning prior to the grid connection. In addition, the frequency of
the output voltage should be regulated to be the same as grid frequency. Output
power conditioning, amplitude, phase, and frequency of the conversion system
can be regulated by utilizing power electronic converters.

Block diagram of a typical power conditioning system for a grid-connected
ocean energy conversion system is shown in Fig. 2.41. Ocean wave or ocean
tide potential and kinetic energies rotate the water turbine or a power absorber
directly drives a linear generator with up and down motions. The varying wave
and tides result in variable frequency and amplitude of the generator output.
The AC power produced by the generator is converted into DC power via three-
phase bridge rectifiers followed by a DC/AC inverter. The output of the DC/AC
inverter generally contains harmonics, which should be filtered. Finally, output
power can be connected to grid and transmitted to consumers after its voltage is
increased and isolated by a power transformer.
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FIGURE 2.40 Tidal fences can be mounted (a) at the entrance of bays, (b) between the main land
and an island, and (c) between two islands.

During the intermittencies, power cannot be generated. Therefore, an energy
storage system should be connected to the generator output or output of a
conversion stage in the power conditioning system. Stored energy can be
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FIGURE 2.41 Grid connection and controls of tidal current power conditioning system.

supplied to the grid during the intermittency periods. Hence, it is ensured that
continual power is supplied to the grid.

2.3.6 Geothermal Energy Systems

Geothermal energy is the thermal energy that is stored in the inner layers of the
Earth composed of rocks and fluids. The temperature of the inner layers of the
Earth gets hotter as the depth increases. In deeper layers it is even extremely
hotter due to the hot molten rock called magma [185,186].

Geothermal energy can be utilized by several methods. It can be used
as direct heat for electric power generation. In the direct heat utilization,
applications can be categorized as hydrothermal, agricultural, or industrial
[187]. Hydrothermal resources have low to moderate temperatures between
20 and 150 ◦C. These resources can be utilized to provide direct heating for
residential, industrial, and commercial sectors [188]. These applications include
but not limited to water and space heating, greenhouse and agricultural heating,
cleaning, textile processes, and food dehydration. Agricultural production is one
of the utilization methods of direct use of geothermal energy. It is used to warm
the greenhouses in order to provide cultivation. Industrial utilization examples
can be food and cloth processing, manufacturing paper, pasteurizing milk,
drying fish, vegetables and fruits, and even for refrigeration and air conditioning.

Other than the direct use of geothermal energy, it can be used as the heat and
steam source for electric power plants. Instead of burning fossil fuels and gen-
erating heat for water boiling, geothermal power plants use the readily obtained
heat or steam. Natural hot water and/or steam from the inner layers of the Earth
are used to drive the turbines and generators to produce electricity. Absolutely,
no fuel firing is required for heating or steam generation for geothermal power
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plants. Therefore, geothermal power plants do not have emissions and they are
environmentally clean. Moreover, since the extracted heat is replaced by the
thermal energy of the Earth’s inner layers, geothermal energy is sustainable and
renewable.

Schematic of a geothermal power plant is presented in Fig. 2.42.
The components of the geothermal power plant are described in Table 2.7.
The operating principle of a geothermal power plant is very similar to that

of a coal-fired power plant. However, in geothermal power plants hot steam

FIGURE 2.42 A geothermal power plant.

TABLE 2.7 Geothermal Power Plant Components

1. Production well 7. Power transformer

2. Water-steam mix 8. High voltage transmission lines

3. Separator 9. Condenser

4. Steam 10. Cooling tower

5. Steam turbine 11. Injection well

6. Generator 12. Water flow cycle
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and/or water is obtained from the deeper Earth layers instead of burning any
fuel. Production well is used to draw hot water and/or steam from deeper layers.
This mixture is separated by the separator in order to get the dry steam. Through
a steam governor, a steam turbine is rotated by this high pressure and high
temperature steam. Since the steam turbine is coupled to an electric generator,
the mechanical steam power is converted into electric power. The output voltage
of the generator is increased by a power transformer. The high voltage output of
the power transformer can then be connected to the high voltage transmission
network. The steam looses its temperature and pressure after it goes through
the steam turbine. Thus, the output flow of the steam turbine is condensed in the
condensers. Condensedwater is cooled down through the cooling tower and cool
water helps condense the low pressure/temperature steam in the condenser. The
cooled water is then injected back to the inner Earth layers to get hot again. If
the geothermal field is rich of hot water reservoirs, this cooled but still relatively
warm water can be used for other heating purposes.

Geothermal energy is abundant, secure, reliable, and a renewable source
of energy. It has high availability and capacity factor in compare to other
renewables. It is not a source of pollution for the environment, i.e., their CO2
emissions are less than 0.2% of the cleanest fossil fuel-fired power plant, SO2
emissions are less than 1%, and particulate emissions are less than 0.1%. It
has an inherent energy storage capability and requires very small land area for
establishment [186].

Geothermal power plants can be classified into three main generation tech-
nologies; dry stream power plant, flash stream power plant, and binary cycle
power plant.

Dry steam power plants are themost common geothermal power plants since
they are simple and cost effective. These power plants are applicable to the
geothermal fields where the geothermal steam is not mixed with water. In this
method, production wells are drilled down to the aquifer to get superheated and
pressurized steam. This steam is brought to the surface at high speeds. When the
expanding steam passes through the turbine, the generator generates electricity
[189,190]. The low pressure steam output from the turbine is ventilated to the
atmosphere in simple power plants. However, exhaust steam from the turbine
is condensed in more complex power plants. The condensate can be reinjected
to the reservoir by the injection wells and/or it can be used as makeup cooling
water.

Flash steam power plants use a flash steam technology where the hydrother-
mal source is in liquid form. This fluid is sprayed into a flash tank which is at a
much lower pressure than the fluid. Therefore, the fluid immediately vaporizes
rapidly into steam [189,191]. This generated steam is used to rotate the steam
turbines that are coupled to electric generators. The production well is kept
under high pressure in order to prevent the geothermal fluid flashing inside the
well [186]. Instead of using a single-flashing system, dual-flashing systems are
also used. The brine from the high pressure steam is piped into a low-pressure
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separator/flash tank where the pressure is additionally reduced to generate lower
pressure steam in the dual-flash systems. In order to generate additional electric
power, this lower pressure steam is piped into a lower pressure stage of the
turbine. The steam exhaust from the high and low pressure turbines is condensed.
Just like the dry steam plants, the condensate is then used as makeup cooling
water or reinjected to the reservoir.

Although the dual-flash power plants have higher capital cost, they have
higher thermoelectric efficiency. Resource characteristics, power plant output,
thermodynamic and economic factors, and equipment availability are the factors
affecting the decision to build and operate a single-flash or dual-flash geothermal
power plants [192]. Generally, dual-flash system is preferred if the fluid temper-
ature is between 175 and 260 ◦C, while single-flash systems are efficient enough
for the fluid temperatures higher than 260 ◦C.

Binary cycle power plants are preferred when the geothermal resource is
insufficiently hot to produce steam. Sometimes the resource may have other
chemical components causing impurities and flashing may not become possible
[186,193]. In these cases binary cycle power plants are preferred. In binary
cycle geothermal power plants, isobutene, isopentane, or pentane is used as the
secondary fluid which has a lower boiling point than water. Since a separate
working fluid is used, the cycle called “binary.” The geothermal fluid (water)
is passed through a heat exchanger in order to heat up the secondary fluid.
Secondary fluid vaporizes and expands through the turbines that are coupled
to electric generators. After passing through the turbines, the working fluid is
condensed and recycled for the next cycle. Moreover, the fluid remaining in the
tank of flash steam plants can be reutilized in binary cycle plants. In a closed-
cycle system, all of the geothermal fluid is injected back to the ground. Usually,
binary cycle plants are more efficient than the flash plants in low to moderate
temperatures of geothermal fluids. Furthermore, corrosion problems are avoided
since a pure working fluid is used.

2.3.7 Nuclear Power Plants

In nuclear power plants, energy is extracted from atomic nuclei by the controlled
nuclear reactions. There are several available methods such as nuclear fission,
nuclear fusion, and radioactive decay. The most common method is the nuclear
fission. Similar to the conventional fossil fuel-fired power plants, nuclear reac-
tors generate heat in order to produce steam. However, unlikemany conventional
thermal power plants, nuclear power plants convert the energy released from the
atoms’ nucleus generally via nuclear fission, instead of burning fossil fuels. This
energy is used for steam production which is utilized to operate the turbines that
are coupled to electric generators. In this way, the mechanical work of the high
pressure steam is converted into electricity [194,195].

The fission of an atom occurs when a relatively large fissile atomic nucleus
such as uranium-235 or plutonium-239 absorbs a neutron. The atom is then
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splitted by the fission into two or more smaller nuclei with kinetic energy,
gamma radiation, and free neutrons [194]. Other fissile atoms may absorb a
portion of these neutrons and create more fission, which release more neu-
trons, and so on [195]. By using neutron moderators and neutron poisons,
this nuclear chain reaction can be controlled in order to adjust the potion of
neutrons that will cause more fission. Manual or automatic control systems
are used for this purpose or to shut down the reactor if unsafe conditions are
detected [196].

Heat generation by the reactor core from fission involves several stages.
The kinetic energy of the fission products is converted into thermal energy
when a collision happens between the nuclei and nearby atoms. The reactor
absorbs some of the gamma radiation produced during fission in the form of
heat. Neutron absorption activates some materials and the radioactive decay of
fission products produces heat. Even after the reactor is shut down, this decay
heat source may remain for some time. A nuclear reaction can generate heat
power that is 1,000,000 times that of the equal mass of coal.

After the fission process, the heat released from the reactor is removed by a
cooling system. This heat is conveyed to another part of the power plant, in which
the thermal energy is utilized to generate electricity. The hot coolant in general
is used as the heat source for a boiler. The boiler generates the pressurized steam
which mechanically drives the steam turbines. The steam turbines rotate the
electrical generators [197]. A simple operating schematic of a nuclear power
plant is depicted in Fig. 2.43.

By utilizing different coolants and fuels and integrating different control
methodologies, many different reactor designs can be accomplished. In order

FIGURE 2.43 A typical nuclear power plant.
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to meet a specific need, some of these designs can be employed for various ap-
plications. Space and naval applications are some of these specific applications.
In these applications, generally highly enriched uranium is used as the fuel
which increases the reactors power density and efficiency [198]. Currently,
researchers are investigating new nuclear power generation techniques, known
as the Generation IV reactors. These new designs will have the possibility to
offer cleaner and more secure fission reactors with less risk of the proliferation
of nuclear weapons. New designs such as ESBWR offer passively safe plants
and other designs are believed to be almost foolproof are being pursued or are
available to be built [199]. In near future, it is expected that the fusion reactors
will be viable, which will reduce or eliminate many safety risks associated with
nuclear fission [200].

2.3.8 Fuel Cell Power Plants

Since the beginning of twenty-first century, fuel cell technology has been rapidly
developed and has shown an invasive improvement for the applications ranging
from portable electronic devices to vehicular power systems andMW size power
plants [201–203]. Fuel cells are promising future energy conversion devices due
to their high efficiency, excellent performance, low or zero emissions, and wide
application area.

Fuel cell power plants are electrochemical devices that produce electrical
energy directly from a chemical reaction. Fuel cells use fuel on the anode side
and oxidant on the cathode side. The chemical reaction occurs on the electrolyte.
The reactants, i.e., fuel and oxidant flow into the cell while the reaction product
(water) flows out of the cell. Many fuel and oxidant types can be used for fuel
cells. Generally, hydrogen as the fuel and oxygen as the oxidant, from the air,
can be used. On the other hand, alcohols and hydrocarbons can be other fuel
types for different fuel cells, while other oxidants may be chlorine and chlorine
dioxide [204–206].

Just like a battery, a fuel cell is composed of an electrolyte and a pair
of electrodes. However, unlike the batteries the reactants are continuously
replenished during the operation, therefore, the cell is not required to be
recharged. Ideally, fuel cells operate and continue to produce energy as
long as the reactants are appropriately supplied to the anode and cathode
sides.

There are many kinds of fuel cells categorized by their electrolyte type. Most
common fuel cell types are:

– Proton exchange membrane fuel cells (PEMFCs),
– Phosphoric acid fuel cells (PAFCs),
– Direct methanol fuel cells (DMFCs),
– Solid oxide fuel cells (SOFCs), and
– Molten carbonate fuel cells (MCFCs).



Energy Sources Chapter | 2 139

PEMFCs are generally used for residential, vehicular, and portable applications.
Solid electrolyte structure reduces the corrosion, they can operate at low temper-
ature and they have quick start-up and faster response times. PAFCs are typically
used for transportation, heating, and electric utility applications. Theymay reach
high efficiency points in electric cogeneration applications [207,208]. Currently,
DMFCs are considered as a replacement alternative for batteries for small
portable devices’ power requirements. DMFC can be considered advantageous
since methanol can be used directly without any reformer or fuel processor.
However, they have relatively low efficiencies and slow response times since
the reaction rate for the methanol is slow on presently available catalysts. On the
other hand, DMFCs can be competitive with batteries since the simplicity, high
storage density, and liquid methanol portability may compensate the relatively
low efficiency [207]. MCFCs and SOFCs are generally used as large power
plants for electric utility applications. Both of these two technologies have
higher efficiencies, fuel flexibility, and inexpensive catalysts [208]. However,
they operate at really high temperatures generally between 600 and 1000 ◦C.
This high temperature issue avoids these two fuel cell technologies to be best
candidates for portable or vehicular applications.

Especially PEMFCs are considered to be one of the most promising fuel cell
technologies among these next-generation fuel cell power plants. This is due to
their high efficiency and compact structure [209,210]. The operating principle
of PEMFCs is focused in this section.

The operating principle along with the basic components of a PEMFC is
presented in Fig. 2.44.

After the fuel is supplied to the anode side, the fuel is oxidized resulting in
releasing electrons. The anode reaction for a fuel cell can be expressed as:

2H2 → 4H+ + 4e− (2.21)

These released electrons are transported to the cathode side through an
external circuit. The hydrogen protons are traveled through the proton exchange

FIGURE 2.44 Components of a PEM fuel cell and its operating principle.
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membrane to the cathode side. The oxidant (i.e., oxygen) is reduced at the
cathode side, using the electrons coming from the external circuit. Therefore,
the cathode reaction is,

O2 + 4e− → 2O2−. (2.22)

The hydrogen protons travel through the membrane, balance the flow of
electrons through the external circuit. Therefore, the overall reaction equation
becomes,

2H2 + O2 → 2H2O + Electric power. (2.23)

A typical single-fuel cell has a theoretical output voltage of 1.2 V. They
generate ideally 0.6 Å/cm2. In order to reach higher voltage outputs from a fuel
cell system, cells are connected in series in the form of a string. For higher
current outputs the cells or the cell strings should be connected in parallel.
Unfortunately, the output voltage of a fuel cell or a fuel cell system decreases as
the current drawn from the fuel cell is increased. This voltage drop at the fuel
cell output is due to the ohmic, activation, and concentration losses [211].

A typical current-voltage characteristic curve of a fuel cell is shown in
Fig. 2.45, which is also known as the polarization curve.

The output voltage of a fuel cell is less then its theoretical value even in the
open-circuit conditions. This is due to the fact that the open-circuit voltage is
calculated based on the ideal burning enthalpy of the hydrogen. The activation
loss is generally effective at the low current densities. Activation loss is due
to the electrode kinetics in which the electrochemical reaction of hydrogen
and oxygen is slow. Activation loss causes a nonlinear voltage drop as the
current starts to be drawn from the fuel cell. Ohmic losses are due to the
electron flow through the electrolyte and electrodes and the equivalent resistance
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FIGURE 2.45 Current-voltage characteristic of a fuel cell.
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of the external circuit. Ohmic losses are directly proportional to the current
density and they increase linearly as the current increases. Concentration losses
are due to the inability of maintaining the initial fuel concentration on the
electrodes. Fuel and oxidant should be supplied sufficiently and continuously
in order to meet sustained load demands. If the current is more than a certain
value, fuel cell fails to meet the new power demand and the output voltage
dramatically decreases. Therefore, this loss is quite severe at the high current
densities.

Due to the polarization and current-voltage characteristics of the fuel cells,
power conditioning devices such as DC/DC and/or DC/AC converters are
required to maintain a fixed and stable DC voltage for the load bus. The power
conditioning is also useful for converting the fuel cell output to an appropriate
magnitude and type. Power conditioning unit (PCU) not only controls the fuel
cell output voltage but also it delivers a high power factor in grid-connected
applications. PCU can reduce or eliminate the harmonics and help operating
effectively under all conditions. A fuel cell power plant operating together with
a PCU is presented in Fig. 2.46.

In the stationary or vehicular applications, fuel cell power plant may not be
sufficient to satisfy all of the load demands [210]. Especially during transient
load changes or peak demand periods, fuel cell needs to be operated with an
auxiliary power device such as battery packs or ultra-capacitors. By operating
fuel cell cascaded with batteries and/or ultra-capacitors, steady-state, peak
power demands, and transient load changes can be controlled more efficiently.
In the topology of Fig. 2.47, the fuel cell power plant is operated with auxiliary
power devices.

Fuel cell
power plant

DC/AC 
inverter

DC/DC 
converter

Load or grid
side

Power conditioning unit

FIGURE 2.46 A fuel cell power plant operation with PCU.
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FIGURE 2.47 Fuel cell power plant operation with auxiliary power devices.
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2.4 OTHER UNCONVENTIONAL ENERGY SOURCES
AND GENERATION TECHNOLOGIES

Thermal depolymerization is used to convert various waste products, usually,
plastic and biomass, into light crude oil by using hydrous pyrolysis. Long-
chain polymers of oxygen, hydrogen, and carbon decompose into short-chain
petroleum hydrocarbons once pressure and heat applied [212].

Oil sands can be in form of loose sand or partially consolidated sandstone
containing naturally occurring mixtures of sand, clay, and water, and bitumen.
The natural or crude bitumen is a highly viscous, sticky mixture, and very
thick that it will not flow unless heated of diluted with other hydrocarbons
such as condensed natural gas or light crude oil. With advanced techniques, the
profitable extraction and processing can be enabled [213].

Syngas or synthetic gas is a fuel gas mixture that is composed of carbon
monoxide, carbon dioxide, and hydrogen. This mixture is used as intermediates
in producing synthetic natural gas, methanol, or ammonia [214]. With the
Fischer-Tropsch process or with the Mobil methanol to gasoline process, syngas
is also used as intermediate in producing synthetic petroleum for use as fuel or
lubricant [215]. Syngas is combustible and can be used in internal combustion
engines as a fuel. However, the energy density is relatively lower.

Synthetic fuel, also known as synfuel, is a liquid fuel that is obtained from
syngas [216]. By using Fischer-Tropsch, synfuel can be produced through
methanol or direct coal liquefaction.

Downdraft, also known as “energy tower” is a device that generates electric
power by spraying water on hot air at the top of the tower, making the cooled air
fall through the tower and rotate a turbine at the tower’s bottom [217].

Magnetohydrodynamics is a technique that can harvest the energy of elec-
trical currents that are induced as a result of moving conductive fluid. These
induced currents also create electromagnetic forces on the fluid and also changes
the magnetic field itself [218].

Piezoelectricity is the electric charge that is induced in certain materials in
response to applied mechanical stress such as straining, squeezing, applying
pressure, or flexing [219].

Other alternative energy generation techniques include sulfur-iodine cycle,
pyrolysis, osmotic power, vibration energy harvesting, and electromagnetic
energy harvesting. Some of the other alternative energy carriers include liquid
nitrogen, ethanol, methanol, peat, and hydrogen.

SUMMARY

In order to meet the future energy requirements, the energy should be generated
and utilized wisely. Increasing the demand for energy, decreasing conventional
fossil fuel energy sources, and environmental concerns are driving forces toward
renewable energy sources. However, the conventional sources will be utilized
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until modern, clean, and renewable technologies replace them. Therefore, a com-
prehensive strategy that supports a diversity of resources over the next century
should be developed. Sustainable and long-term energy solutions in numerous
forms are required to restructure the future’s increasing energy demand.
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3.1 INTRODUCTION

For many years, fossil fuels have been the primary source of energy. However,
due to the limited supply, the rate of deployment of fossil fuels is more rapid than
their rate of production, and hence, fossil fuels will eventually run out.Moreover,
the threat of global climate change caused by carbon dioxide (CO2) emissions
from fossil fuels is one of themain reasons for the increasing consensus to reduce
the consumption of such fuels. This reduction can be achieved by switching to
renewable energy for many energy-requiring applications, since it is “clean”
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and “green.” Today, the global trend is to use nondepletable clean source of
energy for a healthier and greener environment to save the future generation. The
most efficient and harmless energy source is probably solar energy, which is so
technically straightforward to use in many applications. Almost, all renewable
energy sources, except nuclear and geothermal, are the energy forms originating
from the solar energy.

Solar energy is considered one of the most promising energy sources due to
its infinite power. Thus, modern solar technologies have been penetrating the
market at faster rates, and photovoltaic (PV) technology that has the greatest
impact, not because of the amount of electricity it produces but because photo-
voltaic cells – working silently, not polluting – can generate electricity wherever
sun shines, even in places where no other form of electricity can be obtained [1].
PV is a combination of the Greek word for light and the name of the physicist
Alessandro Volta [2]. PV is the direct conversion of sunlight into electricity by
means of solar cells.

This chapter will highlight in brief how solar cells produce electricity and
will discuss in detail the various techniques available to track the sun in order
to maximize the output power generated by the PV array. Moreover, the various
components required to operate PV systems efficiently will be described.

3.2 SOLAR CELL CHARACTERISTICS

Solar cells are composed of various semiconductor materials that become
electrically conductive when supplied with heat or light. The majority of the
first-generation solar cells produced are composed of silicon (Si), which exists
in sufficient quantities. However, more than 95% of these cells have power
conversion efficiency about 17% [4], whereas solar cells developed over the
last decade in laboratory environment have efficiency as high as 31% [5]. All
technologies related to capturing solar energy to be used as direct electricity
generator are described as photovoltaic technology, which is subdivided into
crystalline, thin film, and nanotechnology.

Doping technique is used to obtain excess of positive charge carriers (p-type)
or a surplus of negative charge carriers (n-type). When two layers of different
doping are in contact, then a p-n junction is formed on the boundary.

An internal electric field is built up causing the separation of charge carriers
released by light, freeing electrons within the electric field proximity,which then
pull the electrons from the p-side to the n-side (Fig. 3.1). The primary solar cell
equivalent circuit (Fig. 3.2) contains a current source with a parallel diode, in
addition to parasitic series (Rs; normally small) [6] and shunt (Rsh) resistances
(relatively large) [7]. Rs is mainly affected by the factors such as the bulk re-
sistance of the semiconductor material, metallic contacts, and interconnections,
whereas Rsh is affected mainly by the p-n junction nonidealities and impurities
near the junction [8].

A simplified equivalent circuit is shown in Fig. 3.3.
The diode current is given by the Shockley equation:
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(
qV

nkT

)
− 1

]
(3.1)

where I0 is the reverse saturation current, q is the charge carrier, k is the Boltzman
constant, T is the cell temperature, and n is the ideality factor.

The PV module has two limiting components (Fig. 3.3): open-circuit voltage
(Voc) and short-circuit current (Isc). To determine Isc, set V = 0 and Isc =
Iph Eq. (3.4), and this value changes proportionally to the cell irradiance. To
determine Voc, set the cell current IL = 0, hence Eq. (3.3) leads to

VOC = nkT

q
ln

[
I

I0

]
(3.2)

The PV module can also be characterized by the maximum point when the
product (Vmp (voltage, where power is maximum)×Imp (current, where power is
maximum)) is at its maximum value. The maximum power output is derived by
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d(V × I)

dt
= 0 (3.3)

and

Vmp = VOC − kT

q
ln

[
Vmp

nkT/q
+ 1

]
(3.4)

A PV module is normally rated using itsWp, which is normally 1 kW/m2 under
standard test conditions (STC), which defines the PV performance at an incident
sunlight of 1000W/m2, a cell temperature of 25◦C (77◦F), and an air mass (AM)
of 1.5. The product (Vmp × Imp) is related to the product generated by (VOC ×
ISC) by a fill factor (FF) that is a measure of the junction quality and series
resistance, and it is given by

FF = Vmp × Imp

VOC × ISC
(3.5)

The closer the FF is to unity, the higher the quality of the PV module.
Finally, the last and most important factor of merit for a PV module is its

efficiency (η), which is defined as

η = FF × VOC × LOC
pin

(3.6)

Pin represents the incident power depending on the light spectrum incident on
the PV cell.

To achieve the desired voltage and current levels, solar cells are connected
in series (Ns) and parallel (Np) combinations forming a PV module. The PV
parameters are then affected as shown below [9]:

Iphtotal = NpIph (3.7)

I0total = NpI0 (3.8)

ntotal = Nsn (3.9)

Rstotal = Ns

Np
Rs (3.10)

This model is shown in Figure 3.4.
In order to obtain the appropriate voltages and outputs for different appli-

cations, single solar cells are interconnected in series (for larger voltage) and
in parallel (for larger current) to form the photovoltaic module. Then, several
of these modules are connected to each other to form the photovoltaic array.
This array is then fitted with aluminum or stainless steel frame and covered with
transparent glass on the front side (Fig. 3.5).

The voltage generated by the array depends primarily on the design and
materials of the cell, whereas the electric current depends primarily on the
incident solar irradiance and the cell area. This current fluctuates since the path
of the sun varies dramatically over the year, with winter and summer seasons
being the two extreme excursions. The elevation angle of the sun (θelevationsun ) is
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FIGURE 3.6 Azimuth, zenith, and elevation angles of a vector pointed toward the sun [11].

expressed in degrees above the horizon. Azimuth angle (φazimuth
sun ) of the sun is

expressed in degrees from true north. Zenith angle (θzenithsun ) of the sun equals 90
degrees less than the elevation angle of the sun, or

θzenithsun = 90◦ − θelevationsun (3.11)

Azimuth, zenith, and elevation angles are illustrated in Fig. 3.6
The output from a typical solar cell that is exposed to the sun, therefore,

increases from zero at sunrise to a maximum at midday, and then falls again
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to zero at dusk. The radiation of the sun varies when reaching the surface of
the earth due to absorption and scattering effect in the earth’s atmosphere. PV
system designers require the estimate of the insolation expected to fall on a
randomly tilted surface, hence need a good evaluation of global radiation on a
horizontal surface, horizontal direct and diffuse components, in order to estimate
the amount of irradiation striking a tilted plane.

3.3 PHOTOVOLTAIC TECHNOLOGY OPERATION

Photovoltaic technology is used to produce electricity in areas where power lines
do not reach. In developing countries, it helps improving living conditions in
rural areas, especially in health care, education, and agriculture. In industrialized
countries, such technology has been used extensively and integrated with the
utility grid.

Photovoltaic arrays are usually mounted in a fixed position and tilted toward
the south to optimize the noontime and the daily energy production. The
orientation of fixed panel should be carefully chosen to capture the most energy
for the season, or for a year. Photovoltaic arrays have an optimum operating
point called the maximum power point (MPP) as shown in Fig. 3.7 [12].

It is noted that power increases as voltage increases, reaching a peak value
and decreases as the resistance increases to a point where current drops off.
According to the maximum power transfer theory, this is the point where the
load is matched to the solar panel’s resistance at a certain level of temperature
and insolation. The I–V curve changes as the temperature and insolation levels
change as shown in Fig. 3.8 and thus the MPP will vary accordingly [13].

It is shown that the open-circuit voltage increases logarithmically while the
short-circuit current increases linearly as the insolation level increases [14].
Moreover, increasing the temperature of the cell decreases the open-circuit
voltage and increases slightly the short-circuit current, causing reduction in the
efficiency of the cell.
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FIGURE 3.7 (a) I–V characteristic of a solar cell showing maximum power point (MPP); (b) P–V
characteristic of a solar cell showing MPP.
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FIGURE 3.8 (a) PV panel insolation characteristics; (b) PV panel temperature characteristics [13].

The PV panels, usually mounted on the roof or at a near open area, are fixed
to face the sun at an angle matching the country’s latitude. If possible, seasonal
adjustment of the module’s direction toward the sun is done manually. Since
solar power technology is relatively expensive, it is important to operate panels
at their maximum power conditions. However, to collect as much solar radiation
as possible, it is more convenient and efficient to use a sun tracking mechanism
causing the module’s surface to track the sun throughout the day.

The tracking can be along either one axis or two axes, whereby double axes
tracking provides higher power output. The energy yield can be thus increased
by about 20% to 30% depending on the seasonal climate and geographical
location [15–17].Although some claim that a fixed system costs less and requires
almost no maintenance [18], different tracking mechanisms utilized to control
the orientation of the PV panels have proved their superiority over fixed systems
in terms of converted power efficiency.

To get maximum power from the PV panel at the prevailing temperature and
insolation conditions, either the operating voltage or current should be controlled
by a maximum power point tracker (MPPT) that should meet the following
conditions [19]:

� Operate the PV system close to the MPP irrespective of the atmospheric
changes.

� Have low cost and high conversion efficiency.
� Provide an output interface compatible with the battery-charging

requirement.

3.4 MAXIMUM POWER POINT TRACKING COMPONENTS

The MPPT increases the energy that can be transferred from the array to an
electrical system. The main function is to adjust the panel’s output voltage to
supply the maximum energy to the load. Most current designs consist of three
basic components: switch-mode dc–dc converter, control system, and tracking
component.
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The switch-mode converter is the core of the entire supply because the energy
drawn, stored as magnetic energy, is released at different potential levels. By
setting up the switch-mode section in various topologies such as buck or boost
converter, voltage converters are designed providing a fixed input voltage or
current, which correspond to the maximum power point, allowing the output
resistance to match the battery. To achieve the above-stated mechanism, a
controller is essential to continuously monitor the PV system and ensure its
operation at the PVmaximumpower point by tracking thisMPP. The controller’s
aim is to continuously measure the voltage and current values generated from
the PV, and compare them to certain treshhold values in order to apply either
voltage controlled method or power feedback control [20].

3.4.1 Voltage Feedback Control

With the PV array terminal voltage being the controlled variable, voltage
feedback controller forces the PV array to operate at its MPP by changing
the array terminal voltage and neglecting the variation in the temperature and
insolation level [20,21].

3.4.2 Power Feedback Control

In this method, power delivered to the load is the controlled variable. To achieve
maximum power, dp/dv should be zero. This control scheme is not affected
by the characteristics of the PV array, yet it increases power to the load and
not power from the PV array [20,21]. Factors such as fast shadows may cause
trackers to lose the MPP momentarily. It is very critical to ensure that the time
lost in seeking MPP again, which equates the energy lost while the array is off
power point, is very short. On the other hand, if lighting conditions do change,
the tracker needs to respondwithin a short amount of time to the change avoiding
energy loss. Therefore, the controller’s most important feature is its capability
to quickly adjust the system to operate back at the MPPT.

3.5 MPPT CONTROLLING ALGORITHMS

Several proposed algorithms to accomplishMPPT are described in the following
sections.

3.5.1 Perturb and Observe (PAO)

The PAO method has a simple feedback structure and fewmeasured parameters.
It operates by periodically perturbing (i.e. incrementing or decrementing) the
duty cyclewhile controlling the array current as shown in Fig. 3.9 and comparing
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FIGURE 3.9 PAO technique [19].

the PV output power with that of the previous perturbation cycle. It measures
the derivative of power �p and the derivative of voltage �v to determine the
movement of the operating point. If the perturbation leads to an increase (or
decrease) in array power, the subsequent perturbation is made in the same (or
opposite) direction. This cost-effective technique can be easily implemented
and is characterized by continuously tracking and very efficiently extracting
the maximum power from PV. However, such method may fail under rapidly
changing atmospheric conditions due to its slow tracking speed.

3.5.2 Incremental Conductance Technique (ICT)

The ICT process based on the fact that the derivative of the power with respect
to the voltage (dp/dv) vanishes at the MPP because it is the maximum point on
the curve as shown in Fig. 3.10.

dp/ dv < 0

dp/dv > 0

dp/dv = 0
P

V

MPP

FIGURE 3.10 The slope “conductance” of the P–V curve [22].
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The ICT algorithm detects the MPP by comparing di/dv against −I
V till it

attains the voltage operating point at which the incremental conductance is equal
to the source conductance [23,24]. The Reference [23] describes in detail the
ICT algorithm used for maximum power point tracking. The algorithm starts
by measuring the present values of the I and V, then uses the corresponding
stored value (Ib and Vb) measured during the preceding cycle to calculate the
incremental changes as: dI = I − Ib and dV = V − Vb. Based on the result
obtained, the control reference signal Vref will be adjusted in order to move the
array voltage toward theMPP voltage. At theMPP, di/dv= −I

V , no control action
is needed; therefore, the adjustment stage will be bypassed and the algorithm
will update the stored parameters at the end of the cycle. In order to detect any
changes in weather conditions, the algorithm detects whether a control action
took place when the array was operating at the previous cycle MPP (dv= 0).
This technique is accurate and well suited for rapid changes in atmospheric
conditions; however, because the increment size approach is used to determine
how fast the system is responding, ICT requires precise calculations of both
instantaneous and increasing conductance.

3.5.3 Constant Reference

One very common MPPT technique is to compare the PV array voltage (or
current) with a constant reference voltage (or current), which corresponds to the
PV voltage (or current) at themaximum power point, under specific atmospheric
conditions. The resulting difference signal (error signal) is used to drive a
power conditioner, which interfaces the PV array to the load. Although the
implementation of this method is simple, the method itself is not very accurate
because it does not consider the effects of temperature and irradiation variations
in addition to the difficulty in choosing the optimum point [19].

3.5.4 Current-Based Maximum Power Point Tracker

Current-based maximum power point tracker (CMPPT) is another MPPT tech-
nique that exists [22]. Employed numerical methods show a linear dependence
between the “cell currents corresponding to maximum power” and the “cell
short-circuit currents.” The current IMPP operating at theMPP is calculated using
the following equation:

IMPP = MCISC (3.12)

where MC is the “current factor” that differs from one panel to another and
is affected by the panel surface conditions, especially if partial shading covers
the panel [25]. Although this method is easy to implement, additional switch is
added to the power converter to periodically short the PV array, increase the cost,
and reduce the output power. This method also suffers from a major drawback
due to periodic tuning requirement.
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3.5.5 Voltage-Based Maximum Power Point Tracker

Similar to the above-mentioned method, voltage-based maximum power track-
ing (VMPPT) technique can also be applied [22]. The MPP operating voltage is
calculated directly from VOC

VMPP = MVVOC (3.13)

where MV is the “voltage factor.” The open-circuit voltage VOC is sampled by
an analogue sampler, and then VMPP is calculated by Eq. (3.13). This operating
VMPP voltage is the reference voltage for the voltage control loop as shown in
Fig. 3.11. This method always “results in a considerable power error because the
output voltage of the PV module only follows the unchanged reference voltage
during one sampling period” [9]. Albeit the implementation of this procedure is
simple, it endures several disadvantages such as momentarily power converter
shutdown causing power loss. Furthermore, such process depends greatly on the
I–V characteristics and requires periodic tuning.

Other researchers argue that these two practices are considered to be “fast,
practical, and powerful methods for MPP estimation of PV generators under all
insolation and temperature conditions” [27].

3.5.6 Other Methods

Automated techniques such as Fibonacci line search, ripple correlation control
method, neural network, and fuzzy logic have also been introduced for MPPT.
In order to generate a clear understanding in determining the advantages and
disadvantages of each algorithm, a comprehensive experimental comparison
between different MPPT algorithms was made and run for the same PV setup
at South Dakota State University [28], and results showed that the ICT method
has the highest efficiency of 98% in terms of power extracted from the PV array,
the PAO technique has the efficiency of 96.5%, and finally, the constant voltage
method has the efficiency of 88%.

The ICTmethod provided good performanceunder rapidly changingweather
conditions and provided the highest tracking efficiency, although four sensors
were required to perform the measurements for computations and decision
making [23]. If the system required more conversion time in tracking the
MPP, a large amount of power loss would occur [20]. On the contrary, under

VPVVoc

Vsmp V * V *
q1K1Sampler

Hold
circuit

Sawtooth

FIGURE 3.11 The conventional MPPT controller using open-circuit voltage Voc [26].
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perturb and observe method, losses are reduced if the sampling and execution
speed were increased. The main benefit of this procedure is that only two
sensors are required, which resulted in the reduction of hardware requirements
and cost.

3.6 PHOTOVOLTAIC SYSTEMS’ COMPONENTS

Once the PV array is controlled to perform efficiently, a number of other
components are required to control, convert, distribute, and store the energy
produced by the array. Such components may vary depending on the functional
and operational requirements of the system. Theymay require battery banks and
controller, dc–ac inverters, in addition to other components such as overcurrent,
surge protection and, other processing equipment. Fig. 3.12 shows a basic
diagram of a photovoltaic system and the relationship with each component.

Photovoltaic systems are classified into two major classes: grid-connected
photovoltaic systems and stand-alone photovoltaic systems.

3.6.1 Grid-Connected Photovoltaic System

Grid-connected photovoltaic systems are composed of PV arrays connected to
the grid through a power conditioning unit and are designed to operate in parallel
with the electric utility grid as shown in Fig. 3.13. The power conditioning unit
may include the MPPT, the inverter, the grid interface as well as the control
system needed for efficient system performance [29] There are two general types
of electrical designs for PV power systems: systems that interact with the utility
power grid as shown in Fig. 3.13a and have no battery backup capability, and
systems that interact and include battery backup as well as shown in Fig. 3.13b.
The latter type of system incorporates energy storage in the form of a battery
to keep “critical load” circuits operating during utility outage. When an outage
occurs, the unit disconnects from the utility and powers specific circuits of the

Power-
conditioning

unit

Energy
distribution

PV system

Energy
storage

Electric utility
network

Load
utilization

FIGURE 3.12 Major photovoltaic system components [8].
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FIGURE 3.13 Grid-Connected PV system.

load. If the outage occurs in daylight, the PV array is able to assist the load in
supplying the loads.

The major component in both systems is the DC-AC inverter or also called
the power conditioning unit (PCU). The inverter is the key to the successful
operation of the system, but it is also the most complex hardware. The inverter
requirements include operation over a wide range of voltages and currents and
regulated output voltage and frequency while providing AC power with good
power quality which includes low total harmonic distortion and high power
factor, in addition to highest possible efficiency for all solar irradiance levels.
Several interconnection circuits have been described in [30,31]. Inverters can
be used in a centralized connection (Fig. 3.14a for the whole array of PV or
each PV module string is connected to a single inverter (Fig. 3.14b [29]. The
second proposed procedure is more efficient since it minimizes the losses due
to voltage/current mismatching as well as it enhances it modularity capability.
Moreover, the inverter may contain protective devices that monitor the grid and
islands the grid from the PV system in case of fault occurrence [32].
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FIGURE 3.14 Grid-Connected PV system.

For the last twenty years, researchers have been working on developing
different inverter topologies that satisfy the above listed requirements. The
evolution of solid state devices such as Metal Oxide semiconductor Field
Effect Transistors (MOSFETs), Insulated Gate Bipolar Transistors (IGBTs),
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microprocessors, PWM integrated circuits have allowed improvements on the
inverter. However, more research is being carried to ensure quality control,
reliability and lower cost since inverters are the key for a sustainable photovoltaic
market.

The main advantage of PV systems is their flexibility to be implemented in
remote locations where grid connection is either impossible or very expensive
to execute. Such systems are called stand-alone PV systems and are described
in the following section.

3.6.2 Stand-Alone Photovoltaic Systems

Stand-alone photovoltaic systems are usually a utility power alternate. They
generally include solar charging modules, storage batteries, and controls or
regulators as shown in Fig. 3.15. Ground or roof-mounted systems will require
a mounting structure, and if ac power is desired, an inverter is also required.
In many stand-alone PV systems, batteries are used for energy storage as they
may account for up to 40% of the overall stand-alone PV system cost over its
lifetime [33].

These batteries cause losses in the PV system due to limited availability of
time and energy to recharge the battery in addition to the insufficient battery
maintenance. Hence, a charge controller is then used to control the system
and prevent the battery from overcharging and overdischarging. Overcharging
shortens the battery life and may cause gassing while undercharging may
lead to sulphation and stratification, which result in the reduction in battery
effectiveness and lifetime [34–37].

Batteries are often used in PV systems for storing energy produced by
the PV array during daytime and supplying it to electrical loads as needed

PV array
Charge

controller DC load

InverterBattery

AC load

FIGURE 3.15 Diagramof stand-alone PV systemwith battery storage power DCandAC loads [8].
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(during nighttime or cloudy weather). Moreover, batteries are also needed in
the tracker systems to operate at MPP in order to provide electrical loads with
stable voltages. Nearly, most of the batteries used in PV systems are deep cycle
lead-acid batteries [38]. These batteries have thicker lead plates that make them
tolerate deep discharges. The thicker the lead plates, the longer the life span of
the batteries. The heavier the battery for a given group size, the thicker the plates
and the better the battery will tolerate deep discharges [39].

All deep cycle batteries are rated in ampere-hour (AH) capacity, a quantity of
the amount of usable energy it can store at nominal voltage [40]. A good charge
rate is approximately 10% of the total capacity of the battery per hour. This will
reduce the electrolyte losses and the damage to the plates [38]. A PV system
may have to be sized to store a sufficient amount of power in the batteries to
meet power demand during several days of cloudy weather, known as “days of
autonomy.” The Institute of Electrical and Electronics Engineers (IEEE) has set
several guidelines and standards for sizing lead-acid batteries (IEEE Std 1013–
1990) [41], for selecting, charging, and testing in stand-alone PV systems (IEEE
Std 1361–2003) [42], and for installing and maintaining them (IEEE Std 937–
2007) [43].

Nickel–cadmium batteries are also used for PV stand-alone systems but
are often expensive and “may have voltage compatibility issues with certain
inverters and charge controls” [44]. However, their main advantage is they are
not affected by temperature as other battery types, hence mostly recommended
for industrial or commercial applications in cold locations. IEEE has also drafted
some guidelines for installation and maintenance (IEEE Std 1145–1999) [45].

To extend battery’s lifetime and for efficient system’s operation, a charge
controller is needed to regulate the flow of electricity from the PV modules
to the battery and the load. The controller keeps the battery fully charged
without overcharging it. Many controllers have the ability to sense the excess
of electricity drawn from batteries to the load and stop the flow until sufficient
charge is restored to the batteries. The latter can greatly extend the battery’s
lifetime. However, controllers in stand-alone photovoltaic system are more
complex devices that depend on battery state of charge, which in turn depends on
many factors and is difficult to measure. The controller must be sized to handle
the maximum current produced. Several characteristics should be considered
before selecting a controller such as adjustable set-points including high-voltage
and low-voltage disconnects, temperature compensation, low-voltage warning,
and reverse current protection. Moreover, the controller should ensure that no
current flows from the battery to the array at night.

3.7 FACTORS AFFECTING PV OUTPUT

PV systems produce power in proportion to the intensity of sunlight striking the
solar array surface. Thus, there are some factors that affect the overall output of
the PV system and are discussed below.
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3.7.1 Temperature

Output power of a PV system decreases as themodule temperature increases. For
crystalline modules, a representative temperature reduction factor suggested by
the California Energy Commission (CEC) is 89% in the middle of spring or in
a fall day, under full-light conditions.

3.7.2 Dirt and Dust

Dirt and dust can accumulate on the solar module surface, blocking some of
the sunlight and reducing the output. A typical annual dust reduction factor to
use is 93%. Sand and dust can cause erosion of the PV surface, which affects
the system’s running performance by decreasing the output power to more than
10% [46–49].

3.7.3 DC–AC Conversion

Because the power from the PV array is converted back to ac as shown earlier,
some power is being lost in the conversion process, in addition to losses in the
wiring. Common inverters used have peak efficiencies of about 88–90%.

3.8 PV SYSTEM DESIGN

The goal for a solar direct electricity generation system or photovoltaic system
is to provide high-quality, reliable, and green electrical power.

3.8.1 Criteria for a Quality PV System

The criteria for quality PV system are as follows:

� Be properly sized and oriented to provide electrical power and energy
� Good control circuit to reduce electrical losses, overcurrent protection,

switches, and inverters
� Good charge controller and battery management system, should the system

contain batteries

3.8.2 Design Procedures

The first task in designing a PV system is to estimate the system’s load. This is
achieved by defining the power demand of all loads, the number of hours used
per day, and the operating voltage [50]. From the load ampere-hours and the
given operating voltage for each load, the power demand is calculated. For a
stand-alone system, the system voltage is the potential required by the largest
load. When ac loads dominate, the dc system voltage should be chosen to be
compatible with the inverter input.
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3.8.3 Power-Conditioning Unit

The choice of the PCU has a great impact on the performance and economics
of the system. It depends on the type of waveform produced, which in turn
depends on the method used for conversion, as well as the filtering techniques
of unwanted frequencies. Several factors must be considered when selecting or
designing the inverter:

� The power conversion efficiency
� Rated power
� Duty rating, the amount of time the inverter can supply maximum load
� Input voltage
� Voltage regulation
� Voltage protection
� Frequency requirement
� Power factor

3.8.4 Battery Sizing

The amount of battery storage needed depends on the load energy demand and
on weather patterns at the site. There is always a trade-off between keeping cost
low and meeting energy demand.

SUMMARY

This chapter discussed the conversion of solar energy into electricity using
photovoltaic system. There are two types of PV systems: the grid-connected PV
system and the stand-alone PV system. All major components for such systems
have been discussed. Maximum power point tracking is the most important
factor in PV systems to provide the maximum power. For this reason, several
tracking systems have been described and compared. Factors affecting the output
of such systems have been defined and steps for a good and reliable design have
been considered.
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4.1 WIND ENERGY CONVERSION SYSTEMS

Wind energy has matured to a level of development where it is ready to become
a generally accepted utility generation technology.Wind turbine technology has
undergone a dramatic transformation during the last 15 years, developing from
a fringe science in the 1970s to the wind turbine of the 2000s using the latest in
power electronics, aerodynamics, and mechanical drive train designs [1,2].

Most countries have plans for increasing their share of energy produced by
wind power. The increased share of wind power in the electric power system
makes it necessary to have grid-friendly interfaces between the wind turbines
and the grid in order to maintain power quality.

In addition, power electronics is undergoing a fast evolution, mainly due to
two factors. The first one is the development of fast semiconductor switches,
which are capable of switching quickly and handling high powers. The second
factor is the control area, where the introduction of the computer as a real-
time controller has made it possible to adapt advanced and complex control
algorithms. These factors together make it possible to have cost-effective and
grid-friendly converters connected to the grid [3,4].

4.1.1 Horizontal-axis Wind Turbine

A horizontal-axis wind turbine is the most extensively used method for wind
energy extraction. The power rating varies from a few watts to megawatts on
large grid-connected wind turbines.
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In relation to the position of the rotor regarding the tower, the rotors are
classified as leeward (rotor downstream the tower) or windward (rotor upstream
the tower), this last configuration being the most widely used.

These turbines consist of a rotor, a gearbox, and a generator. The group
is completed with a nacelle that includes the mechanisms, as well as a tower
holding the whole system and hydraulic subsystems, electronic control devices,
and electric infrastructure as it is shown in Fig. 4.1 [1]. A photograph of a real
horizontal-axis wind turbine is shown in Fig. 4.2. We will briefly explain the
above-mentioned devices.

4.1.1.1 The Rotor
The rotor is the part of the wind turbine that transforms the energy from the
wind into mechanical energy [1]. The area swept by the rotor is the area that
captures the energy from the wind. The parameter measuring the influence of
the size of the capturing area is the ratio area/rated power. Thus, for the same
installed power,more energywill be delivered if this ratio is greater, and so, more
equivalent hours (kWh/kW). Values for this ratio close to 2.2 m2/kW are found
today in locations with high average wind speed (>7m/s), but there is a trend
to elevate this ratio above 2.5m2/kW for certain locations of medium and low
potential. In this case, the technical limits are the high tangential speed at the tip

Hub 

Turbine blades 

Low speed shaft 

Gearbox

Tower 

Generator 

Nacelle

High speed shaft 

FIGURE 4.1 View of horizontal-axis wind turbine.
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FIGURE 4.2 Wind turbine in Monteahumada (Spain). Made S.A. AE-41PV.

of the blade, that force to lower the speed of the rotors, hence the variable speed
and the technology used are most important. Making a bigger rotor for a certain
wind turbine involves the possibility of using it for a lower wind speed location
by compensating wind loss with a bigger capturing area. The rotor consists of a
shaft, blades, and a hub, which holds the fastening system of the blades to the
shaft. The rotor and the gearbox form the so-called drive train.

A basic classification of the rotors is between constant pitch and variable-
pitch machines, according to whether the type of tie of the blade to the hub is
constant or whether it allows rotation to the rotor axis.

The pitch control of a wind turbine makes it possible to regulate energy
extraction at high speed wind condition. On the other hand, the use of variable
speed makes the systems more expensive to build and maintain.

The use of variable-speed generators (other than 50Hz of the grid), allows the
reduction of sudden load surges. This condition differentiates between constant
speed and variable speed generators. The hub includes the blade pitch controller
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in case of variable pitch, and the hydraulic brake system in case of constant pitch.
The axis to which the hub is tied to the so-called low speed shaft is usually
hollow which allows for the hydraulic conduction for regulation of the power
by varying the blade pitch or by acting on the aerodynamic brakes in case of
constant pitch.

4.1.1.2 The Gearbox
The function of the gearbox, shown in Fig. 4.1, is to adapt a low rotation speed
of the rotor axis to a higher one in the electric generator [1,2]. The gearbox may
have parallel or planetary axis. It consists of a system of gears that connect the
low speed shaft to the high speed shaft connected to the electric generator by a
coupler. In some cases, using multi-pole, the gearbox is not necessary.

4.1.1.3 The Generator
The main objective of the generator is to transform the mechanical energy
captured by the rotor of the wind turbine into electrical energy that will be
injected into the utility grid.

Asynchronous generators are commonly used in wind turbine applications
with fixed speed or variable speed control strategies. Also, in large power
wind turbine applications synchronous machines are used. In the asynchronous
generator, the electric energy is produced in the stator when the rotating speed
of the rotor is higher than the speed of the rotary field of the stator. The
asynchronous generator needs to take energy from the grid to create the rotary
field of the stator. Because of this, the power factor is decreased and so a
capacitor bank is needed. The synchronous generator with an excitation system
includes electromagnets in the rotor that generate the rotating field. The rotor
electromagnets are fed backwith aDC current by rectifying part of the electricity
generated. Another kind of generator recently used is the permanent magnet [5].
This type ofmachine does not need an excitation system, and it is usedmainly for
low power wind turbine applications. The advantages of using an asynchronous
generator are low cost, robustness, simplicity, and easier coupling to the grid,
yet its main disadvantage is the necessity of a power factor compensator and a
lower efficiency.

4.1.1.3.1 Induction Machine

The induction generator, as can be deducted from its torque/speed characteristic,
has a nearly constant speed in a wide working torque range, as they are positive
(working as a motor) or negative (working as a generator). This characteristic
curve is very useful for machines with constant speed, as the machine is auto-
regulated to keep the synchronous frequency. But the situation is very different
when we proceed to change the speed of the generator. It is then necessary to
use power converters in order to adapt the generator frequency to the frequency



182 Alternative Energy in Power Electronics

of the grid [3,6,7]. The general principles applicable to change the speed of an
induction generator can be deduced from the following equation:

Nr = N1 · (1 − s) = 60 · f1
p

· (1 − s) (4.1)

where Nr is the generator speed (rpm), N1 is the generator synchronous speed, s
is the induction generator slip, p is the pole pair number, and f1 is the excitation
stator frequency (Hz).

From Eq. (4.1), it is immediately inferred that the speed can be controlled
in either ways; one way is changing the synchronous speed and the other is
changing the slip. The speed is deduced from the number of pole pairs p and
the supplying frequency into the machine f1. The slip can be easily changed
when modifying the torque/slip characteristic curve. This modification can be
achieved as follows: first, by changing the input voltage of the generator; second,
by changing the resistance of the rotor circuit; and third, by injecting a voltage
into the rotor so that it has the same frequency as the electromotive force induced
in it and an arbitrary magnitude and phase. The techniques used to vary the
supplying frequency permit a wide range of variation of the speed, from 0
to 100% or even greater than the synchronous speed. Another variable-speed
technique is achieved by changing the number of poleswhich permit a regulation
of the speed in discrete steps. If we proceed to vary the slip, then the range of
variation of the speed is within a narrow margin of regulation.

Among all these techniques, only the variation of the voltage can be actually
implemented using a squirrel cage machine with a short-circuited rotor. The rest
are implemented by means of a wound-rotor machine.

The stator voltage can be varied by means of a power converter [4,8,9]. This
converter should be connected in series to the generator and to the grid. Since
it is only necessary to vary the voltage of the generator and not its frequency,
an AC–AC converter can be used. Furthermore, the power converter bears all
the power of the generator so it deals with all the disadvantages of the other
wide-range of control techniques.

For the speed to be varied by changing the slip, it is necessary to work with
wound rotor induction machines.

4.1.1.3.2 Synchronous Machine with Excitation System

As it is well-known, the general principle to change the speed of a synchronous
machine is summarized in the following equation [3,6,7]:

Nr = N1 = 60 · f1
p

(4.2)

The only way to control the speed is by changing the number of pole pairs or
by supplying frequency into the machine, f1. Therefore, wide range or discrete
steps are permitted. The synchronous machine will always be controlled in a
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wide range of the rotor speed, ωr. In this kind of system, the excitation current
permits an easier torque and power control.

4.1.1.3.3 Permanent Magnet Synchronous Machine

As with the synchronous generator with excitation system, the permanent mag-
net synchronousmachine can be controlled in a wide range of rotor speedsωr. In
this case, a magnetic field control has to be made from the power converter. The
advantage of this machine is better performance and less complexity [3,6,7,10].

4.1.1.4 Power Electronic Conditioner
The power electronic conditioner is a converter that is mainly used in variable
speed applications. This converter is connected between the generator machine
and the utility grid by an isolating transformer and permits different frequency
and voltage levels in its input and output. The power converter is connected to
the stator voltage or to the rotor of a wound rotor machine. This system includes
large power switches that can be GTOs, Thyristors, IGCTs, or IGBTs arranged
in different topologies.

4.1.2 Simplified Model of a Wind Turbine

The mechanical power Pm in the low speed shaft can be expressed as a function
of the available power in the wind Pv by the Eq. (4.3):

Pm = Cp (λ, β) · Pw (4.3)

where Cp (λ, β) is the power coefficient, which is a function of the blade angle β

and the dimensionless variable λ = ωLR/vw (where ωL is the angular speed on
the low speed shaft, R is the turbine radius, and vw the wind speed). In Fig. 4.3
an analytical approximation of the power coefficient Cp(λ, β) is shown.

In Fig. 4.4 the power characteristic of a wind turbine Pm is shown.
The power of the wind can be expressed by the following equations [1,2]:

Pw = 1

2
ρπR2v3w (4.4)

where ρ is the air density.
Substitution of Eq. (4.4) in Eq. (4.3) and including λ in such expression, the

following can be obtained:

QL = Cp
2λ3

ρπR5ω2
L (4.5)

where QL is the torque in the low speed shaft that the wind turbine draws from
the wind.
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This Eq. (4.5) is represented in Fig. 4.5.
Neglecting mechanical losses, the total torque on the high speed shaft, Qt is

equal to the torque in the low speed shaft, QL, divided by the gearbox ratio, G.

Qt = QL
G

(4.6)
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FIGURE 4.6 Mechanical model of a wind turbine.

Equation (4.7) shows the differential equation for the dynamics of the
rotational speed that depends on the difference of load and generator torque.

Qt −Qe = J
dωr
dt

(4.7)

In Eq. (4.7) J is the total inertia of the system referred to the high speed
shaft.

Figure 4.6 shows the block diagram of the simplified mechanical model of a
wind turbine. Also, it has been represented by the electrical power Pe, obtained
by multiplying the electrical torque Qe by the rotor speed ωr and the electrical
performance η.

4.1.3 Control of Wind Turbines

Many horizontal axes, grid-connected, andmedium- to large-scale wind turbines
are regulated by pitch control, and most of the wind turbines built so far have
practically constant speed, since they use an AC generator, directly connected
to the distribution grid, which determines its speed of rotation.

In the last few years, variable speed control has been added to pitch-angle
control design in order to improve the performance of the system [11]. Variable
speed operation of a wind turbine has important advantages vs the constant speed
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ones. The main advantages of variable speed wind tunnel are the reduction of
electric power fluctuations by changes in kinetic energy of the rotor, the potential
reduction of stress loads on the blades and the mechanical transmissions, and
the possibility to tune the turbine to local conditions by adjusting the control
parameters. On the other hand, variable speed control is normally used with
fixed pitch angle and very few applications using both controls have been
reported [12,13].

In short, four different wind turbine types are provided depending on the
controller [14]:

� No control. The generator is directly connected to a constant frequency grid,
and the aerodynamics of the blade is used to regulate power in high winds.

� Fixed speed pitch regulated. In this case, the generator is also directly
connected to a constant frequency grid, and pitch control is used to regulate
power in high winds.

� Variable speed stall regulated.A frequency converter decouples the generator
from the grid, allowing the rotor speed to be varied by controlling the
generator reaction torque. In high winds, this speed control capability is used
to slow the rotor down until aerodynamic stall limits the power to a desired
level [15].

� Variable speed pitch regulated. A frequency converter decouples the gen-
erator from the grid, allowing the rotor speed to be varied by controlling
the generator reaction torque. In high winds, the torque is held at a rated
level, and pitch control is used to regulate the rotor speed, and hence, also
the power [13].

A power converter will be mainly used in variable speed applications. In fixed
speed control, a power converter could be used for a better system performance,
for example, smooth transition during turn on, harmonics, and flicker reduction,
etc. Next, the operation of themost general controller, namely, the variable speed
pitch regulator controller is explained. Another controller can be obtained from
this control scheme, but will not be presented here.

4.1.3.1 Variable Speed Variable Pitch Wind Turbine
Objectives of variable speed control systems are summarized by the following
general goals [12,16,17]:

� to regulate and smooth the power generated
� to maximize the energy captured
� to alleviate the transient loads throughout the wind turbine
� to achieve unity power factor on the line side with no low frequency

harmonics current injection
� to reduce the machine rotor flux at light load reducing core losses

Objectives for the pitch-angle control are similar to the variable speed. If pitch-
angle control is used together with variable speed, better performance in the
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system is obtained. For instance, to permit starting, blade pitch angle differs
from the operation pitch angle, allowing an easier starting and optimum running.
Moreover, the power and speed can be limited through rotor pitch regulation.

The control diagram is shown schematically in Fig. 4.7. The generator torque
Qe and the pitch angle β control the wind turbine. The control system acquires
the actual generated electric powerPe and the generator speed,ωr, and calculates
the reference generator torqueQrefe and the reference pitch angle βref , using two
control loops [14].

In low winds it is possible to maximize the energy captured by following
a constant tip speed ratio λ load line which corresponds to operating at the
maximum power coefficient. This load line is a quadratic curve in the torque-
speed plane as it is shown in Fig. 4.8. During that time, the pitch angle is adjusted
to a constant value, the maximum power pitch angle.

If there is a minimum allowed operating speed, then it is not possible to
follow this curve in very low winds, and the turbine is then operated at a constant
speed Nmin shown in Fig. 4.8. On the other hand, in high wind speed, it is
necessary to limit the torque Qrate or power Prate of the generator to a constant
value.

The control parameters are: the minimum speed ωmin
r , the maximum speed

in constant tip speed ratio mode ωmax
r , the nominal steady-state operating speed

ωrat
r , and the parameter Kλ which defines the constant tip speed ratio line Qe =

Kλω
2
r · Kλ is given by (4.8):

Kλ = πρR5Cp (λ, β)

2λ3G3 (4.8)

When the generator torque demand is set to Kλω
2
r where ωr is the measured

generator speed, this ensures that in the steady state the turbine will maintain the
tip speed ratio λopt and the correspondingmaximum power coefficient Cp(λ, β).

Figure 4.9 shows the simplified control loops used to generate pitch and
torque demands. When operating below rated power, the torque controller is
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FIGURE 4.7 Block control diagram of the variable speed pitch regulated wind turbine.
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active, and the pitch demand loop is active when operating above rated power.
Below rated, the speed set-point,ωref

Q , is the optimum speed given by the optimal
tip speed ratio curve and pitch angle is held at zero. Above rated, the reference
generator torque is hold rated constant value Qrate and the pitch angle controller
is achieving the reference nominal speed ω

ref
β . During this control interval, the

captured power is constant because the reference torque is maintained at a rated
torque of the machine and the rotor speed is controlled to maintain a rated value.

4.2 POWER ELECTRONIC CONVERTERS FOR VARIABLE
SPEED WIND TURBINES

4.2.1 Introduction

Power electronic converters can operate the stator of synchronous or asyn-
chronous machines. In other applications, the power converter can be connected
to the rotor of a wound rotor induction machine. In the first case, the converter
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handles the overall power of the machine and it operates in a wide speed range.
In the wound rotor machine case, the converter handles a fraction of the rated
power but it does not allow a very low speed to obtain higher energy from the
wind. So, the advantage is that the power converter is smaller and cheaper than
the stator converter.

4.2.2 Full Power Conditioner System for Variable
Speed Turbines

In this section, the different topologies of power electronic converters that are
currently used for wide range speed control of generators will be presented.
A variable speed wind turbine control method within a wide range has the
following advantage and disadvantage compared to those for narrow-range
speed control. The advantage of a variable speed wind turbine control method
in a wind range is that it allows for very low speed to obtain higher energy from
the wind. On the other hand, the disadvantage is that the power converter must
be rated to the 100% of the nominal generation power.

The power conditioners, next to be considered in this section, may be used
for synchronous as well as asynchronous generators. For both cases the control
block to be employed is defined. The main objective of power converters to be
used for wind energy applications is to handle the energy captured from the
wind and the injection of this energy into the grid. The characteristics of the
generator to be connected to the grid and where to inject the electric energy are
decisivewhen designing the power converter. To attain this design, it is necessary
to consider the type of semiconductor to be used, components and subsystems.

By using cycloconverters (AC/AC) or frequency converters based on double
frequency conversion, normally AC/DC–DC/AC, and connected by a DC link,
a rapid control of the active and reactive power can be accomplished along with
a low incidence in the distribution electric grid. The commutation frequency
of the power semiconductors is also an important factor for the control of
the wind turbine because it allows not only to maximize the energy captured
from the wind but also to improve the quality of the energy injected into the
electrical grid. Because of this, the semiconductors required are those that have
a high power limit and allow a high commutation frequency. The insulated gate
bipolar transistor (IGBTs) are commonly used because of their high breakdown
voltage and because they can bear commutation frequencies within the range of
3–25 kHz, depending on the power handled by the device. Other semiconductors
such as gate turn-off thyristors (GTOs) are used for high power applications
allowing lower commutation frequencies, and thus, worsening not only the
control of the generator but also the quality of the energy injected into the electric
grid. [4,8–10,18].

The different topologies used for a wide-range rotor speed control are
described next. Advantages and disadvantages for using these topologies, as
power electronics is concerned, are:
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Advantages:

� Wide-range speed control
� Simple generator-side converter and control
� Generated power and voltage increased with speed
� VAR-reactive power control possible

Disadvantages:

� One or two full-power converter in series
� Line-side inductance of 10–15% of the generated power
� Power loss up to 2–3% of the generated power
� Large DC link capacitors

4.2.2.1 Double Three Phase Voltage Source Converter
Connected by a DC-link
Figure 4.10 shows the scheme of a power condition for a wind turbine. The
three phase inverter on the left side of the power converter works as a driver
controlling the torque generator by using a vectorial control strategy. The three
phase inverter on the right side of the figure permits the injection of the energy
extracted from the wind into the grid, allowing a control of the active and
reactive power injected into the grid. It also keeps the total harmonic distortion
coefficient as low as possible improving the quality of the energy injected into
the public grid. The objective of the DC-link is to act as an energy storage, so
that the captured energy from the wind is stored as a charge in the capacitors and
is instantaneously injected into the grid. The control signal is set to maintain
a constant reference to the voltage of the capacitors battery Vdc. The control
strategy for the connection to the grid will be described in Section 4.2.3.

GB
Vdc

FIGURE 4.10 Double three phase voltage source inverter connected by a DC link used in wind
turbine applications.
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The power converter shown in Fig. 4.10 can be used for a variable speed
control in generators of wind turbines, either for synchronous or asynchronous
generators.

4.2.2.1.1 Asynchronous Generator

Next to be considered is the case of an asynchronous generator connected to
a wind turbine. The control of a variable speed generator requires a torque
control, so that for low speed winds the control is requiredwith optimal tip speed
ratio, λopt, to allow maximum captured wind energy from low speed winds.
The generator speed is adjusted to the optimal tip speed ratio λopt by setting
a reference speed. For high speed winds the pitch or stall regulation of the blade
limits the maximum power generated by the wind turbine. For low winds it is
necessary to develop a control strategy, mentioned in Section 4.2.

The adopted control strategy is an algorithm for indirect vector control of an
induction machine [3,6,7], which is described next and shown in Fig. 4.11.

A reference speed, ωref
Q , has been obtained from the control strategy used in

order to achieve optimal speed ratio working conditions of the wind turbine to
capture themaximum energy from thewind. In Fig. 4.11, the calculation block to
obtain ω

ref
Q is shown, that is fed by the actual rotor speed, ωr, and the electrical

power generated, Pe, by the asynchronous generator. Using this ω
ref
Q and the

actual rotor speed, ωr, which is measured by the machine, the reference for the
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electric torque, Qrefe , is obtained from the speed regulator which is necessary
to set the reference torque in the machine shaft in order to achieve the control
objectives.

In Fig. 4.11 the induction generator is driven by a voltage-source pulse width
moducation (PWM) inverter, which is connected by a second voltage-source
PWM inverter to the public grid through a DC link battery capacitors. The output
voltage of the inverter is controlled by a PWM technique in order to follow
the voltage references, urefRs, u

ref
Ss , u

ref
Ts , provided by the control algorithm in each

phase. There are many types of modulation techniques which are not discussed
in detail here.

A flux model has been used to obtain the angular speed of the rotor flux and
the modulus of magnetizing current, |im|, that has also been used to calculate the
electromagnetic torque, Qe, as shown in Fig. 4.11, using the Eq. (4.9).

Qe = 3

2
· p · L

2
m

Lr
· |im| · iqse (4.9)

The speed controller provides the reference of the torque, Qrefe , and the torque
controller gives the reference value of the quadrature-axis stator current in the
rotor flux-oriented reference frame irefqse.

In Fig. 4.11 the field weakening block, used to obtain the reference value of

the modulus of the rotor magnetizing current space phasor
∣∣∣�irefm ∣∣∣, is rotor speed-

dependent. This reference signal is then compared with the actual value of the
rotormagnetizing current, |im|, and the error generated is used as input to the flux
controller. The output of this controller is the direct-axis stator current reference
expressed in the rotor-flux-oriented reference frame irefdse.

The difference in values of the direct and quadrature-axis stator current
references (irefdse, i

ref
qse) and their actual values (idse, iqse) are given as inputs to

the respective PI current controllers. The outputs of these PI controllers are
values of the direct and quadrature-axis stator voltage reference expressed in the
rotor-flux-oriented reference frame (urefdse, u

ref
qse). After this they are transformed

into the steady reference frame (urefDs , u
ref
Qs ), using the e−jηr transformation. This

is followed by the 2 → 3 block and finally, the reference values of the three
phase stator voltage (urefRs, u

ref
Ss , u

ref
Ts ) are obtained. These signals are used to

control the pulse-width modulator, which transforms these reference signals into
appropriate on–off switching signals to command the inverter phase.

4.2.2.1.2 Synchronous Generator

When the generator, used to transform the mechanical energy into electrical
energy in the wind turbine, is a salient-pole synchronous machine with an
electrically excited rotor, the control criteria are the same as the one applied
in the induction generator case, so as to minimize the angular speed error in
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order to obtain an optimum tip speed ratio performance of the wind turbine.
In this section, a drive control based on magnetizing field-oriented control
is described and applied to a wind turbine with a salient-pole synchronous
machine. This control method can be applied to the synchronous generator using
a voltage-source inverter or a cycloconverter as it is shown in Figs. 4.10 and 4.13
respectively, using the same block control diagram.

In both cases, a controllable three-phase rectifier supplies the excitation
winding on the rotor of the synchronous machine. As it is well-known, the
cycloconverter is a frequency converter which converts power directly from
a fixed frequency to a lower frequency. Each of the motor phases is supplied
through a three-phase transformer, an antiparallel thyristor bridge, and the field
winding is supplied by another three-phase transformer and a three-phase-
rectifier using the bridge connection.

In the control block described in Fig. 4.12, the rotor speed and monitored
current have been used in order to control the relationship between the magne-
tizing flux and currents of the machines by modifying the voltages of the power
converter and the excitation current in the field winding.

The reference rotor speed, ω
ref
Q , and the measured rotor speed, ωr, are

compared and the error is introduced into the speed controller. The output
voltage is proportional to the electromagnetic torque PI, of the synchronous
machine and the reference torque, Qrefe , is obtained. Dividing the reference
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FIGURE 4.13 Schematic of the cycloconverter synchronous generator used in variable speedwind
turbines.

torque by the modulus of the magnetizing flux-linkage space phasor |λm|,
the reference value of the torque-producing stator current, |λm|, component is
obtained.

Using a characteristic function of the magnetizing flux reference and the

actual rotor speed, ωr, the magnetizing flux reference is obtained,
∣∣∣λrefm ∣∣∣. Below

base speed, this function yields a constant value of the magnetizing flux
reference, λ

ref
m ; above base speed, this flux is reduced. The magnetizing flux

controller,
∣∣λ̄m∣∣, is introduced and compared with the estimated magnetizing

flux of the synchronous machine,
∣∣∣λrefm ∣∣∣, obtaining the error, which is fed into

the flux controller as shown in Fig. 4.12. The flux controller maintains the
magnetizing linkage flux to a pre-set value independent of the load. As an output
of this controller the reference excitation current, irefexc is obtained.

The value of the referencemagnetizing stator current, irefexc, is obtained using a
steady state in which there is no reactive current drawn from the stator [3]. In this
case the power factor is unity and the stator current value is the optimal. The zero
reactive power condition can be fulfilled by controlling the magnetizing current
stator component that is shown in Fig. 4.12.
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The stator current components (irefdsc, i
ref
qse) are first transformed into the stator

current components established in the rotor reference frame (irefdsr, i
ref
qsr). After

these components are transformed into the stationary-axes current components
by a similar transformation, but taking into account that the phase displacement
between the stator direct axis of the rotor is θr. The obtained two-axis stator
current references (irefQs, i

ref
Ds ), are transformed into the three phase stator current

references (irefRs, i
ref
Ss , i

ref
Ts ) by the application of the three phase to two phase

transformation. The reference stator currents are compared with their respective
measured currents, and their errors are fed into the respective stator current
controllers.

4.2.2.2 Step-up Converter and Full Power Converter
An alternative for the power conditioning system of a wind turbine is to choose
a synchronous generator and a three phase diode rectifier, as shown in Fig. 4.14.
Such a choice is based on low cost compared with an induction generator
connected to a voltage source inverter used as a rectifier. When the speed
of the synchronous generator alters, the voltage value on the DC-side of the
diode rectifier will change. A step-up chopper is used to adapt the rectifier
voltage to the DC-link voltage of the inverter, see Fig. 4.14. When the inverter
system is analyzed, the generator/rectifier system can be modeled as an ideal
current source. The step-up chopper used as a rectifier utilizes a high switching
frequency so the bandwidth of these components is much higher than the
bandwidth of the generator. The generator/rectifier current is denoted as idc and
is independent of the value of the DC-link voltage. The inductor of the step-
up converter is denoted as LDC. The capacitor of the DC-link has the value
Cdc. The inductors on the AC-side of the inverter have the inductance LAC. The
three-phase voltage system of the grid has phase voltages eR, eS, and eT and
the phase currents are denoted as iRg, iSg, and iTg. The DC-link voltage value is
denoted as Vdc.

idc

Cdc
VdcGB

LDC

LAC

FIGURE 4.14 Step-up converter in the rectifier circuit and full power inverter topology used in
wind turbine applications.
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FIGURE 4.15 Control block diagram of a step-up converter in the rectifier circuit and full power
inverter used in wind turbine applications.

The control system, shown in Fig. 4.15, is based on the measurement of the
rotor speed ωr of the synchronous generator by means of a speed transducer.
This value is compared with the reference rotor speed obtained by the control
algorithm of the variable speed wind turbine used in the application in order to
achieve optimal speed ratio, and therefore, to capture the maximum energy from
the wind.

The objective of the synchronous machine excitation system is to keep the
stator voltage Vst following the excitation characteristic of the generator, shown
in Fig. 4.15. This excitation characteristic is linear in the range of the minimum
of the rotor speed ωmin

r and the rated value of the rotor speed ωrate
Q . Outside this

range, the stator voltage is saturated to Vminst or Vmaxst . For rotor speeds ωr in the
range betweenωmin

r andωrate
r , the control is carried out using an inductor current

idc proportional to the shaft torque of the generator. Above the rated rotor speed,
this current is proportional to the power because the stator voltageVst is constant.

4.2.2.3 Grid Connection Conditioning System
Injection into the public grid is accomplished by means of PWM voltage source
interver. This requires the control of the current of each phase of the inverter,
as shown in Fig. 4.16. There are several methods of generating the reference
current to be injected into any of the phases of the inverter. A very useful method
to calculate this current was proposed by Professor Akagi [19], that is applied
to the active power filters referred to as “Instantaneous Reactive Power Theory.”
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The control block shown in Fig. 4.16 is based on the comparison of the actual
capacitor array voltage Vdc with a reference voltage V

ref
dc . Subtracting the actual

capacitor array voltage Vrefdc from the reference voltage Vrefdc , the error signal
voltage is obtained. This error signal is fed into a compensator, usually a PI
compensator, that transforms the output to an active instant power signal that,
after being injected into the electric grid, is responsible for the error of the
regulator of the voltage in the capacitor array to be zero.

Transformation of the phase voltage erg, esg, and etg into the α–β orthogonal
coordinates is given by the following expression:

[
eα
eβ

]
=

√
2

3
·
[
1 −1/2 −1/2

0
√
3/2 −√

3/2

]
·
⎡
⎣ergesg
etg

⎤
⎦ (4.10)

Using the inverse transformation equations from the control algorithm [19]
and the reference of real power of the capacitor array, it is possible to derive
the phase sinusoidal reference current to be injected by the converter into
the grid.⎡

⎢⎢⎣
irefrg

irefsg

ireftg

⎤
⎥⎥⎦ =

√
2

3
·
⎡
⎢⎣

1 0
−1/2

√
3/2

−1/2 −√
3/2

⎤
⎥⎦ ·

[
eα eβ

−eβ eα

]−1

·
[
pref

qref

]
(4.11)

As can be seen in the above equation, the reference of the reactive power
appears which is normally set at zero so that the current is being injected into
the public grid with unity power factor.
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FIGURE 4.16 Control block diagram of the grid connection conditioning system.
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There is another type of wind energy extraction system where the objective
is to compensate the reactive power generated by non-linear loads of the grid.
In this case, the reactive reference power is set to the corresponding value, for
either reactive or capacitive power factor “leading or lagging.”

4.2.3 Rotor Connected Power Conditioner for Variable Speed
Wind Turbines

As it was introduced before, variable speed can also be obtained by slip change
of induction generator using a wound rotor machine.

Since it is necessary to have an electric connection to the rotor winding,
rotation is achieved by using a slip ring. The power delivered by the rotor through
the slip rings is equal to the product of the slip by the electrical power that flows
into the stator PS, Eq. (4.12). This is the so-called “slip power” Pslip.

Pslip = s · PS (4.12)

The slip power can be handled as follows:

� It can be dissipated in a resistor (Fig. 4.17).
� Using a single doubly fed scheme, the slip power is returned to the electrical

grid or to the machine stator (Fig. 4.18).
� Using a cascaded scheme. This is accomplished by connecting a second

machine. Part of the power is transferred as mechanical power through the
shaft, and the other part is transferred to the grid by a power converter
(Fig. 4.19).
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b
c
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Short-circuit bar 

GB

FIGURE 4.17 Slip power dissipation in a resistor.
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FIGURE 4.18 Single doubly fed induction machine.

� A single frame cascaded or brushless doubly fed induction machine [20] can
be used in the same way as before, but using only one machine instead of
two (Fig. 4.20).

4.2.3.1 Slip Power Dissipation
Figure 4.17 shows a system in which the power delivered by the rotor is
dissipated in a resistor.

The variable resistor can be substituted by the power converter in Fig. 4.21.
The power converter controls the power delivered to the resistor using an uncon-
trolled rectifier and a parallel DC–DC chopper. This design has the disadvantage
of the current having a higher harmonic content. This is caused by the rectangular
rotor current waveform in the case of a three phase uncontrolled rectifier. This
disadvantage can be avoided using a six IGBT’s controlled rectifier, however
this topology increases the cost significantly.

The variation of the rotor resistance is not a recommended technique due to
the high copper losses in the regulation resistance and so, the generator system
efficiency is lower. It only can be efficient within a very narrow range of the
rotor speed. Another disadvantage is that this technique is applicable only to
wound-rotor machines and so, slip rings and brushes are needed. In order to
solve this problem some brushless schemes are proposed. A solution is to use a
rotor auxiliary winding which couples the power to an external variable resistor.
The scheme can be observed in Fig. 4.22.

Another solution is to dissipate the energywithin a resistor placed in the rotor
as it is shown in Fig. 4.23. This method is currently used in generators for wind
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FIGURE 4.19 Wound rotor cascaded induction machines.
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FIGURE 4.20 Brushless doubly fed induction machine.
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FIGURE 4.22 Slip power dissipation in an external resistor using brushless machine.
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FIGURE 4.23 Slip power dissipation in an internal resistor using brushless machine.
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conversion systems, but as the efficiency of the system decreases with increasing
the slip, the speed control is limited to a narrow margin. This scheme includes
the power converter and the resistors in the rotor. Trigger signals to the power
switches are accomplished by optical coupling.

4.2.3.2 Single Doubly Fed Induction Machine
In Fig. 4.18 the connection scheme shows that slip power is injected into the
public grid by a power converter and a transformer. The power converter changes
the frequency and controls the slip power. In some cases a transformer is used
due to public grid voltages which can be higher than rotor voltages.

Disregarding losses, the simplified scheme of Fig. 4.24 shows real power
flux in all different connection points of the diagram. In this figure, the electrical
power in the stator machine PS, the mechanical power (1 − s) · PS, and the slip
power and power converter s · PS are represented.

In generation mode, the power is positive when the arrow direction shown
in Fig. 4.24 is considered. The power handled on the power converter depends
on the sign of the machine slip. When this slip is positive, i.e. subsynchronous
mode of operation, the slip power goes through the converter from the grid
to the rotor of the machine. On the other hand, when the slip is negative,
i.e. hypersynchronousmode of operation, the slip power comes out of the rotor to
the power converter. Since the slip power is the real power through the converter,
this power is determined directly by the maximum slip or by the speed range of
the machine. For instance, if the speed range used is 20% of the synchronous
speed, the power rating of the converter is 20% of the main power.

(1−s).Ps

(1−s)Ps

s.Ps

s.PsPs

POWER
CONVERTER

FIGURE 4.24 Simplified scheme of a single doubly fed induction machine.
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4.2.3.3 Power Converter in Wound-rotor Machines
The power converter used in wound-rotor machines can be a force-commutated
converter connected to a line-commutated converter by an inductor as shown in
Fig. 4.25. In this case, the power can only flow from the rotor to the grid, and the
induction generator works above synchronous speed. Main disadvantages of this
scheme are a low power factor and a high content of low frequency harmonics
whose frequency depends on the speed.

Since the feeding frequency of the rotor is much lower than the grid’s, a
cycloconverter, as shown in Fig. 4.26, can be used. In this case the controllability
of the system is greatly improved. The cycloconverter is an AC–AC converter
based on the use of two three-phase thyristor bridges connected in parallel, one
for each phase. This scheme allows working with speed above and below the
synchronous speed.

The two schemes mentioned before (Figs. 4.25 and Fig. 4.26) are based
on line switched converters. A disadvantage of this scheme is that voltages in
the rotor decrease when the machine is working in frequencies close to the
synchronous frequency. This fact makes the line-commutated converter not to
commute satisfactorily, and we need to use a forced-commutated converter.
Also, when a forced-switched converter is used, quality of the voltage and
current injected into the public grid is improved. The forced-switched power
converter scheme is shown in Fig. 4.27. The converter includes two three-phase
AC–DC converters linked by a DC capacitor battery. This scheme allows, on one
hand, a vector control of the active and reactive power of the machine, and on
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GB

FIGURE 4.25 Single doubly fed inductionmachine with a force-commutated converter connected
to a line-commutated converter.



204 Alternative Energy in Power Electronics

Transformer

a
b
c

GB

Fuses 
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FIGURE 4.27 Single doubly fed induction machine with two fully controlled AC–DC power
converters.
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the other hand, a decrease by a high percentage of the harmonic content injected
into the grid by the power converter.

4.2.3.4 Control of Wound-rotor Machines
The vector control of the rotor flux can be accomplished very easily in a wound-
rotor machine. Power converters that can be used for vector control applications
are either a controlled rectifier in series with an inverter or a cycloconverter.

In this system, the slip power can flow in both directions, from the rotor to
the grid (subsynchronous) or from the grid to the rotor (hyper-synchronous). In
both working modes, the machine must be working as a generator. When the
speed is hyper-synchronous, the converter connected to the rotor will work as a
rectifier and the converter connected to the grid as an inverter, as was deduced
before from Fig. 4.24.

The wound-rotor induction machine can be modeled as follows (see nomen-
clature page):

uS = RS · iS + dλS
dt

(4.13)

u′
r = n2 · Rr · i′r + dλ′

r

dt
− j · ωr · λ′

r (4.14)

λS = LS · iS + n · Lm · i′r (4.15)

λ′
r = n2 · LS · i′r + n · Lm · iS (4.16)

Qe = 3

2
· ρ

2
· Im

{
λr · i∗r

}
(4.17)

PS = 3

2
· Re

{
uS · i∗s

}
(4.18)

QS = 3

2
· Im

{
uS · i∗S

}
(4.19)

In the induction machine model, rotor magnitudes, the rotor voltage ur, the
rotor flux λr, and the rotor current ir are referred to the stator, and so, the rotor
voltage u′

r, the rotor flux λ′
r, and the rotor current i

′
r are defined as:

u′
r = n · ur · ej·θr (4.20)

λ′
r = n · λr · ej·θr (4.21)

i′r = ir · ej·θr
n

(4.22)

The stator magnetizing current im is defined as:

im = λS

n · Lm = LS
n · Lm · iS + i′r (4.23)

Figure 4.28 shows the control block of a wound-rotor induction machine.
The wound-rotor induction machine is controlled by the rotor using a power
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FIGURE 4.28 Wind turbine control block.

converter that controls the rotor current i′r by changing the rotor voltage u′
r.

The control of the stator current via the rotor current makes sense only if the
converter power is kept lower than the rated power of the machine. The AC stator
voltage generates a rotating magnetic field with angular frequency ωe. Relative
to the rotor, this magnetic field rotates only with the angular slip frequency.
The frequency of voltages induced in the rotor is low, so voltages of the power
converter are low too. Active and reactive power of the induction generator, or
a certain percentage of them, can be controlled by the rotor current.

The machine model can be referred to the reference axes that move with the
magnetizing current. This system of coordinates rotates with an angle θe relative
to the stator. In these axes iqm = 0 as shown in Fig. 4.29.

Equations of the rotor and stator voltage become:

uS = RS · iS + dλS
dt

+ j · ωe · λS (4.24)

u′
r = n2 · Rr · i′r + dλ′

r

dt
+ j · (ωe − ωr) · λ′

r (4.25)

ωe = dθe
dt

(4.26)
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FIGURE 4.30 Power control diagram of the wound-rotor machine.

Supposing steady-state conditions and disregarding the resistors in the stator
and the rotor, because the voltage drop is very low in comparison to the stator
voltage, the stator and rotor voltages can be determined as:

uS = jωeλS (4.27)

u′
r = jωs1λ

′
r (4.28)
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The flux is determined from the stator voltage uS and the angular frequency
ωe of the AC system. Since both are constant, the flux linkage and magnetizing
current are constant too.

im = λS

nLm
= uds + juqs

jωenLm
(4.29)

As im is constant, the stator current can be controlled at any time, by means
of controlling the rotor current that can be deduced from Eq. (4.23). From
Eq. (4.29) we can also deduce that the direct component of the stator voltage uds
is zero due to the quadrature component of the stator magnetizing current iqm
is zero and so, the active and reactive power can be obtained by the following
equations:

PS = 3

2
udsidsm (4.30)

QS = 3

2
uqsiqsm (4.31)

Figure 4.30 shows a block diagram of a vector control of active and reactive
power for a wound-rotor machine. Vector control of cascaded doubly fed
machine is presented in [21].

4.2.4 Grid Connection Standards for Wind Farms

4.2.4.1 Voltage Dip Ride-through Capability of Wind Turbines
As wind capacity increases, network operators have to ensure that consumer
power quality is not compromised. To enable large-scale application of wind
energy without compromising power system stability, the turbines should stay
connected and contribute to the grid in case of a disturbance such as a voltage
dip. Wind farms should generate similar to conventional power plants supplying
active and reactive power for frequency and voltage recovery, immediately after
the fault has been produced.

Thus, several utilities have introduced special grid connection codes for wind
farm developers, covering reactive power control, frequency response, and fault
ride-through, especially in places where wind turbines provide for a significant
part of the total power. Examples are Spain [22], Denmark [23], and part of
Northern Germany [24].

The correct interpretation of these codes is crucial for wind farm developers,
manufacturers, and network operators. They define the operational boundary
of a wind turbine connected to the network in terms of frequency range,
voltage tolerance, power factor, and fault ride-through. Among all these re-
quirements, fault ride-through is regarded as the main challenge to the wind
turbine manufacturers. Though the definition of fault ride-through varies, the
E.ON (German Transmission and Distribution Utility) regulation is likely to set
the standard [24]. This stipulates that a wind turbine should remain stable and
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FIGURE 4.31 E. On Netz requirements for wind farm behavior during faults.

connected during the fault, while voltage at the point of connection drops to 15%
of nominal (i.e. a drop of 85%) for a period of 150ms: see Fig. 4.31.

Only when the grid voltage drops below the curve, the turbine is allowed to
disconnect from the grid. When the voltage is in the shaded area, the turbine
should also supply reactive power to the grid in order to support grid voltage
restoration.

A major drawback of variable-speed wind turbines, especially for turbines
with doubly fed induction generators (DFIGs), is their operation during grid
faults [25,26]. Faults in the power system, even far away from the location of
the turbine, can cause a voltage dip at the connection point of the wind turbine.
The dip in the grid voltage will result in an increase of the current in the stator
windings of the DFIG. Because of the magnetic coupling between the stator and
rotor, this current will also flow in the rotor circuit and the power electronic con-
verter. This can lead to the permanent damage of the converter. It is possible to try
to limit the current by current-control on the rotor side of the converter; however,
this will lead to high voltages at the converter terminals, which might also lead
to the destruction of the converter. A possible solution that is sometimes used is
to short-circuit the rotor windings of the generator with the so-called crowbars.

The key of the protection technique is to limit the high currents and to provide
a bypass for it in the rotor circuit via a set of resistors that are connected to
the rotor windings (Fig. 4.32). This should be done without disconnecting the
converter from the rotor or from the grid. Thyristors can be used to connect the
resistors to the rotor circuit. Because the generator and converter stay connected,
the synchronism of operation remains established during and after the fault.
The impedance of the bypass resistors is of importance but not critical. They
should be sufficiently low to avoid excess voltage on the converter terminals.
On the other hand, they should be high enough to limit the current. A range of
values can be found that satisfies both conditions. When the fault in the grid



210 Alternative Energy in Power Electronics

Generator

gear
box ASM

By-pass
resistors

Thyristors Control Control

Converters

Grid

FIGURE 4.32 DFIG bypass resistors in the rotor circuit.

is cleared, the wind turbine is still connected to the grid. The resistors can be
disconnected by inhibiting the gating signals and the generator resumes normal
operation.

4.2.4.2 Power Quality Requirements for Grid-connected
Wind Turbines
The grid interaction and grid impact of wind turbines has been focused in the past
few years. The reason behind this interest is that wind turbines are among utilities
considered to be potential sources of bad power quality.Measurements show that
the power quality impact of wind turbines has been improved in recent years.
Especially variable-speed wind turbines have some advantages concerning
flicker. But a new problem is faced with variable-speed wind turbines. Modern
forced-commutated inverters used in variable-speed wind turbines produce not
only harmonics but also inter-harmonics.

The IEC initiated the standardization on power quality for wind turbines
in 1995 as a part of the wind turbine standardization in TC88. In 1998, the
IEC issued a draft IEC-61400-21 standard for “Power Quality Requirements for
Grid Connected Wind Turbines” [27]. The methodology of that IEC standard
consists on three analyses. The first one is the flicker analysis. IEC-61400-21
specifies a method that uses current and voltage time series measured at the
wind turbine terminals to simulate the voltage fluctuations on a fictitious grid
with no source of voltage fluctuations other than the wind turbine switching
operation. The second one is switching operations.Voltage and current transients
are measured during the switching operations of the wind turbine (start-up at
cut wind speed and start-up at rated wind speed). The last one is the harmonic
analysis which is carried out by the fast fourier transform (FFT) algorithm.
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Rectangular windows of eight cycles of fundamental frequency width, with no
gap and no overlapping between successive windows are applied. Furthermore,
the current total harmonic distortion (THD) is calculated up to 50th harmonic
order [28,29].

Recently, high frequency harmonics and inter-harmonics are treated in the
IEC 61000-4-7 and IEC 61000-3-6 [30,31]. The methods for summing harmon-
ics and inter-harmonics in the IECE61000-3-6 are applicable to wind turbines.
In order to obtain a correct magnitude of the frequency components, the use of
a well-defined window width, according to the IEC 61000-4-7, Amendment 1 is
of a great importance, as it has been reported in ref. [32]

Wind turbines not only produce harmonics, they also produce inter-
harmonics, i.e. harmonics which are not a multiple of 50Hz. Since the switching
frequency of the inverter is not constant but varies, the harmonics will also vary.
Consequently, since the switching frequency is arbitrary, the harmonics are also
arbitrary. Sometimes they are a multiple of 50Hz and sometimes they are not.
Figure 4.33 shows the total harmonics spectrum from a variable-speed wind
turbine. As can be seen in the figure, at lower frequencies there are only pure
harmonics but at higher frequencies there are a whole range of harmonics and
inter-harmonics. This whole range of harmonics and inter-harmonics represents
variations in the switching frequency of that wind turbine.

4.3 MULTILEVEL CONVERTER FOR VERY HIGH POWER
WIND TURBINES

4.3.1 Multilevel Topologies

In 1980s, power electronics concerns were focused on the increase of the power
converters by increasing the voltage or current to fulfill the requirements of
the emerging applications. There were technological drawbacks, that endure
nowadays, which make impossible to increase the voltage or current in the
individual power devices, so researchers were developing new topologies based
on series and parallel association of individual power devices in order to manage
higher levels of current and voltage, respectively. Due to the higher number of
individual power devices on such topologies it is possible to obtain more than the
classical two levels of voltage at the output of the converter hence the multilevel
denomination for this converter.

4.3.2 Diode Clamp Converter (DCC)

In 1981, Nabae et al. presented a new neutral-point-clamped PWM inverter
(NPC-PWM) [33]. This converter was based on a modification of the two-level
converter topology. In the two-level case, each power switch must support at
the most a voltage equal to DC-link total voltage so the switches should be
dimensioned to support such voltage.
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The proposed modification adds two new switches and two clamp diodes in
each phase. In this converter each transistor support at the most a half of the total
DC-link voltage; hence, if the used power devices have the same characteristics
of those used in the two-level case, the DC-link can be doubled and hence,
the power which the converter can manage. Figure 4.34 shows one phase of a
three-level DCC with the capacitors voltage divider and the additional switches
and diodes.

The analysis of the DCC converter states shows that there are three different
switching configurations. These possible configurations are shown in Table 4.1.

When transistors S3 and S4 are switched on, the phase is connected to the
lowest voltage in the DC-link. In the same manner, when the transistors S1 and
S2 are switched on, the phase is connected to the highest voltage in the DC-link,
and when the transistors S2 and S3 are switched on, the phase is connected to
the mid DC-link voltage through one of the transistors and clamping diodes.

4.3.3 Full Converter for Wind Turbine Based on
Multilevel Topology

In order to decrease the cost per megawatt and to increase the efficiency of
the wind energy conversion, the nominal power of wind turbines has been
continuously growing in the last years. The limitations of the two-level con-
verters power ratings versus three-level ones and the capacity of this to reduce
the harmonic distortion and electromagnetic interferences (EMI) make the
multilevel converters suitable for modern high power wind turbine applications.

VDC

S1

S2

S3

S4

PhaseO

FIGURE 4.34 Three-level DCC.

TABLE 4.1 Switching Configurations for the Three-level DCC

State S1 S2 S3 S4 Phase-O voltage

0 Off Off On On −VDC/2
1 Off On On Off 0

2 On On Off Off VDC/2
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Figure 4.35 shows the diagramof high powerwind turbine directly connected
to the utility grid, with a full converter based on two coupled three-level DCC.
The converter connected to the generator acts like an AC–DC converter and its
main function is to extract the energy from the generator and to deliver it to the
DC-link. The converter connected to the grid acts like a DC–AC converter and
its main function is to collect the energy at the DC-link and to deliver it to the
utility grid.

4.3.4 Modeling

The use of multilevel converters is limited by the following drawbacks: typically
very complex, control and voltage imbalance problems at the DC-link capaci-
tors. An analytical model of the whole system is necessary to study this dynamic
and to develop control algorithms that meet with the design specifications.

In [34], a general modeling strategy is proposed to obtain the equations that
describe the dynamics of the currents and the capacitors voltages as functions
of the control signals that represent the voltage in each phase. Based on the
nomenclature that can be seen in Fig. 4.36, this modeling strategy yields in the
next mathematical model for the currents dynamics Eqs. (4.32), (4.33):⎡

⎣vsr1vsr2
vsr3

⎤
⎦ = Lr

⎡
⎣dir1/dtdir2/dt

dir3/dt

⎤
⎦ + 1

3

⎡
⎣ 2 −1 −1

−1 2 −1
−1 −1 2

⎤
⎦

⎡
⎣vr1vr2
vr3

⎤
⎦ (4.32)

UTILITY
GRID

FIGURE 4.35 Diagram of a high power wind turbine with a full converter directly connected to
the utility grid.
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FIGURE 4.36 Nomenclature criterion for the modeling of the full DCC converter.
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⎡
⎣vsi1vsi2
vsi3

⎤
⎦ = −Li

⎡
⎣dii1/dtdii2/dt

dii3/dt

⎤
⎦ + 1

3

⎡
⎣ 2 −1 −1

−1 2 −1
−1 −1 2

⎤
⎦

⎡
⎣vi1vi2
vi3

⎤
⎦ (4.33)

And the next ones for capacitors voltages dynamics Eq. (4.34):

2C
dx1
dt

= (δr1ir1 + δr2ir2 + δr3ir3) − (δi1ii1 + δi2ii2 + δi3ii3)

x1 = vc1 + vc2
2

2C
dx2
dt

=
(
δ2r1ir1 + δ2r2ir2 + δ2r3ir3

)
−

(
δ2i1ii1 + δ2i2ii2 + δ2i3ii3

)
x2 = vc2 − vc1

2

(4.34)

where, x1 and x2 are chosen as variables to facilitate the controller design and
represent the dynamics of the sum and the difference of the capacitors voltages,
respectively.

As indicated in [34], it is useful to represent the system in αβγ -coordinates
because after the transformation appears the γ control signal as a third freedom
degree of the control, moreover this transformation shows the direct relation
between this control signal and the capacitors voltage balance. To change to the
αβγ -coordinates, an invariant power transformation has been used. The voltages
and currents, which are vectors originally in abc-coordinates, are transformed
into αβγ -coordinates according to the following matrix transformation shown
in Eq. (4.35):

T =
√
2

3

⎡
⎢⎣

1 −1/2 −1/2

0
√
3/2 −√

3/2

1/
√
2 1/

√
2 1/

√
2

⎤
⎥⎦ (4.35)

The transformed equations are:

Lr

⎡
⎢⎢⎣
dirα
dt
dirβ
dt

⎤
⎥⎥⎦ =

[
vsrα
vsrβ

]
− x1

[
δrα
δrβ

]

− x2

⎡
⎢⎢⎣

δ2rα − δ2rβ√
6

+ 2δrαδrγ√
3

−
√

2
3δrαδrβ + 2√

3
δrβδrγ

⎤
⎥⎥⎦ (4.36)

Li

⎡
⎢⎢⎣
diiα
dt
diiβ
dt

⎤
⎥⎥⎦ = −

[
vsiα
vsiβ

]
+ x1

[
δiα
δiβ

]
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+ x2
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δ2iα − δ2iβ√
6
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][
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]
(4.38)

In these final equations, it is important to point out the relation between the
γ control signal and the input and output power of the DCC full converter.

4.3.5 Control

As it can be observed in Eqs. (4.36) and (4.37) the rectifier and inverter currents
irαβ , i

i
αβ can be controlled separately due to the decoupling of these equations.

Also it can be seen in Eq. (4.38) that the control objective on x1 can be achieved
using the normalized voltage references δrαβ or δiαβ , and x2 can be controlled

using δrγ or δiγ . The implemented control consists basically of independently
controlling the inverter and the rectifier. The inverter controls the voltage balance
in the DC-link, whereas the rectifier controls the active and reactive power
extracted from the generator.

4.3.5.1 Rectifier Control
Figure 4.37 shows the control scheme proposed for the rectifier. The objective
of this controller is to make the currents of the generator such that the active and
reactive power achieve the reference ones.

It is necessary to notice that the rectifier γ component of the normalized
voltage is imposed to be equal to zero δrγ = 0 for not affecting on voltage
balance, because this balancing is implemented on the inverter control.
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4.3.5.2 Inverter Control
Inverter control is divided in two parts. The first part controls the sum of the
capacitor voltages x1, while the second part makes the difference between the
capacitor voltages x2 as small as possible.

4.3.5.3 Sum of the Capacitor Voltages Control
The controller scheme, which can be seen in Fig. 4.38, has been described before
in [35], and it is appropriated for this application due to the similarities found in
the equations.

The main objective of the controller is to achieve a desired value of the total
DC-link voltage. Additionally, the controller can take a reactive power reference
to control the power factor of the energy delivered to the utility grid.

4.3.5.4 Difference of the Capacitor Voltages Control
Avoiding the quadratic terms in δ from the equation of the difference of the
capacitor voltages in Eq. (4.38), expression (4.39) is obtained:

dx2
dt

= K · Piref · δiγ (4.39)
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FIGURE 4.39 Proposed capacitors voltages balancing control.

where K is a constant. With this equation, the following control scheme
(Fig. 4.39) is proposed:

The objective of the controller is to add a voltage reference in γ direction that
depends on the sign of the power and the imbalance of the capacitors voltages.

4.3.5.5 Modulation
Finally, the normalized voltage references δrαβγ and δiαβγ , obtained from the
whole controllers, are translated to abc-coordinates and the 3D-space vector
modulation algorithm [36] is used to generate the duty cycles and the switching
times of power semiconductors.

4.3.6 Application Example

As it was explained before, the standards on energy quality related to renewable
energy are focusing to request the plants to contribute to the general stability of
the electrical system. To show that the exposed modeling strategy and control
scheme can be used to meet the design specification, the electrical system of a
wind turbine has been modeled. It consists of an asynchronous induction motor

V(pu)
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0 150 3000 Time (ms)

FIGURE 4.40 Voltage dip envelope.
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connected to the utility grid through a full DCC converter. The parameters of
the example are: nominal power: 3MW, switching frequency: 2.5 kHz, DC-link
nominal voltage: 5 kV, and utility grid line voltage: 2.6 kV. The experiment
consists of studying the behavior of the system when there is a voltage dip in the
utility grid due to a short-circuit. Figure 4.40 shows the envelope of the voltage
dip that has been used to carry out the results.

Figure 4.41 shows the results obtained under the voltage dip condition. Good
behavior of the currents on both the sides of the full DCC converter, DC-link
voltage, and energy extracted from the generator illustrates the suitability of the
control scheme and the model to study the system.
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FIGURE 4.41 Response of the system to a voltage dip: (a) inverter side currents (detail);
(b) inverter one phase current; (c) rectifier side currents (detail); (d) rectifier one phase current;
(e) DC-link voltage; and (f) active power extracted from the generator.
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4.4 ELECTRICAL SYSTEM OF A WIND FARM

4.4.1 Electrical Schematic of a Wind Farm

A wind farm is integrated by wind turbines and the substation that connect
the farm to the utility grid to evacuate the electrical energy. The wind farm is
arranged by string of wind turbines. Figure 4.42 shows a string compounded
by several aerogenerators. These wind turbines are connected by manual switch
breakers which isolate a wind turbine or it isolates the whole string. In variable-
speed applications, an AC/AC power converter is used. This power converter
is connected by a manual switch to the machine. The power converter includes
a remote controlled switch breaker which isolates from the power transformer.
The switch breaker is used for automatic reconnection after a fault. Figure 4.42
shows the transformer connection.

A schematic diagram of a typical substation is shown in Fig. 4.43. A large
transformer, depicted in the figure, or several transformer connected in parallel,
changes from themedium voltage to a higher voltage level. A typical voltage lev-
els in Europe could be 20 kV/320 kV. The substation also incorporates bus bar,
protections systems, measurement instrumentation, and auxiliary services cir-
cuit. Bus bar voltage measurement is made by voltage transformer. Each branch
current, including several wind turbines, is measured by current transformer.

Some farms with lower rated power or connected to an isolated grid, e.g.
wind-diesel systems, do not use this large transformer. The schematic of an iso-
lated wind-diesel installation is represented in Fig. 4.44. Every power generator
and load are connected to a medium voltage bus bar, in the typical range of
10–20kV. The transformers are protected by circuit breakers that connect the
lines directly to ground when open. A measurement system is used for power
consumption and electrical quality control. Also auxiliaries’ power supply feeds
the substation equipment.

FIGURE 4.42 Typical branch composed by several wind turbines.
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4.4.2 Protection System

Protection of wind power systems requires an understanding of system faults
and their detection, as well as their safe disconnection. The protection system
of a wind farm is mainly included in the substation. Circuit breaker and
switchgear [37] are extensively used for overcurrent protection. New type of
relay has been designed for the protection of wind farms that incorporate fixed-
speed induction generators as described in [38]. A protection relay can be
installed in the medium-voltage collecting line at the common point connection
to the utility grid. This relay provides short-circuit protection for the collecting
line and themedium-voltage (MV) and low-voltage (LV) circuits. Consequently,
the relay allows wind farms to be constructed and adequately protected without
the need to include fuses on the MV side of each generator–transformer.

The variable speed generator also includes digital relay protection and can be
programmed for complex coordination and selectivity. This modern protection
system can be used for voltage gap or sag function protection. Moreover, they
can implement modern stabilization programs [39].

4.4.3 Electrical System Safety: Hazards and Safeguards

It is important to understand the hazards of electricity at the power system
supply level. The safety of wind farm includes a good knowledge of electrical
blast, electrocution, short circuits, overloads, ground faults, fires, lifting and
pinching injuries. It is also recommended to review the principles, governmental
regulations, work practices, and specialized equipment relating to electrical
safety. Installers and maintenance personnel have to know the different types
of “Personal Protective Equipment” through demonstrations of locking and
tagging devices, protective clothing, and specialized equipment. The isolation
and “Lockout Practices Procedures” for the lockout and isolation of electrical
equipment can also be implemented into the existing site regulations and
policies. A common practise is to use isolation transformer and grounding circuit
breaker as they are being operated.

4.5 FUTURE TRENDS

Future trends relating to power electronics used in wind turbine applications can
be summarized in the following points:

4.5.1 Semiconductors

Improvements in the performance of power electronics variable frequency
drives for wind turbine applications have been directly related to the avail-
ability of power semiconductor devices with better electrical characteristics
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and lower prices because the device performance determines the size, weight,
and cost of the entire power electronics used as interfaces in wind turbines
[8,9,18].

The thyristor is the component that started power electronics. It is an old
device with decreasing use in medium power applications, which was replaced
by turn-off components like insulated gate bipolar transistor (IGBTs). The IGBT,
which can be considered as an MOS bipolar Darlington, is now the main
component for power electronics, and also for wind turbine applications. They
are now mature technology turn-on components adapted to very high power
(6 kV–1.2 kA), and they are in competition with gate turn-off thyristor (GTO)
for high power applications [40].

Recently, the integrated gated control thyristor (IGCT) has been developed,
consisting of the mechanical integration of a GTO plus a delicate hard drive
circuit that transforms theGTO into amodern high performance componentwith
a large safe operation area (SOA), lower switching losses, and a short storage
time [41–43].

The comparison between IGCT and IGBT for frequency converters, used
especially in wind turbines is explained below:

� IGBTs have higher switching frequency than IGCTs so they introduced
less distortion in the grid. Accordingly if we use two three-phase systems
in parallel, it is possible to double the resulting switching frequency
without increasing the power loss, hence it is possible to have a total
harmonic distortion (THD) of less than 2% without special harmonic
filters.

� IGCTs are made like disk devices. They have to be cooled with a cooling
plate by electrical contact on the high voltage side. This is a problem because
high electromagnetic emission will occur. Another point of view is the
number of allowed load cycles. Heating and cooling the device will always
bring mechanical stress to the silicon chip and can be destroyed. This is a
serious problem, especially in wind turbine applications. On the other hand,
IGBTs are built like module devices. The silicon is isolated to the cooling
plate and can be connected to ground for low electromagnetic emission even
with higher switching frequency. The base plate of this module is made of a
special material which has exactly the same thermal behavior as silicon, so
nearly no thermal stress occurs. This increases the lifetime of the device by
10-fold approximately.

� The main advantage of IGCTs versus IGBTs is that they have a lower on
state voltage drop, which is about 3.0V for a 4500V device. In this case,
the power dissipation due to a voltage drop for a 1500 kW converter will be
2400W per phase. On the other hand, in the case of IGBT, the voltage drop
is higher than IGCTs. For a 1700V device having a drop of 5V, and in this
case the power dissipation due to the voltage drop for a 1500 kW condition
will be 5 kW per phase.
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In conclusion, with the present semiconductor technology, IGBTs present better
characteristics, for frequency converters in general and especially for wind
turbine applications.

4.5.2 Power Converters

The technology of power electronic interfaces for variable-speed wind turbines
is focused on the following points:

� Development of high efficiency/high quality voltage source AC/DC/AC
converter for a main connection of variable wind turbines, operating with
either a permanent magnet, a synchronous or an asynchronous generator.

� Operation at a power factor around one with higher-harmonic voltage distor-
tion less than international standards.

� The power quality of the electrical output of the wind farmsmay be improved
by the use of advanced static var compensators STATCOM or active power
filters using power semiconductors like IGBTs, IGCTs, or GTOs. These kind
of power conditioning systems are a new emerging family of FACTS (flexible
AC transmission system) converters, which allow improved utilization of
the power network. These systems will allow wind farms to reduce voltage
drops and electrical losses in the network without the possibility of transient
over voltage at islanding due to self-excitation of wind generators.Moreover,
power conditioning systems equipment with different control algorithm can
be used to control the network voltage, which will fluctuate in response to
the wind farm output if the distribution network is weak [44,45].

� For large power wind turbine applications where it is necessary to increase
the voltage level of the semiconductor of the power electronic interface,
multilevel power converter technology is emerging as a new breed of power
converter options for high-power applications. The general structure of the
multilevel converter is to synthesize a sinusoidal voltage from several levels
of voltages, typically obtained from capacitor voltage sources. Additionally,
these converters have better performance and controllability because they
use more than two voltage levels [46–48].

4.5.3 Control Algorithms

Avariable pitch and speedwind turbine is a very complex non-lineal system. The
control problem is more difficult to solve because some performance objectives,
such as maximum power captured, minimummechanical stress, constant speed,
and power constant counteract each other. To solve this problem, a Fuzzy Logic
control has recently been proposed. The Fuzzy Logic controller implements
a rule-based structure [49] that can be easily adapted in order to optimize
performance control objectives and has been widely used in introduction motor
control applications [50–53]. In [54], a Fuzzy Logic controller is used to
optimize the power captured using maximum power tracking algorithms. Other
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original structures have been proposed in [55]. The structure implements differ-
ent control strategies depending on the rotor speed and generates a current torque
control action. Presently, more complex control structures are being researched.

4.5.4 Offshore and Onshore Wind Turbines

One of themain trends inwind turbine technology is offshore installations. There
are great wind resources at sea for installing wind turbines in many areas where
the depth of the sea is relatively shallow. There are several demonstration plants
that have had extremely positive results, so interest has increased in installing
offshore wind farms, because of the development of large commercial power
MW wind turbines. Offshore wind turbines may have slightly more favorable
energy balance than onshore turbines, depending on local wind conditions.
In places where onshore wind turbines are typically placed on flat terrain,
offshorewind turbineswill generally yield some 50%more energy than a turbine
placed on a nearby onshore site. The reason is the low roughness of the sea
surface. On the other hand, the construction and installation of a foundation
requires 50% more energy than onshore turbines. It should be remembered,
however, that offshore wind turbines have a longer life expectancy, around 25
to 30 years, than onshore turbines. The reason is that the low turbulence at sea
gives lower fatigue loads on the wind turbine.

Froma power electronics point of view, offshorewind turbines are interesting
because, under certain circumstances, they become desirable to transmit the
generated power to the load center over DC transmission lines (HVDC). This
alternative becomes economically attractive versus AC transmission when a
large amount of power is to be transmitted over a long distance from a remote
wind farm to the load center [8]. Moreover, the transient stability and the
dynamic damping of the electrical system oscillations can be improved by
HVDC transmissions.

NOMENCLATURE
Cdc DC link capacitor.
Cp(λ, β) Power coefficient at tip speed ratio λ and pitch β.
erg, esg, etg Instantaneous values of grid voltages.
eα , eβ Grid voltages expressed in an orthogonal reference frame.
f1 Excitation frequency (the same as the grid frequency) in hertz.
f2 Frequency of the voltage supplied to the rotor of machine 2 in hertz.
G Gearbox ratio.
idc DC inductor current of the step-up converter.

irefdc Desired DC inductor current of the step-up converter.

idse, iqse Instantaneous values of the direct and quadrature-axis stator current compo-
nents, respectively, and expressed in rotor-flux-oriented reference frame.

irefdse, i
ref
qse Desired instantaneous values of the direct and quadrature-axis stator current

components, respectively, and expressed in rotor-flux-oriented reference frame.
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idsr, iqsr Stator current components established in the rotor reference frame.

irefdsr, i
ref
qsr Desired stator current components established in the rotor reference frame.

ids, iqs Instantaneous values of the direct and quadrature-axis stator current compo-
nents, respectively, and expressed in the rotor reference phase.

iDs, iQs Instantaneous values of the direct and quadrature-axis stator current compo-
nents, respectively, and expressed in the stator reference frame.

irefDs , i
ref
Qs Desired direct and quadrature-axis stator current components expressed in the

stator reference frame.
iexc Synchronous generator excitation current.

irefexc Desired synchronous generator excitation current.

irefRg, i
ref
Sg
, irefTg Desired stator current.

iRr , iSr , iTr Rotor current.

iRs , iSs , iTs Stator current.

irefRs , i
ref
Ss
, irefTs Desired stator current.

irg, isg, itg Public grid phase currents.

irefm Desired magnetizing current.
im Magnetizing current.
idsm, iqsm Instantaneous values of the direct and quadrature-axis magnetizing stator

current components, respectively, and expressed in the magnetizing current-
oriented reference frame.

J Total inertia of the system referred to the high speed shaft.
kws, kwr Winding factors of rotor and stator.
Lm Coupled inductance.
LAC Inductance of inductors at the AC side of the inverter.
LS, Lr Stator and rotor windings inductances.
LDC Inductance of the step-up chopper.
n Turns ratio of the machine. n = kws · ns/kwr · nr
ns, nr Number of turns of each rotor and stator phase.
N1 Angular speed of the magnetic field (synchronous speed) expressed in rpm.
Nr Angular speed of the generator rotor expressed in rpm.
p Number of pole pairs.
p1, p2 Number of pole pairs of machine number 1 and 2.
P1 Electrical power in the stator of principal machine number 1.
P2 Electrical power in the stator of auxiliary machine number 2.
Pe Electrical generated power.
Pm Mechanical power in the low speed shaft.
Pmax Generated maximum power.
Prate Generator rate power.
PS,QS Active and reactive power through the stator.

PrefS ,QrefS Desired active and reactive power through the stator.
Pslip Slip power.
Pw Available wind power.
pref, qref Desired real power and desired reactive power on the grid side.
Qe Electromagnetic torque of the machine.

Qrefe Desired electromagnetic torque of the machine.
QL Torque in the low speed shaft.
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Qrate Generator rate torque.
Qt Torque in the high speed shaft.
R Rotor radius.
RS,Rr Stator and rotor winding resistors.
s Slip.
s1 = ω1 − ωr/ω1 Slips of machine principal number 1.
s2 = ω2 − ωr/ω2 Slips of machine principal number 2.
Ts, Tr Stator and rotor time constants, respectively.

urefdse, u
ref
qse Desired direct and quadrature-axis stator voltage expressed in the rotor-

flux-oriented reference frame.

urefDs , u
ref
Qs Desired direct and quadrature-axis stator voltage expressed in the stator

reference frame.
uRr , uSr , uTr Rotor voltage.
uRs , uSs , uTs Stator voltage.

urefRs , u
ref
Ss
, urefTs Desired stator voltage.

ur , ir, λr Rotor voltage, current, and flux, respectively, referred to a reference frame
that rotates with the rotor.

u′
r , i

′
r, λ

′
r Rotor voltage, current, and flux, respectively, referred to a reference frame

fixed with the stator.
us, is, λs Stator voltage, current, and flux, respectively, referred to a reference frame

fixed with the stator.
uds, uqs Direct and quadrature-axis stator voltage expressed in the magnetizing

current reference frame.
vrat Rated wind speed.
vpmax Maximum power wind speed.
vstart Start wind speed.
vstop Stop wind speed.
vw Wind speed.
Vdc DC-Link capacitor voltage.

Vrefdc Desired DC-Link capacitor voltage.

Vmaxst Maximum RMS stator voltage of the synchronous generator.
Vminst Maximum RMS stator voltage of the synchronous generator.
β Pitch angle.
βref Desired pitch angle.
δ Load angle.
λ = ω · R/Vv Tip speed ratio.
λopt Optimal tip speed ratio.
λm Magnetizing flux linkage vector.
λmd , λmq Instantaneous values of the direct and quadrature axis magnetizing flux

linkage components expressed in the rotor reference frame.
|λm| Estimated modulus of magnetizing flux linkage vector.∣∣∣λrefm ∣∣∣ Desired modulus of magnetizing flux linkage vector.

η Electrical performance.
ηr Phase angle of the rotor flux linkage space phasor with respect to the direct

axis of the stator reference frame.
θe Magnetizing current angle.
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θsl Angle corresponding to the angular slip frequency.
θr Rotor angle.
ρ Air density.
ω1 = 2π f1/p1 Angular speed of the rotating magnetic flux produced in the stator of machine

1 relative to the stator.
ω2 = 2π f2/p2 Angular speed of the rotating magnetic flux produced in the rotor of machine

2 relative to the rotor.
ωL Low-speed shaft angular speed.
ωr Angular speed of the generator rotor.
ω
ref
r Reference rotor speed.

ωmaxr Maximum angular speed of the synchronous generator.
ωminr Minimum angular speed of the synchronous generator.
ω
ref
Q Desired angular speed for the torque controller.

ω
ref
β Desired angular speed for the pitch controller.

ωrater Rated value of the rotor speed.
ωe Electrical angular speed of the magnetizing current reference frame.
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5.1 INTRODUCTION

Photovoltaic (PV), wind, and fuel-cell (FC) energy are the front-runner
renewable- and alternate-energy solutions to address and alleviate the imminent
and critical problems of existing fossil-fuel-energy systems: environmental
pollution as a result of high emission level and rapid depletion of fossil fuel.
The framework for integrating these “zero-emission” alternate-energy sources
to the existing energy infrastructure has been provided by the concept of
distributed generation (DG) based on distributed energy resources (DERs),
which provides an additional advantage: reduced reliance on existing and new
centralized power generation, thereby saving significant capital cost. DERs
are parallel and standalone electric generation units that are located within the
electric distribution system near the end user. DER, if properly integrated, can
be beneficial to electricity consumers and energy utilities, providing energy
independence and increased energy security. Each home and commercial unit
with DER equipment can be a micropower station, generating much of the
electricity it needs on-site and sell the excess power to the national grid.
The projected worldwide market is anticipated to be $50 × 109 billion by
2015.

A key aspect of these renewable- or alternative-energy systems is an inverter
(note: for wind, a front-end rectifier is needed) that feeds the energy available
from the energy source to application load and/or grid. Such power electronics
for next-generation renewable- or alternative-energy systems have to address
several features including (1) cost, (2) reliability, (3) efficiency, and (4) power
density. Conventional approach to inverter design is typically based on the
architecture illustrated in Fig. 5.1a. A problematic feature of such an approach
is the need for a line-frequency transformer (for isolation and voltage step-up),
which is bulky, takes large footprint space, and is becoming progressively more
expensive because of the increasing cost of copper. As such, recently, there
has been significant interest in high-frequency (HF) transformer-based inverter
approach to address some or all of the above-referenced design objectives. In
such an approach, a HF transformer (instead of a line-frequency transformer) is
used for galvanic isolation and voltage scaling, resulting in a compact and low-
footprint design. As shown in Fig. 5.1b,c, the HF transformer can be inserted
in the dc–dc or dc–ac converter stages for multistage power conversion. For
single-stage power conversion, the HF transformer is incorporated into the
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integrated structure. In the subsequent sections, based on HF architectures, we
describe several high-frequency-link (HFL) topologies [1–8], being developed
at the University of Illinois at Chicago, which have applications encompassing
photovoltaics, wind, and fuel cells. Some have applicability for energy storage
as well.

S.K. Mazumder
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FIGURE 5.1 Inverter power-conditioning schemes [1] with (a) line-frequency transformer; (b) HF
transformer in the dc–ac stage; (c) HF transformer in the dc–dc stage; and (d) single-stage isolated
dc–ac converter.
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5.2 LOW-COST SINGLE-STAGE INVERTER [2]

Low-cost inverter that converts a renewable- or alternative-energy source’s low-
voltage output into a commercial ac output is critical for success, especially
for the low-power applications (≤5 kW). Figure 5.2 shows one such single-
stage isolated inverter, which was originally proposed in [10] as a “push–pull
amplifier.” It achieves direct power conversion by connecting load differentially
across two bidirectional dc–dc Ĉuk converters and modulating them, sinu-
soidally, with 180◦ phase difference. Because only four main switches are used,
it would potentially reduce system complexity, costs, improve reliability, and
increase efficiency. Furthermore, the common source connection between two
devices both at primary (Qa and Qc) and secondary sides (Qb and Qd) makes
the gate-drive circuit relatively simple. In addition, the possibility of coupling
inductors or integrated magnetics will further reduce the overall volume and
weight, thereby achieving lesser material and space usage. Another advantage
of this inverter is the reduction of turns ratio of the step-up transformer, which
is usually required to achieve rated ac from low dc voltage. The inherent voltage
boosting capability of the Ĉuk inverter can reduce the transformer turns-ratio
requirement by at least half. Low transformer turns-ratio yields less leakage
inductance and secondary winding resistance, which reduces the loss of duty
cycle and secondary copper losses, respectively.

5.2.1 Operating Modes

In order to understand how the current flows and energy transfers during the
switching and to help select the device rating, four differentmodes of the inverter
are analyzed and shown in Fig. 5.3. It shows the direction of the current when
the load current flows from the top to the bottom.

Mode 1: Figure 5.3a shows the current flow for the case when switch Qa, Qd
are ON and Qb, Qc are OFF. During this time, the current flowing
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FIGURE 5.2 Schematic of the single-stage dc–ac differential-isolated Ĉuk inverter [2].
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through the input inductor La increases and the inductor stores the
energy. At the same time, the capacitor Ca discharges throughQa, and
thus, there is transfer of energy from the primary side to the secondary
side through the transformer T1. The capacitor Cb is discharged to the
circuit formed by Lb, C1, and the load R. Meanwhile, the inductor Ld
stores energy, and its current increases. The capacitor Cd discharges
through Qd. The power flows in opposite direction in the Module 2
from the secondary side to the primary side. The capacitor Cc is also
discharged to provide the power.

Mode 2: When Qa, Qd are turned OFF, and Qb, Qc are ON (Fig. 5.3b); Ca,
Cd, Cb, and Cc are charged using the energy, which was stored in the
inductors La and Ld, while Qa, Qd were ON. During this time, Lb and
Lc will release their energy.

Figure 5.3c,d shows the current direction when the load current flows in the
opposite direction. The description for these two modes is omitted due to the
similarity with Fig. 5.3a,b.

5.2.2 Analysis

Although the nonisolated inverter has already been proposed [10], detailed
analysis and design of the isolated version have not appeared in any literature.
The output of the inverter is the difference between two “sine-wave modulated
PWM controlled” isolated Ĉuk inverters (Module 1 and Module 2), with their
primary sides connected in parallel. The two diagonal switches of two modules
are triggered by a same signal (Qa = Qd and Qb = Qc), while the two switches
in each module have complementary gate signals (Qa = /Qb and Qc = /Qd).
As we know, the output voltage of an isolated Ĉuk inverter can be expressed as
follows:

Vo = Vi · D

N · (1 −D)
, (5.1)

where D is the duty ratio, N is the transformer turns ratio, and Vi is the input
voltage. Because duty ratios for Modules 1 and 2 are complementary, the output
difference between the two modules is

Vo = Vc1 − Vc2 = Vi ·
(

D

N · (1 − D)
− 1 − D

N ·D
)
. (5.2)

The curves corresponding to the terms in (Eq. 5.2) with respect to the duty
ratio D (assuming N= 1) are plotted in Fig. 5.4. The figure shows that although
the gain-duty ratio curves of Modules 1 and 2 are not linear, their difference
is almost linear. Therefore, if a sine-wave-modulated duty ratio D is used as a
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control signal for the inverter, then its output voltage will be a sine wave with
small distortion.

5.2.3 Design Issues

A 1 kW single-stage isolated dc–ac Ĉuk inverter prototype was designed and
tested to verify its performance for fuel cell application, where stack voltage is
36V. Some design issues are discussed later.

5.2.3.1 Choice of Transformer Turns-Ratio and Duty-Ratio
Calculation
An inverter, normally, if operating at lower range of duty ratio (i.e., lower
modulation index) with output power and input dc voltage fixed will produce
lower output voltage, i.e., a higher current. This results in higher conduction
losses and lower efficiency. Therefore, from the efficiency point of view, an
inverter should usually operate at wide range of duty ratio. However, there is
a duty-ratio limitation for proper operation on the dc–ac Ĉuk inverter. Unlike
dc–dc, the duty ratios of the control PWM signals are not constant but sine-
wave modulated. For a given input voltage (36V dc, for instance) and output
voltage (110V ac, 60Hz), the shape and magnitude of duty ratio (D) for dc–ac
Ĉuk inverter will vary according to transformer turns ratio (N) [2]:

Vo
Vi

= Vm · sin(wt)
Vi

= 2D− 1

N · D · (1 −D)
. (5.3)
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Solving D, we obtain [2]

D = (α · sin(wt) − 2) ± √
4 + (α · sin(wt))2

2α · sin(wt) = A± B

C
, (5.4)

where α = Vm · N/Vi. It is a constant value. Vm represents the amplitude of
the desired output sine wave. The numerical calculation shows that term B in
(Eq. 5.4) is always larger than A. Thus, A+ B is always positive while A− B
is negative. Therefore, only (A+ B)/C is considered because D has to be a
positive value. Note, when sin(wt) → 0,C → 0, and A+ B → 0. In this case,
D is calculated using L’Hospital’s rule as [2]

D = lim
sin(wt)→0

A+ B

C
= d(A+ B)/d(sin(wt))

d(C)/d(sin(wt))
= 1

2
. (5.5)

Figure 5.5 shows the plot of D = (A+ B)/C for three different transformer
turns ratios. The results are summarized in Table 5.1. It is clearly shown that,
there is a trade-off between output voltage distortion and duty-ratio range. An
optimal transformer turns ratio,N = 3, is selected with correspondingD varying
from 0.34 to 0.66.

5.2.3.2 Lossless Active-Clamp Circuit to Reduce Turn-Off Losses
There will be severe voltage spikes and ringing across the switches during turn-
off. They are caused by the transformer and other parasitic leakage inductances
combined with a very high current reverse going through the transformer
primary side. The spike problem is more serious at the point where the output
sine wave is at its peak because of the highest instantaneous current value at
that point. The circuit inside the dotted block of Modules 1 and 2 in Fig. 5.6
shows a lossless active-clamp circuit, which can achieve zero-voltage turn-off,
thereby reducing the turn-off losses and limiting the maximum voltage across
the main switches. The circuit for each module contains two auxiliary diodes,
one capacitor, one inductor, and one switch. The auxiliary switches Ss1 and Ss2
are triggered using the same gate signals as their corresponding main switches.
The equations to calculate capacitance Cs and inductance Ls are listed as
follows [2]:

Cs ≥ Llk ·
(

Vin ·D(wt)·
f · (Vc max(wt) − N · Vo(wt) · Le)

)2

, (5.6)

Le = (1/N)2 · La · Lb
La + Lb · (1/N)2

, (5.7)
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Ls ≤ D2(wt)

f 2 · Cs · [ar cos(− 1
r(wt) ) + √

r2(wt) − 1] , (5.8)

r(wt) = Vcmax(wt)

Vin
, (5.9)
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TABLE 5.1 Shape and range of D For Different Transformer Turns Ratio

Turns ratio Shape of D Magnitude of D Figure number

2:1 Not a sine wave 0.1 ∼ 0.9 5a

1:3 Close to a sine wave 0.34–0.66 5b

1:5 Very close to a sine wave 0.39 ∼ 0.61 5c
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FIGURE 5.6 The single-stage Ĉuk inverter with lossless active-clamp circuit at the primary
side [2].
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where D(wt) is the sine wave modulated duty ratio, Vo(wt) is the sine wave
output,Vc max is themaximal clamped voltage, and Le is the effective inductance.
With reference to Fig. 5.6, when the switch Qa turns OFF, the clamp circuit will
create an alternate path formed by diode Ds1 and capacitor Cs1 to divert the turn-
off current from the primary switch Qa. After switch Qa and Ss1 are turned ON,
the energy stored in capacitor Cs1 will eventually be fed back to the capacitor Ca
as useful power. The performance of the active-clamp circuit along with inverter
performance is provided in detail in [11].

5.3 RIPPLE-MITIGATING INVERTER [3, 4]

The inverter (see Fig. 5.7) described in this section comprises a dc–dc zero-ripple
boost converter (ZRBC), which generates a high-voltage dc at its output fol-
lowed by a soft-switched, transformer isolated dc–ac inverter, which generates a
110V ac. The HF-inverter switches are arranged in a multilevel fashion and are
modulated by a fully rectified sine wave to create a HF, three-level ac voltage as
shown in Fig. 5.7. Multilevel arrangement of the switches is particularly useful
when the intermediate dc voltage >500V. The HF inverter is followed by the
ac–ac converter, which converts the three-level ac to a voltage that carries the
line-frequency sinusoidal information.
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5.3.1 Zero-Ripple Boost Converter (ZRBC)

The ZRBC is a standard nonisolated boost converter with the conventional in-
ductor replaced by a hybrid zero-ripple filter (ZRF). The ZRF (shown in Fig. 5.8)
is viewed as a combination of a coupled inductor (shown in Fig. 5.7) and a half-
bridge active power filter (APF) (shown in Fig. 5.7). Such a hybrid structure
serves the dual purpose of reducing the HF current ripples and the low-frequency
current ripples. The coupled inductor minimizes the HF ripple from the source
current (IDC + i2 = i1) and the APF minimizes the low-frequency ripple from
the source current (IDC + iac = iin). IDC is the dc supplied by the source, i2 is
the HF ac supplied by the series combination of identical capacitors C1 and C2
(in Fig. 5.7), and iac is the low-frequency ac supplied by the APF storage reactor
Lr. For effective reduction of the HF current from the source output, the value
of the capacitors C1 and C2 should be as large as possible. However, the series
combination should be small enough to provide a high-impedance path to the
low-frequency current iac. Therefore, for a chosen value of capacitor, the values
of the following expression hold true [3]:

C1 = C2 = 2C, (5.10a)

fHF = 1√
L2C

, (5.10b)

fLF = 1√
4LrC

, (5.10c)

where fHF is the switching frequency of the converter and fLF is the lowest
frequency component in iac.

Assuming the switching frequency is approximately 20 times the lowest
frequency component, the value of ZRF passive components L2 and Lr can be
determined as follows [3]:

fHF ≥ 20fLF, (5.10d)
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FIGURE 5.8 Schematic diagrams [3] and [4] of (a) coupled inductor structure for reducing the
HF current ripple; (b) half-bridge active filter, which compensates for the low-frequency harmonic-
current-ripple demand by the inverter; and (c) the proposed hybrid ZRF structure.
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1√
L2C

≥ 10√
LrC

, (5.10e)

Lr ≥ 100L2. (5.10f)

Therefore, the value of L2 should be small in order to limit the value of Lr
and also to minimize the phase shift in the injected low-frequency current iac.

In the following subsections, the HF and low-frequency ac-reduction mech-
anisms and the conditions to achieve the same are discussed. In addition to this,
the effect of coupled inductor parameters on the bandwidth of the open-loop
system will be discussed. For the purpose of analysis, the value of the capacitors
C1 and C2 is assumed to be large. Hence, the dynamics of the APF is assumed
to have minimal effect on the coupled-inductor analysis.

5.3.1.1 HF Current-Ripple Reduction
In this section, the inductance offered by the coupled inductor and the ripple
reduction achievable is discussed. For that purpose, we need to derive an
expression for the effective inductance of the coupled inductor. Because the
value of the capacitors C1 and C2 is large and that of L22 is small, the dynamics
of the APF is assumed to have minimal effect on the coupled-inductor analysis.
The pi-model for the zero-ripple coupled inductor and the excitation voltage and
the current for the primary and the secondary windings are shown in Fig. 5.9.
The currents i1HF and i2HF are, respectively, the primary and the secondary ac
shown in Fig. 5.9:

vFC = (L1 + LM)
di1HF
dt

+ nLM
di2HF
dt

, (5.11a)

vC = (L1 + LM)
di1HF
dt

+ (L2 + nLM)
di2HF
dt

, (5.11b)

n = N2

N1

∼=
√
L22
L11

, (5.11c)

vFC vC
+

−

+

−

+

−

+

−

l :n

L1 i1HF ni2HF i2HF
L2

iM

LM

FIGURE 5.9 Ac model for the coupled inductor shown in Fig. 5.8a [3].
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where L11 is the self inductance of the primary winding with N1 turns. Solving

(Eqs. 5.11a) and (5.11b), the expressions for di1HFdt and di2HF
dt are obtained using

di1HF
dt

= (L2 + nLM)vFC − nLMvC
(L1 + LM)L2

= vFC
(L1 + LM)

+ nLM(vFC − vC)

(L1 + LM)L2
, (5.12a)

di2HF
dt

= vFC − vC
−L2 . (5.12b)

By substituting Eq. (5.12a) in Eq. (5.12b), we obtain the following
expression:

di1HF
dt

= (L2 + nLM)vFC − nLMvC
(L1 + LM)L2

= vFC
(L1 + LM)

− nLM
(L1 + LM)

di2HF
dt

. (5.12c)

To reduce the ac component of the source current to zero, the following
condition should hold:

di1HF
dt

= di2HF
dt

. (5.13)

Therefore, using the above condition and Eq. (5.12c), one obtains [3]

di1HF
dt

= vFC

L11

[
1 + (1 + n)

n
k

] = VFC
Leff

. (5.14)

The denominator of Eq. (5.14) is the effective inductance Leff offered by the
coupled-inductor structure of the hybrid filter. The effective inductance depends
on the turns ratio n, the coupling coefficient k, and the self inductance L11 of the
primary winding. For very small values of turns ratio (n � 1), significantly large
values of effective inductances can be obtained. Figure 5.10 shows the effective
inductance curves and the corresponding reduction in the ripple. Figure 5.10a
shows the dependence of normalized Leff on n as a function of k. For the values of
effective inductance shown in Fig. 5.10a, the corresponding values of achievable
ripple current in both the coupled-inductor windings are shown in Fig. 5.10b.
Using Fig. 5.10b, a designer can decide on a value of HF current ripple, and
using the corresponding values of n and k the normalized effective inductance
can be chosen from Fig. 5.10a. While deciding the value of HF ripple, one
should choose a small value for n (<0.25) to ensure that L22 is small enough to
prevent significant variations in the voltage across capacitors C1 and C2. Also,
the effective inductance should be chosen to meet the bandwidth requirements
of the ZRBC. Increase in the effective input inductance has a two-pronged
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effect on the open-loop frequency response of the ZRBC. First, the bandwidth
is reduced, and second, the RHP zero is drawn closer to the imaginary axis
resulting in a reduction in the available phase margin and thereby the ZRBC
stability.

5.3.1.2 Active Power Filter
The input current of the inverter comprises a dc component and a 120-Hz ac
component and is expressed as [3]

Idc + Iac = VoutIout
Vdc

cos(θ) − VoutIout
Vdc

cos (2ωt− θ) , (5.15)

where, Vout are inverter output voltage

Iout are inverter output current
Vdc is the average value of voltage across the series capacitors C1 and C2
θ is the load power factor angle.

Here, we derive the condition for low-frequency current ripple elimination from
the PCS input current. For the APF shown in Fig. 5.8, the voltage across the
storage reactor Lr of the APF is expressed as

Vab = Va − Vdc
2

= Vdc

(
Sa − 1

2

)
, (5.16)

where Sa is the modulating signal. The reactor current ir is

ir =
Vdc

(
Sa − 1

2

)
jωLr

, (5.17)

where, Sa=0.5 +
∞∑
n=1

Bn sin(n(ωt + φ)) and ir= Vdc
jωLr

Bn sin
(
n

(
ωt+ φ − π

2

))
(Considering only the fundamental component.)

The current injected by the APF is

iac =
(
Sa − 1

2
ir

)
, (5.18a)

iac = Vdc
ωLr

B2n sin(ωt+ φ) sin
(
ωt+ φ − π

2

)
, (5.18b)

iac = Vdc
2ωLr

B2n

[
cos

(π

2

)
− cos

(
2ωt+ 2φ − π

2

)]
. (5.18c)

In order to reduce the second harmonic in the input current to zero, iac =
Iac [3]

iac = Vdc
2ωLr

B2n cos
(
2ωt+ 2φ − π

2

)
= VoIo

Vdc
cos(2ωt − θ). (5.19a)
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This yields

Bn =
√
2ωLrVoIo
Vdc

, (5.19b)

φ = π

4
− θ

2
. (5.19c)

5.3.2 HF Two-Stage DC–AC Converter

The two-stage dc–ac converter (shown in Fig. 5.7) comprises a soft-switched,
phase-shifted SPWM, multilevel HF converter (on the primary side of the
transformer) and a line-frequency-switched ac–ac converter (on the secondary
side of the transformer) followed by output low-pass filter. The multilevel
arrangement of the HF converter switches reduces the voltage stress and the cost
of the HF semiconductor switches. The ac–ac converter has two bidirectional
switch pairs Q1 and Q2, and Q3 and Q4 for a single-phase output. To achieve a
60-Hz sine-wave ac at the output, a sine-wave modulation is performed either
on the HF dc–ac converter or on the ac–ac converter. Therefore, two different
modulation strategies are possible for the dc–ac converter. Both schemes result
in the soft switching of the HF converter, while the ac–ac converter is hard-
switched.

In the first modulation scheme, the ac–ac converter switches follow SPWM,
while the HF converter switches are switched at fixed 50% duty ratio. The
HF converter switches in this scheme undergo zero-voltage turn-on. In the
second modulation scheme, the switches of the multilevel HF converter follow
SPWM, and the ac–ac converter switches are switched based on the power-flow
information. Unlike the first modulation scheme, which modulates the ac–ac
converter switches at HF, in the second modulation scheme, ac–ac converter
operates at line frequency. The switches are commutated at HF only when the
polarities of output current and voltage are different. Usually this duration is very
small, and therefore the switching loss of the ac–ac converter is considerably
reduced compared with the conventional control method. Therefore, the heat-
sinking requirement of the ac–ac converter switches is significantly reduced.
The HF converter switches in this scheme undergo zero-current turn-off. Control
signals for the second modulation scheme are shown in Fig. 5.11.

5.4 UNIVERSAL POWER CONDITIONER [1]

This approach achieves a direct power conversion and does not use any front-
end dc–dc converter. As shown in Fig. 5.12, this approach has a HF dc–ac
converter followed by a HF transformer and a forced ac–ac converter. Switches
(Q1–Q4) on the primary side of the HF transformer are sine-wave modulated
to create a HF three-level bipolar ac voltage. The three-level ac at the output
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of the HF transformer is converted to 60/50-Hz line-frequency ac by the ac–ac
converter and the output LC filter. For an input of 30V, the transformation
ratio of the HF transformer is calculated to be N= 13. Fabrication of a 1:13
transformer is relatively difficult. Furthermore, high turns-ratio yields enhanced
secondary leakage inductance and secondary winding resistance, which result
in measurable loss of duty cycle and secondary copper losses, respectively.
Higher leakage also leads to higher voltage spike, which added to the high
nominal voltage of the secondary necessitate the use of high-voltage power
devices. Such devices have higher on-resistance and slower switching speeds.
Therefore, a combination of two transformers and two ac–ac converters on the
secondary side of the HF transformer is identified to be an optimum solution.
For an input voltage in the range of 30–42V, we use N=6.5, while for an
input voltage of more than 42V, we use N=4.3. To change the transforma-
tion ratio of the HF transformer, we use a single-pole double-throw (SPDT)
relay, as shown in Fig. 5.12a,b. Such an arrangement not only improves the
efficiency of the transformer but also significantly improves the utilization
of the ac–ac converter switches for operation at 120/240V ac and 60/50Hz.
For 120-V ac output, the two ac–ac-converter filter capacitors are paralleled
(as shown in Fig. 5.12a), while for 240-V ac output, the voltage of the fil-
ter capacitor are connected in opposition (as shown in Fig. 5.12b). Finally,
Fig. 5.13 shows the closed-loop control mechanism of the inverter for grid-
parallel and grid-connected modes. It is described in detail in [1] and not
repeated here.

5.4.1 Operating Modes

In this section, we discuss the modes of operation of the inverter in Fig. 5.12
for 120-V and 240-V ac output and for an input voltage in the range of 42–60V
(i.e., N = 4.3). The modes of operation less than 42V (i.e., N = 6.5) remain
the same. Figures 5.14 and 5.15 show the waveforms of the five operating
modes of the phase-shifted HF inverter and a positive primary and a positive
filter-inductor current. Modes 2 and 4 show the zero-voltage switching (ZVS)
turn-on mechanism for switches Q3 and Q4, respectively. Unlike conventional
control scheme for ac–ac converter [12], which modulates the switches at
HF, the outlined ac–ac converter operates at line frequency. The switches are
commutated at HF only when the polarities of the output current and voltage
are different [12]. For unity-power-factor operation, this duration is negligibly
small, and therefore, the switching loss of the ac–ac converter is considerably
reduced compared with the conventional control method [13].

Five modes of the inverter operation are discussed for positive primary
current. A set of five modes exists for a negative primary current as well. A
similar set of five modes of operation for the 240 V ac exists for input voltage
of more than 42V (N = 4.5). Again, the mode of operation for input voltage of
less than 42V (N = 6.5) remains the same.
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Mode 1 (Fig. 5.14a): During this mode, switches Q1 and Q2 of the HF inverter
are ON, and the transformer primary current Ip1 and Ip2 is positive. The
load current splits equally between the two cycloconverter modules.
For the top cycloconverter module, the load current Iout/2 is positive
and flows through the switches pair S1 and S1’, the output filter Lf1 and
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Cf1, switches S2 and S2’, and the transformer secondary. Similarly,
for the bottom cycloconverter module, the load current 0.5 × Iout is
positive and flows through the switches pair S5 and S5’, the output
filter Lf2 and Cf2, switches S6 and S6’, and the transformer secondary.

Mode 2 (Fig. 5.14b): At the beginning of this interval, the gate voltage of the
switch Q1 undergoes a high-to-low transition. As a result, the output
capacitance of Q1 begins to accumulate charge and, at the same time,
the output capacitance of switch Q4 begins to discharge. Once the
voltage across Q4 goes to zero, it is can be turned on under ZVS.
The transformer primary currents Ip1 and Ip2 and the load current Iout
continue to flow in the same direction. Thismode endswhen the switch
Q1 is completely turned OFF and its output capacitance is charged
to VDC.

Mode 3 (Fig. 5.14c): This mode initiates when Q1 turns OFF. The transformer
primary currents Ip1 and Ip2 are still positive, and free wheels through
Q4 as shown in Fig. 5.14c. Also the load current continues to flow in
the same direction as in Mode 2. Mode 3 ends at the commencement
of turn off Q2.

Mode 4 (Fig. 5.14d): At the beginning of this interval, the gate voltage of Q2
undergoes a high-to-low transition. As a result, the output capacitance
of Q2 begins to accumulate charge and, at the same time, the output ca-
pacitance of switch Q3 begins to discharge as shown in the Fig. 5.14d.
The charging current of Q2 and the discharging current of Q3 together
add up to the primary currents Ip1 and Ip2. The transformer current
makes a transition from positive to negative. Once the voltage across
Q3 goes to zero, it is turned ON under ZVS. The load current flows in
the same direction as in Mode 3 but makes a rapid transition from the
bidirectional switches S1 and S1’ and S2 and S2’ to S3 and S3’ and S4
and S4’, and during this process Iout/2 splits between the two legs of
the cycloconvertermodules as shown in Fig. 5.14d.Mode 4 ends when
the switch Q2 is completely turned OFF, and its output capacitance is
charged to VDC. At this point, it is necessary to note that because S1
and S2 areOFF simultaneously, each of them support a voltage of VDC.

Mode 5 (Fig. 5.14e): This mode starts when Q2 is completely turned OFF. The
primary currents Ip1 and Ip2 are negative, while the load current is
positive as shown in Fig. 5.14e.

5.4.2 Design Issues

5.4.2.1 Duty-Ratio Loss
As shown in Fig. 5.16, the finite slope of the rising and falling edges of the
transformer primary current because of the leakage inductance (Llk) will reduce
the duty cycle (d). This duty-ratio loss is given by [1]
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where N is the transformer turns ratio, Lf1 is the output filter inductance, iout
is the filter current, vout is the output voltage, and T is the switching period.
Assuming that Lf1 is large enough, the second term in Eq. (5.20) can be omitted.
Thus, the duty-ratio loss has a sinusoidal shape and is proportional to N and Llk.
One can deduce from Eq. (5.20) that, due to the high turns-ratio and low-input
voltage, even a small leakage inductance will cause a big duty-ratio loss.

Figure 5.17 shows (for a 1-kW inverter) the calculated duty-ratio loss for an
input voltage of 30V and for N = 6.5. Four parametric curves correspond to
four leakage inductances of 0.5, 1, 1.5, and 2µH are shown. Figure 5.17 shows
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that, for a Llk of 2µH, the duty-ratio loss is more than 25%. Consequently, a
transformer with even higher turns-ratio is required to compensate for this loss
in the duty ratio, which increases the conduction loss and eventually decreases
the efficiency.

5.4.2.2 Optimization of the Transformer Leakage Inductance
The leakage inductance of the HF transformer enhances the ZVS range of the
dc–ac converter but reduces the duty ratio of the converter, which increases the
conduction loss. Thus, the leakage inductance of each transformer is designed
to achieve the highest efficiency, as illustrated in Fig. 5.18. For the sinusoidally
modulated dc–ac converter, the ZVS capability is lost twice in every line cycle.
The extent of the loss of ZVS is a function of the output current. The available
ZVS range (tZVS) as a percentage of the line cycle (tLineCycle) is given by [1]

tZVS
tLineCycle

= 2

π
sin−1

⎛
⎜⎜⎝1

4

V2
dc

(
4

3
Coss + 1

2
CT

)
i2outLlk

⎞
⎟⎟⎠

1/2

, (5.21)

where Coss is the device output capacitance and CT is the interwinding ca-
pacitance of the transformer. When the dc–ac converter is not operating under
ZVS condition, the devices are hard-switched. A numerical calculation of the
total switching losses for the 1-kW inverter, as shown in Fig. 5.19, indicates
that the optimal primary-side leakage inductance for the HF transformer should
be between 0.2 and 0.7µH. Clearly, as the leakage inductance of the HF
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transformer increases, the total switching loss decreases due to an increase in the
range of ZVS, while the total conduction loss increases with increasing leakage
inductance.

5.4.2.3 Transformer Tapping
The voltage variation on the secondary side of the HF transformer necessitates
high-breakdown-voltage rating for the ac–ac-converter switches and diminishes
their utilization. For a step-up transformer with N= 6.5, the ac–ac-converter
switches have to withstand at least 390V nominal voltage when input ramps
to the high end (60V), while only 195V is required when 30V is the input.
In addition to the nominal voltage, the switches of the ac–ac converter have to
tolerate the overshoot voltage (as shown in Fig. 5.20) caused by the oscillation
between the leakage inductance of the transformer and the junction capacitances
of the power MOSFETs during turn-off [11]. The frequency of this oscillation is
determined using fring = 1

2π
√
N2LlkCeq

, where Ceq is the equivalent capacitance

of the switch output capacitance and the parasitic capacitance of the transformer
winding. The conventional passive snubber circuit or active-clamp circuits can
be used to limit the overshoot but they will induce losses, increase the system
complexity, and component costs. One simple but effective solution is to adjust
the transformer turns ratio according to the input voltage.

To change the turns ratio of the HF transformer, a bidirectional switch is
required. Considering its simplicity and low conduction loss, a low-cost SPDT
relay is chosen for the inverter, as shown in Fig. 5.12. For this prototype, for an
input voltage in the range of 30–42V, N equals 6.5. Hence, 500V devices are
used for the highest input voltage considering an 80% overshoot in the drain-to-
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source voltage that was observed in experiments. For an input voltage of more
than 42V, N equals 4.3, and hence the same 500V devices can still be used to
cover the highest voltage as the magnitude of the voltage oscillation is reduced.
The relay is activated near the zero-crossing point (where power transfer is
negligible) to reduce the inrush current. Such an arrangement improves the
efficiency of the transformer and significantly increases the utilization of the
ac–ac-converter switches for the full range of the input voltage. However,
without adaptive transformer tapping, the minimal voltage rating for the devices
is given by Vdcmax · N · (1 + 80%) = 60 · 6.5 · 1.8 = 702V. In practice, power
MOSFETs with 800V or higher breakdown-voltage ratings are, therefore,
required because of the lack of 700V rating devices. The so-called rule of
“silicon limit” (i.e., Ron ∝ BV2.5, where BV is the breakdown voltage) indicates
that, in general, higher-voltage-rating powerMOSFETs will have higherRon and
hence higher conduction losses. Furthermore, for the same current rating, the
switching speed of a power MOSFET with higher breakdown-voltage rating is
usually slower. As such, converter efficiency is expected to degrade further as a
result of enhanced power loss.

5.4.2.4 Effects of Resonance between the Transformer Leakage
Inductance and the Output Capacitance of the AC–AC-Converter
Switches
Resonance between the transformer leakage inductance and the output capaci-
tance of the ac–ac-converter devices causes the peak device voltage to exceed the
nominal voltage (obtained in the absence of the transformer leakage inductance).
This is demonstrated in Fig. 5.21. Considering N=6.5, one can observe that the
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peak secondary voltage can be around twice the nominal secondary voltage.
Consequently, the breakdown-voltage rating of the ac–ac-converter switches
needs to be higher than the nominal value. As power MOSFETs are used as
switches, higher breakdown voltage entails increased on-resistance that yields
higher conduction loss. So, the leakage affects the conduction loss and the
selection of the devices for the ac–ac converter. The resonance begins only after
the secondary current completes changing its direction and the ac–ac-converter
switches initiate turn-on or turn-off. During this resonance period, energy is
transferred back and forth between the leakage and filter inductances and the
device and filter capacitances in an almost-lossless manner. The current through
the switch that supports the oscillating voltage is almost zero. Thus, practically,
no switching loss is incurred because of this resonance phenomenon although it
may have an impact on the electromagnetic-emission profile.

5.5 HYBRID-MODULATION-BASED MULTIPHASE HFL
HIGH-POWER INVERTER [5−8]

Recent high-voltage SiC DMOSFETs and SiC JBS diodes, with 100–400X
lower on resistance and superior reverse recovery, respectively, along with
projected>3X thermal sustenance and conductivity along with advanced high-
permeability and high-efficiency nanocrystalline core (e.g., with>1T flux den-
sity) transformers pave way for isolated high-power and HFL inverters. They
have attained significant attention with regard to wide applications encompass-
ing high-power renewable- and alternative-energy systems (e.g., photovoltaic,
wind, and fuel-cell energy systems), DG/DER applications, active filters, energy
storage, compact defense power-conversion modules for defense, as well as
commercial electric/hybrid vehicles because of potential for significant reduc-
tion in materials and labor cost without much compromise in efficiency. Along
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that line, a new innovation in the form of a hybrid modulation (HM) [5,6] has
been put forward by the author recently that significantly reduces the switching
loss of HFL topologies (e.g., Fig. 5.22 [5–8]). The HM scheme is unlike all
reported discontinuous-modulation (DM) schemes where the input to the final
stage of the inverter is a dc and not a pulsating-dc; further, in the HM scheme,
switches in two legs of the ac–ac converter do not change state in a 60◦
cycle, and switches in any one leg do not change state for an overall 240◦.
In contrast, for a conventional DM scheme, most switches of one leg of the
ac–ac converter do not change stage in a 60 or 120◦ cycle. The present three-
phase HM scheme is also different from earlier reported modulation schemes
for single-phase, direct-power-conversion systems. The primary role of the
modulation scheme for the single-phase ac–ac converter is to demodulate the
rectifier output on a half-line-cycle basis to generate the output sine-wave-
modulation pattern by switching all the ac–ac converter devices under low-
frequency condition.

5.5.1 Principles of Operation [13]

5.5.1.1 Three-Phase DC–AC Inverter
Figure 5.23 illustrates the generation of switch-gate signals for the proposed
converter. The bottom switches are controlled complimentarily to the upper
ones, hence they are not described further. Three gate-drive signals UT, VT,
and WT for primary side devices are obtained by phase shifting a square wave
with respect to a 10-kHz square wave signal Q (shown in Fig. 5.24b). Q is
synchronous with a 20-kHz saw-tooth carrier signal, shown in Fig. 5.24a. The
phase differences are modulated sinusoidally using three 60Hz references a, b,
and c, respectively. Two gate signals for phase U and V are plotted in Fig. 5.24c
and d. Because carrier frequency is much higher than the reference frequency,
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FIGURE 5.23 Diagram of gate-drive-signal generation for the HFL inverter [13].

UT, VT, and WT will be square wave with the frequency of 10 kHz, and their
phases are modulated. The obtained output line–line voltages at the primary side
of the transformers are bipolar waveforms. Vuv is plotted in Fig. 5.24e as an
example. After passing through HF transformers, they are rectified by a three-
leg diode bridge at the secondary side to obtain a unipolar PWM waveform,
which has six-pulse as envelop. Its waveform is shown in Fig. 5.24g, and the
mathematic expressions are:

Vrec = N · Vdc · Max (|UT − VT|, |VT − WT|, |WT − UT|) , (5.22)

UT = Q ⊗ PWMa VT = Q ⊗ PWMb WT = Q ⊗ PWMc, (5.23)

where PWMx (x= a, b, or c) denotes the binary comparator output between
reference and carrier for phase x. Symbol “⊗” stands for XNOR operation. N
is the transformer turns ratio. Divide the six-pulse rectified waveform into six
segments named P1∼P6 as shown in Fig. 5.25g. The rising and falling edges of
Vrec are different for different segments. Figure 5.24a’–f’ show a particular time
interval within segment 2, where the rising and falling edges of Vrec (marked as
↑Vrec and ↓Vrec) are determined by the edges of UT and VT, respectively. Other
cases are summarized in Table 5.2.

5.5.1.2 Switching Strategy for the AC–AC Converter
Similar to the case of three-phase ac–dc rectifier, the rectified PWM output
is contributed respectively by Vwv, Vuv, Vuw, Vvw, Vvu, and Vwu at each
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FIGURE 5.24 Key waveforms [13] of the primary-side dc–ac converter in one cycle and enlarged
view of the interval between two dot lines; (a) three-phase sine-wave references and carrier signal;
(b) Q: square ware with half frequency of the carrier; (c) UT: gate signal for the upper switch of
phase U; (d) VT: gate signal for the upper switch of phase V; (e) Vuv: output of phase U and V; and
(f) Vrec: output waveform of the rectifier.

segment from P1 to P6. The bottom part of the Fig. 5.23 shows the diagram of
generating switching signals for three upper switches of secondary-side ac–ac
inverter. During each segment, every switch will be either: permanently ON (1),
permanently OFF (0), or toggling with 20 kHz. The switching pattern for the
upper three switches in each segment for one cycle period is summarized in
Table 5.3.

The switch positions illustrated in Fig. 5.23 are for the case of segment P2.
Because the rectifier output has the same shape as Vuv within this interval, the
line–line voltage Vab at the output side of the ac–ac inverter can be directly
obtained by keeping switches UUT andVVT at ON andOFF status, respectively.
Another line–line voltage Vcb, however, needs to be achieved by operating
switches on the third legWWTandWWBunderHF condition, wheremodulated
signal (mod) is the difference between references c and b and the carrier signal
(ramp) is a 20-kHz saw-tooth waveform synchronized with the PWM output
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FIGURE 5.25 Key waveforms [13] of the secondary-side ac–ac inverter in one cycle and enlarged
view of the interval between two dot lines; (g) Vrec: output PWM waveform of rectifier with six-
pulse envelop; (h) mod: modulated signal and ramp: the carrier which is synchronous with (g); (i)
UUT: gate signal for the top switch of phase a; (j) VVT: gate signal for the top switch of phase b;
(k) WWT: gate signal for the top switch of phase c; and (l) PWM output of the line–line voltage Vab
and its envelop.

TABLE 5.2 The Edge Dependence of the Rectifier Output on Gate Signals

P1 P2 P3 P4 P5 P6

↑Vrec wt ut ut vt vt wt

↓Vrec vt vt wt wt ut ut
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TABLE 5.3 Switching Pattern for Upper Switches of the ac–ac Inverter

P1 P2 P3 P4 P5 P6

Vrec Vwv Vuv Vuw Vvw Vvu Vwu

UUT HF ON ON HF OFF OFF

VVT OFF OFF HF ON ON HF

WWT ON HF OFF OFF HF ON

Mod ab cb bc ac ca ba

of the rectifier. The key waveforms are shown in Fig. 5.25. The mathematical
expression for three line–line voltages is given as follows:

Vab = Vrec · (UUT − VVT)

Vcb = Vrec · (WWT − VVT)

Vca = Vcb − Vab (5.24)

An illustration of the ac–ac converter’s HM scheme (as compared with
several other SVM and SPWM schemes) is shown in Fig. 5.26. The outlined
switching strategy is the best option for resistive load because the peaks of the
currents follow the peaks of the fundamental voltages. Therefore, each phase
leg does not switch just when the current is at its maximum value, thereby
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FIGURE 5.26 Modulation functions corresponding to sine wave (with 1/6th third harmonic), V0,
V0–V7 SVMs, andHM schemes. Blue and red traces represent zero sequence and sinusoidal signals.
Black trace is the modulating signal.
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minimizing switching losses. For unity-power-factor load, the HM scheme for
the ac–ac converter can be adjusted accordingly for minimizing the losses.
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6.1 INTRODUCTION

It is well known that energy storage devices provide additional advantages to
improve stability, power quality, and reliability of the power-supply source.
The major types of storage devices being considered today include batteries,
ultracapacitors, and flywheel energy systems, which will be discussed in detail
in this chapter. It is empirical that precise storage device models are created and
simulated for several applications, such as hybrid electric vehicles (HEV) and
various power system applications.

The performances of batteries, ultracapacitors, and flywheels have, over the
years, been predicted through many different mathematical models. Some of
the important factors that need to be considered while modeling various energy
storage devices include storage capacity, rate of charge/discharge, temperature,
and shelf life.

The electrical models of two of the most promising renewable energy
sources, namely fuel cells and PV cells, are also described in this chapter. They
are now being studied widely as they do not produce much emission and are
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considered to be environment friendly. However, these renewable energy sources
are large, complex, and expensive at the same time. Hence, designing and
building new prototypes is a difficult and expensive affair. A suitable solution
to overcome this problem is to carry out detailed simulations on accurately
modeled devices. This chapter discusses the various equivalent electrical models
for fuel cells and PV arrays and analyzes their suitability for operation at system
levels.

6.2 ENERGY STORAGE ELEMENTS

6.2.1 Battery Storage

6.2.1.1 Lead Acid Batteries
The use of lead acid batteries for energy storage dates back to mid-1800s for
lighting application in railroad cars. Battery technology is still prevalent in cost-
sensitive applications where low-energy density and limited cycle life are not
an issue but ruggedness and abuse tolerance are required. Such applications
include automotive starting lighting and ignition (SLI) and battery-powered
uninterruptable power supplies (UPS).

Lead acid battery cell consists of spongy lead as the negative active material,
lead dioxide as the positive active material, immersed in diluted sulfuric acid
electrolyte, with lead as the current collector:

Pb + SO−2
4

discharge
�

charge
PbSO4 + 2e−

PbO2 + SO−2
4 + 4H + + 2e− discharge

�
charge

PbSO4 + 2H2O

During discharge, PbSO4 is produced on both negative and positive electrodes.
If the batteries are overdischarged or are kept at a discharged state, the sulfate
crystals become larger and are more difficult to break up during charge. In
addition, the large size of lead sulfate crystals leads to active material disjoining
from the plates.

Due to the production of hydrogen at the positive electrode, lead acid
batteries suffer from water loss during overcharge. To deal with this problem,
distilled water may be added to the battery as is typically done for flooded
lead acid batteries. Also, maintenance-free versions are available to deal with
this problem whereby inserting a valve keeps the gasses within the battery and
minimizes water loss by recombination.

Current collectors in lead acid batteries are made of lead, leading to the
low-energy density. In addition, lead is prone to corrosion when exposed to the
sulfuric acid electrolyte. SLI applications make use of flat-plate grid designs
as the current collectors, whereas more advanced batteries use tubular designs.
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Recent advances aim to replace lead with lighter materials, such as carbon, to
reduce the system weight.

6.2.1.2 Nickel-Cadmium (Ni-Cd) and Nickel-Metal Hydride
(Ni-MH) Batteries
Nickel-cadmium (Ni-Cd) batteries were the chemistry of choice for a wide
range of high-performance applications between 1970 and 1990. Recently,
they were replaced by lithium-ion (Li-ion) and nickel-metal hydride (Ni-MH)
chemistries in most applications. The Ni-Cd battery uses nickel oxyhydroxide
for the positive electrode and metallic cadmium for the negative electrode. The
chemical reaction is as follows:

Cd + OH− discharge
�

charge
Cd (OH)2 + 2e−

2NiO (OH) + 2H2O + 2e− discharge
�

charge
2Ni (OH)2 + 2OH−

As can be seen from this chemical reaction, there is a balance of reactions that
implies that the electrolyte is always of the same concentration. This leads to
relatively constant performance during discharge. In addition, the balance of
reactions leads to very good overcharge characteristics where the additional
power is used up as heat rather than water loss.

Ni-Cd batteries have a higher energy density and longer cycle life than
lead acid batteries, but are inferior to chemistries such as Li ion and Ni-MH,
that are also becoming cheaper than Ni-Cd batteries. Other disadvantages of
using Ni-Cd batteries compared to Ni-MH include shorter cycle life, more
pronounced “memory effect,” toxicity of cadmium requiring complex recycling
procedure, and lower energy density. Moreover, a flat discharge curve and neg-
ative temperature coefficient may cause thermal runaway in voltage-controlled
charging.

For the aforementioned reasons, in the recent past, Ni-MH batteries have
gained prominence over Ni-Cd batteries. The Ni-MH batteries use nickel oxy-
hydroxide for the positive electrode and metallic cadmium for the negative
electrode. The chemical reaction is as follows:

MH + OH− discharge
�

charge
H2O +M + e−

NiO (OH) + H2O + e− discharge
�

charge
Ni (OH)2 + OH−

Here, M stands for the metallic group. At the negative electrode, hydrogen
is released from the metal to which it was temporarily attached, and reacts,
producing water and electrons. Note that the reaction at the negative electrode
is similar to that of a fuel cell, which will be discussed later in this chapter.

Ni-MH batteries have been the chemistry of choice for electric and hybrid
electric vehicle (EV andHEV) applications in the 1990s and 2000s, respectively,



Energy Storage Chapter | 6 271

due to their relatively high power density, proven safety, good abuse tolerance,
and very long life at a partial state of charge. One of the disadvantages is the
relatively high self-discharge rate, though the introduction of novel separators
has mitigated this problem.

When overcharged, Ni-MH batteries use excess energy used to split and
recombine water. Therefore, the batteries are maintenance free. However, if the
batteries are charged at an excessively high charge rate, hydrogen gas buildup
can cause the cell to rupture. If the battery is overdischarged, the cell can be
reverse-polarized, thus reducing the battery capacity.

6.2.1.3 Lithium-Ion (Li-Ion) Batteries
Due to their high specific energy and the potential to be produced at low
cost, Li-ion batteries are expected to widely replace Ni-MH batteries for future
electric propulsion applications. The Li-ion battery consists of oxidized cobalt
material on the positive electrode, carbon on the negative electrode, and lithium
salt in an organic solvent as the electrolyte. Even though the widespread use of
this chemistry is fairly novel, it is interesting to note that the processes in the
battery are fairly simple to model compared to other chemistries.

Li-ion batteries have been instrumental in increasing the performance stan-
dards of batteries, and more recently, even in predicting battery deterioration.
The promising aspects of lithium-based battery chemistries include low mem-
ory effect, high specific energy of nearly 100Wh/kg, high specific power of
300W/kg, and battery life of at least 1000 cycles. The key barriers include
calendar life, cost, operation at temperature extremes, and abuse tolerance. A
breakthrough in the development of advanced electrodes is needed to further
increase the specific energy [1]. The characteristics of some of the major battery
chemistries being considered for propulsion, storage, and renewable energy
systems are enlisted in Table 6.1.

This chapter will later discuss the major advantages and disadvantages of the
various battery chemistries, especially those of Li-ion batteries, in detail. Major
power-electronics-based solutions to overcome electrochemical-related barriers
for batteries will also be discussed later in this chapter.

6.2.2 Ultracapacitor (UC)

Electrochemical double-layer capacitors (EDLCs) or ultracapacitors (UCs)
work in much the same way as regular capacitors, in that there is no ionic
or electronic transfer, resulting in a chemical reaction (there is no Faradic
process). In other words, energy is stored in the electrochemical capacitor by
simple charge separation. Therefore, the energy stored in the electrochemical
capacitor can be calculated using the same well-known equation that is used for
conventional capacitors:

Q = CV = Aε

d
V



272
A
lternative

Energy
in

Pow
er

Electronics

TABLE 6.1 Summary of Major Battery Chemistries and their Characteristics [2–4]

Sustained Operating
Energy Energy density power density Cycle life temperature

Type Electrolyte efficiency (%) (Wh/kg) (W/kg) (cycles) (◦C) Self-discharge

Pb-acid H2SO4 70–80 20–35 25 200–2000 −20 to 60 Low

Ni-Cd KOH 60–90 40–60 140–180 500–2000 −40 to 60 Low

Ni-MH KOH 50–80 60–80 220 <3000 10–50 High

Li-ion LiPG6 70–85 100–200 360 500–2000 −20 to 60 Medium

Li-polymer Li-β-Alu 70 200 250–1000 >1200 −20 to 60 Medium

NaS β-Al2Cl2 70 120 120 2000 300–400

VRB 80 25 >16, 000 Negligible

Electrochem.
capacitor

95+ <50 4000+ >50, 000 Very high

Pumped hydro 65–80 0.3 Negligible

Compressed air 40–50

Flywheels (steel) 95 5–30 >20, 000 Very high

Flywheels
(composite)

95 >50 >20, 000 Very high
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As for the conventional capacitor, the capacitance, C, is proportional to the area,
A, of the plates, the permittivity of the dielectric, ε, and inversely proportional to
the distance, d, between the plates. In general, UCs are designed to have a very
high electrode surface area and use high-permittivity dielectric while keeping the
current collectors very close. Therefore,UCs attain very high capacitance ratings
(kilo-Farads versus milli- and micro-Farads for conventional capacitors). This
is achieved by using porous carbon as the current collector rather than metallic
strips. The porous carbon collector exhibits a very large surface area, allowing
a relatively large amount of energy to be stored at the collector surface. The
two electrodes are separated by a very thin porous separator and immersed in
an electrolyte, such as propylene carbonate. Due to the high permeability and
close proximity of the electrodes, UCs have a low voltage withstand capability
(typically 2.5V).

Currently, there exist five UC technologies in development: carbon/metal
fiber composites, foamed (aerogel) carbon, carbon particulate with a binder,
doped conducting polymer films on carbon cloth, and mixed metal oxide
coatings on metal foil. Current trends indicate that higher energy densities are
achievable with a carbon composite electrode, using an organic electrolyte,
rather than carbon/metal fiber composite electrode devices, with an aqueous
electrolyte.

As described earlier, a UC stores energy by physically separating unlike
charges. This has profound implications on cycle life, efficiency, energy, and
power density. It must be noted that, typically, a UC depicts long cycle life due
to the fact that (ideally) there exist no chemical changes on the electrodes, under
normal operation. Furthermore, overall efficiency is superior; it is only a function
of the ohmic resistance of the conducting path. In addition, power density
is exceptional because the charges are physically stored on the electrodes.
Conversely, energy density is low because the electrons are not bound by
chemical reactions. This lack of chemical bonding also implies that the UC can
be completely discharged, leading to larger voltage swings as a function of the
state of charge (SOC).

6.2.3 Flow Batteries and Regenerative Fuel Cells (RFC)

Flow batteries, also called redox (reduction-oxidation) batteries, comprise two
electrolytes, separated by ion or proton exchange membrane. Energy can be
stored in the electrolytes by increasing the potential difference between the two
liquids – in other words, by oxidising one and reducing the other. Alternatively,
electricity can be produced by reversing the process. The oxidation/reduction
process is performed by the proton exchange membrane.

Flow batteries have a number of advantages, such as easy scalability (capac-
ity proportional to tank size, whereas power output is proportional to PEM sur-
face area), no detrimental effects of a deep discharge, very low self–discharge,
low cost for a large system compared to batteries, and long cycle life. In
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contrast, the energy and power densities are quite low and the system is
complex, requiring pumps and plumbing to circulate the electrolyte through the
membrane. Therefore, this technology has found commercial application only
for large-scale storage such as utility applications [3,4].

Three types of flow batteries have shown commercial promise: vanadium
redox, polysulfide bromide, and zinc bromide. Vanadium redox has the added
advantage of using the same material for both electrolytes, removing the threat
of cross-contamination through the PEM. Polysulfide bromide and zinc bromide
use bromide, presenting the threat of releasing the highly toxic bromine gas [4].

Regenerative fuel cells (or unitized regenerative fuel cells) are sometimes
grouped in with flow batteries, as the power-producing process is quite similar.
Fuel cells consume hydrogen and oxygen to produce water and electricity.
Unitized regenerative fuel cells are also able to function to separate water back
into hydrogen and oxygen. The hydrogen is then stored as hydrogen gas or as
methanol for future use, to generate electricity. Current research aims to use
PEM-type fuel cells, with hydrogen or methanol as the main storage. The issue
is to design a system that is efficient in both directions – in fact, current unitized
fuel cells are less efficient in hydrogen production than other methods, such as
conventional electrolysis.

6.2.4 Fuel Cells (FC)

A fuel cell is typically similar in operation to a conventional battery, although it
has some distinct physical differences. Primarily, a fuel cell is an electrochemical
device wherein the chemical energy of a fuel is converted directly into electric
power [5]. The main difference between a conventional battery and a fuel cell
is that, unlike a battery, a fuel cell is supplied with reactants externally. As a
result, whereas a battery is discharged, a fuel cell never faces such a problem as
long as the supply of fuel is provided. As depicted in Fig. 6.1, electrodes and
electrolyte are the main parts of a fuel cell. The most popular type of fuel cell is
the hydrogen-oxygen fuel cell.

As shown in Fig. 6.1, hydrogen is used as the fuel to be fed to the anode.
The cathode, in contrast, is fed with oxygen, which may be acquired from air.
The hydrogen atom is split up into protons and electrons, which follow different
paths, but ultimately meet at the cathode. For the splitting-up process, we need
to use a suitable catalyst. The protons take up the path through the electrolyte,
whereas the electrons follow a different external path of their own. This, in turn,
facilitates a flow of current, which can be used to supply an external electric
load. The electrode reactions are given as follows:

Anode: 2H2 → 4H+ + 4e−
Cathode: O2 + 4e− → 2O2−
Overall reaction: 2H2 + O2 → 2H2O
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From these simple and basic expressions describing the operation of a typical
fuel cell, it is clear that there exists no combustion and hence no production of
emissions. This makes the fuel cell environmentally suitable.

A typical i− v curve of fuel cells is shown in Fig. 6.2. The output voltage
decreases as the current increases. Moreover, the efficiency of a fuel cell
is defined as the ratio of electrical energy generated to the input hydrogen
energy. Generally, cell efficiency increases with higher operating temperature
and pressure [5].

Fuel cells have many favorable characteristics for energy conversion. As
explained earlier, they are environmentally acceptable due to a reduced value
of carbon dioxide (CO2) emission for a given power output. Moreover, the
usage of fuel cells reduces transmission losses, resulting in higher efficiency.
Typical values of efficiency range between 40 and 85%. Another advantage of
fuel cells is their modularity. They are inherently modular, which means they
can be configured to operate with a wide range of outputs, from 0 to 50MW,
for natural gas fuel cells, to 100MW or more, for coal gas fuel cells. Another
unique advantage of fuel cells is that hydrogen, which is the basic fuel used,
is easily acquirable from natural gas, coal gas, methanol, and other similar
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FIGURE 6.1 Typical diagram of a fuel cell.
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fuels containing hydrocarbons. Finally, the waste heat/exhaust can be utilized
for cogeneration and for heating and cooling purposes. This exhaust is useful
in residential, commercial, and industrial cogeneration applications. Basically,
for cogeneration, the fuel cell exhaust is used to feed a mini- or a microturbine
generator unit. These turbines are generally gas turbines. Because the waste
thermal energy is recovered and converted into additional electrical energy, the
overall system efficiency is improved. The gas turbine fulfills this role suitably.
The typical sizes of such systems range from 1 to 15MW.

6.3 MODELING OF ENERGY STORAGE DEVICES

6.3.1 Battery Modeling

Asmentioned earlier, precise batterymodels are required for several applications
such as for the simulation of energy consumption of electric vehicles, portable
devices, or for power system applications. The major challenge in modeling a
battery source is the nonlinear characteristic of the equivalent circuit parameters,
which require lengthy experimental and numerical procedures. The battery itself
has some internal parameters, which need to be taken care of [6]. In this section,
three basic types of battery models will be presented: ideal, linear, and Thevenin.
Finally, a simple lead acid battery model for traction applications that can be
simulated in a CAD software will also be presented.

6.3.1.1 Ideal Model
The idealmodel of a battery basically ignores the internal parameters and, hence,
is very simple. Figure 6.3a depicts an ideal model of a battery, wherein it is clear
that the model is primarily made up of only a voltage source [6].

6.3.1.2 Linear Model
This is by far the most commonly used battery model. As is clear from Fig. 6.3b,
this model consists of an ideal battery with open-circuit voltage, Eo, and an
equivalent series resistance, Rs [6]. “Vbatt” represents the terminal voltage of
the battery. This terminal voltage can be obtained from the open-circuit tests as
well as from load tests conducted on a fully charged battery.

Although thismodel is quite widely used, it still does not consider the varying
characteristics of the internal impedance of the battery with the varying state of
charge (SOC) and electrolyte concentration.

6.3.1.3 Thevenin Model
This model consists of electrical values of the open-circuit voltage (Eo), internal
resistance (R), capacitance (C), and the overvoltage resistance (Ro) [6]. As
observed in Fig. 6.3c, capacitor C depicts the capacitance of the parallel plates
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and resistor Ro depicts the nonlinear resistance offered by the plate to the
electrolyte.

In this model, all the elements are assumed to be constants. However, in
reality, they depend on the battery conditions. Thus, this model is also not the
most accurate, but is the most widely used. In this view, a new approach to
evaluate batteries is introduced. The modified model is based on operation over
a range of load combinations. The electrical equivalent of the proposed model
is depicted in Fig. 6.4. As is clear from Fig. 6.4, the main circuit model consists
of the following five subcircuits:

1. Ebatt: This is a simple dc voltage source designating the voltage in the battery
cells.

2. Epol: It represents the polarization effects due to the availability of active
material in the battery.

Vbatt

Vbatt

VbattEo Eo

Rs
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FIGURE 6.3 Battery models: (a) ideal model, (b) linear model, and (c) Thevenin model.
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FIGURE 6.4 Main circuit representation of a modified battery model.
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3. Etemp: It represents the effect of temperature on the battery terminal voltage.
4. Rbatt: This is the battery’s internal impedance, the value of which depends

primarily on the relationship between cell voltage and state of charge (SOC)
of the battery.

5. Vsens: This is a voltage source, with a value of 0V. It is used to record the
value of battery current.

Thus, this model is capable of dealing with various modes of charge/discharge.
It is comparatively more precise and can be extended for use with Ni-Cd and
Li-ion batteries, which could be applied to hybrid electric vehicles and other
traction applications. Only a few modifications need to be carried out in order
to vary the parameters such as load state, current density, and temperature [6].

6.3.2 Electrical Modeling of Fuel Cell Power Sources

Over the past few years, there have been great environmental concerns shown
with respect to emissions from vehicles. These concerns, along with the recent
developments in fuel cell technology, havemade room for the hugely anticipated
fuel cell market [6]. Fuel cells are today being considered for applications in
hybrid electric vehicles, portable applications, renewable power sources for
distributed generation applications, and other similar areas where the emission
levels need to be kept to a minimum.

The proton exchange membrane (PEM) fuel cell has the potential of becom-
ing the primary power source for HEVs utilizing fuel cells. However, such fuel
cell systems are large and complex and, hence, need accurate models to estimate
the auxiliary power systems required for use in the HEV. In this section, the fuel
cell modeling techniques will be highlighted, thus avoiding the need to build
huge and expensive prototypes. To have a clearer picture, refer to Fig. 6.5, which
shows the schematic of a fuel cell/battery hybrid power system.

The battery pack in Fig. 6.5 is used to compensate for the slow start-up and
transient response of the fuel processor [6]. Furthermore, the battery can also be
used for the purpose of regenerative braking in the HEV.

Battery
DC/DC

converter
Electric
motor

Vehicle
dynamics

Fuel cell
stack

Fuel
storage

Controller

O2 from fresh air

FIGURE 6.5 Schematic of a fuel cell/battery hybrid power system.
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As mentioned previously, because fuel cell systems are large, complex,
and expensive, designing and building new prototypes is difficult. Hence, the
feasible alternative is to model the system and examine it through simulations.
The fuel cell power system consists of a reformer, a fuel cell stack, and a
dc/dc (buck/boost) or dc/ac power converter. The final output from the power
electronic converter is in the required dc or ac form acquired from the low-
voltage dc output from the fuel cell stack. An electrical equivalent model of
a fuel cell power system is discussed here, which can be easily simulated using
a computer simulation software.

In the electrical equivalent model, a first-order time-delay circuit with a
relatively long time-constant can represent the fuel reformer. Similarly, the fuel
cell stack can also be represented by a first-order time-delay circuit, but with a
shorter time constant. Thus, the mathematical model of the reformer and stack
is represented as:

Vcr
Vin

=
1

Cr·S
Rr + 1

Cr·S
= 1

1 + RrCr · S

Vcs
Vcr

=
1

Cs·S
Rs + 1

Cs·S
= 1

1 + RsCs · S

Here, RrCr=τr is the time constant of the reformer and RsCs=τs is the time
constant of the fuel cell stack. The equivalent circuit is shown in Fig. 6.6.

By simulating the equivalent circuit of Fig. 6.6, the system operation char-
acteristics can be investigated. In order to achieve a fast system response, the
dc/dc or dc/ac converter can utilize its short time constant for control purposes.
However, eventually the fuel has to be controlled despite its long time-delay [6].
The inputs to the chemical model of a fuel cell include mass flows of air (O2)
and hydrogen (H2), cooling water, relative humidity of oxygen and hydrogen,
and load resistance. The outputs from the chemical model include temperature of
the cell, power loss, internal resistance, heat output, efficiency, voltage, and total
power output. Generally, in case of excess of hydrogen supply, it is recirculated
in order to avoid any wastage.
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+
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FIGURE 6.6 Equivalent circuit model of a fuel cell power system.
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6.3.3 Electrical Modeling of Photovoltaic (PV) Cells

As mentioned earlier, photovoltaic systems have been studied widely as a
renewable energy source, because not only are they environment friendly, but
they also have infinite energy available from the sun. Although the PV systems
have the above-mentioned advantages, their study involves precise management
of factors such as solar irradiation and surface temperature of the PV cell [6]. The
PV cells typically show varying v− i characteristics depending on the above-
mentioned factors. Figure 6.7 shows the output characteristics of a PV cell with
changing levels of illumination.

As is clear from Fig. 6.7, the current level increases with increase in the irra-
diation level. Figure 6.8 shows the v− i curves with varying cell temperatures.

As depicted in Fig. 6.8, the output curves for varying cell temperatures show
higher voltage level as the cell temperature increases. Therefore, while modeling
the PV cell, adequate consideration must be given to these two characteristics in
particular.

Keeping the above-mentioned factors in mind, the electrical equivalent
circuit modeling approach is proposed here. This model is basically a nonlinear
distributed circuit, in which the circuit elements consist of familiar semiconduc-
tor device parameters. Eventually, running a suitable computer simulation can
easily simulate this model.

The PV cell can basically be considered a current source with the output
voltage primarily dependent on the load connected to its terminals [6]. The
equivalent circuit model of a typical PV cell is shown in Fig. 6.9.

C
ur

re
nt

 (
A

)

100 mW/sq. cm.

20 mW/sq. cm.

60 mW/sq. cm.

Voltage (V)

3.0

2.0

1.0

10 20

FIGURE 6.7 Typical v− i characteristics of a PV cell with varying illumination levels.
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FIGURE 6.9 Schematic of the equivalent circuit model of a PV cell.

Suitable forward-bias (illuminated) and reverse-bias (dark) tests can be
performed on the PV cell, in order to generate the v− i curves similar to those in
Figs. 6.7 and 6.8. As is clear from Fig. 6.9, there are various parameters involved
in the modeling of a typical PV cell. These parameters are

IL, light-generated current (A);
ID1, diode saturation current (A);
ID2, additional current due to diode quality constant (A);
Ish, shunt current (A);
Rs, cell series resistance (�);
Rsh, cell shunt resistance (�); and
I, cell-generated current (A).

The model depicted in Fig. 6.9 examines all the characteristic measurements of
the p–n junction cell type. From the above circuit, the following equation for
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cell current can be obtained:

J = JL − Jo1

{
exp

[
q (V + J · Rs)

kT

]
− 1

}

− Jon

{
exp

[
q (V + J · Rs)

A · kT
]

− 1

}
− Gsh (V + J · Rs)

Here, q is the electron charge and k is the Boltzmann’s constant. The voltage at
the terminals of the diodes in Fig. 6.9 can be expressed as follows:

V = Voc − IRs + 1

�
logn

⎧⎪⎨
⎪⎩

β(Isc − I) − V/
Rsh

β · Isc − Voc
/
Rsh

+ exp [� (Isc · Rs − Voc)]

⎫⎪⎬
⎪⎭

Here, β is the voltage change temperature coefficient (V/◦C). For the PV cell
model of Fig. 6.9, Rs and Rsh are usually estimated when the cell is not
illuminated. The series resistance, Rs, represents the ohmic losses in the front
surface of the PV cell, whereas the shunt resistance, Rsh, represents the loss
due to diode leakage currents. Thus, these values can be approximated from the
dark characteristic curve of the cell. The generated light current (IL) is calculated
by the collective probability of free electrons and holes. It can be expressed as
follows:

IL = q · N
[∑

fc (xN) +
∑

fc (xP) + 2l
]

Here, f (x) is the probability distribution function and N is the rhythm of gener-
ated electrons and holes. Once the equations of the cell model are formulated,
the efficiency of the PV cell can be obtained as

Efficiency = Pout
Pin

= f · Isc · Voc
Pin

A distinct advantage of such a computer model is the fact that, with a very
few number of changes, it can receive data from different kinds of PV cells
maintaining satisfactory results [6]. An example of such a PV model used in
conjunction with a power electronic intensive system is shown in Fig. 6.10.

The vital part of the system, as depicted in Fig. 6.10, is the dc/dc converter.
The dc/dc converter could be a boost, buck, or buck–boost converter. Although,
in the system shown in Fig. 6.10, it is valid to assume a buck or buck-boost dc/dc
converter, it becomes erroneous to assume usage of a boost converter. This is
because the dc/dc boost converter does not make use of the full voltage range.

6.3.4 Electrical Modeling of Ultracapacitors (UCs)

Ultracapacitors (also known as double-layer capacitors) work on the electro-
chemical phenomenon of very high capacitance/unit area using an interface
between electrode and electrolyte. Typical values of such capacitors range from



Energy Storage Chapter | 6 283

400 to 800◦F and have low values of resistivity (approximately 10−3�-cm)
[6]. These UCs operate at high-energy densities, which are commonly required
for applications such as space communications, digital cellular phones, electric
vehicles, and hybrid electric vehicles. In some cases, usage of a hybridized
system employing a battery alongside the UC provides an attractive energy
storage system, which offers numerous advantages. This is particularly due to
the fact that the UC provides the necessary high-power density, whereas the
battery provides the desired high-energy density. Such a hybridized model will
be discussed here.

6.3.4.1 Double Layer UC Model
A simple electrical equivalent circuit of a double-layer UC is shown in Fig. 6.11.
Its parameters include equivalent series resistance (ESR), equivalent parallel
resistance (EPR), and the overall capacitance. The ESR in Fig. 6.11 is important
during charging/discharging as it is a lossy parameter, which in turn causes the
capacitor to heat up. In contrast, the EPR has a leakage effect and, hence, it only
affects the long-term storage performance. For the purpose of simplification in
calculations, the EPR parameter is dropped.

Furthermore, the dropping of the EPR parameter does not have any sig-
nificant impact on the results. The circuit for analysis is thus simply an ideal
capacitor in series with a resistance and the corresponding load [6]. Hence, the
value of resistance can be written as

R = ns
ESR
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FIGURE 6.10 Schematic of a PV cell model–based system for simulation.
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C

FIGURE 6.11 Electrical equivalent circuit of an ultracapacitor.
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Here, R is the overall resistance (�), ns is the number of series capacitors in each
string, and np is the number of parallel strings of capacitors. Furthermore, the
value for the total capacitance can be expressed as

C = np
Crated

ns
Here, C is the overall value of capacitance and Crated is the capacitance of
individual capacitor. This model can be used in conjunction with a dc/dc
converter, which in turn acts as a constant power load, as shown in Fig. 6.12.

The capacitor bank can be used in stand-alone mode or can be operated in
parallel with a battery of suitable size for the applications mentioned earlier. A
brief description of such a hybrid model is described in the following section.

6.3.4.2 Battery/UC Hybrid Model
Combining a battery and an UC to operate in parallel makes an attractive energy
storage system with many advantages. Such a hybrid system uses both the high-
power density of the UC and the high-energy density of the battery. In this
section, an electrical equivalent model of such a system will be presented, which
can be used to evaluate its voltage behavior. This model is depicted in Fig. 6.13.

The equivalent circuit of Fig. 6.13 shows an equivalent series resistance (Rc)
and a capacitor (C) as a model of the UC, whereas the Li-ion battery can be
modeled simply by using a series resistance (Rb) and a battery. The values of Rc
and C depend on the frequency due to the porous nature of the electrodes of the
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FIGURE 6.12 Circuit showing UC connected to a constant power load.
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FIGURE 6.13 Equivalent circuit model of a battery/UC hybrid system.
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UC [6]. When the pulse width (T) is varied, the discharge rate of the UC can be
varied and can be shown to be equal to a frequency of f = 1/T. The following
equations can be written for Io and Vo from the equivalent circuit model of
Fig. 6.13:

Io = Ic + Ib

Vo = Vb − IbRb =
⎡
⎣Vb − 1

C

T∫
0

Ic · dt
⎤
⎦ − IcRc

Here, Io and Vo are the output current and voltage delivered to the load,
respectively. From the above two equations, it is possible to achieve a voltage
drop�V = Vb − Vo due to a pulse current of Io. This voltage drop can be finally
expressed as

�V = IoRbRc

Rb + Rc + T
C

+ IoRb
T
C

Rb + Rc + T
C

The currents delivered by the battery (Ib) and capacitor (Ic) can also be derived,
and their ratio can be expressed as

Ic
Ib

= Rb

Rc + T
C

It can be seen that for a long pulse, Ic can be limited by the value of C.
Furthermore, it can be concluded that during the pulsed discharge, about 40%–
50% of the total current is delivered by C. Upon computer simulation of the
equivalent circuit model, it is possible to study the fact that, during peak power
demand, UC delivers energy to assist the battery, whereas, during low power
demand, UC receives energy from the battery.

Due to the advanced energy storage capabilities of the UC, it can be used
for applications requiring repeated short bursts of power such as in vehicular
propulsion systems. In a typical scenario, both the battery and the UC provide
power to the motor and power electronic dc/ac inverter during acceleration and
overtaking, whereas they receive power via regenerative braking during slow
down/deceleration. Two of the most popular topologies for inserting batteries
and UCs into drivetrains are shown in Figs. 6.14a, b.

As is clear in the topology of Fig. 6.14a, the UC bank is placed on the
dc bus, whereas in Fig. 6.14b, the dc bus houses the battery. Among the two
topologies, the one shown in Fig. 6.14a has a much more degraded energy
efficiency because the whole of the battery energy has to go through the dc/dc
converter. Another drawback worth highlighting is that a very high-voltage
UC bank is required, which is extremely expensive. Hence, more often than
not, the topology of Fig. 6.14b is generally considered for HEV applications
[6]. In a typical brushless dc (BLDC) motor-driven electric vehicle propulsion
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FIGURE 6.14 Typical topologies of batteries and UCs in drivetrains.

system, an UC bank could be used to achieve a wider drive range, good
acceleration/deceleration performance, and low cost.

Future projections regarding performance of UCs show that energy densities
as high as 10–20Wh/kg are easily achievable using carbon electrode materials
with specific capacitance values of nearly 150–200F/g [6]. Currently, extensive
R&D on UCs is being carried out in the United States, Canada, Europe, and
Japan. As mentioned earlier, most of the research on UCs focuses on EV and
HEV applications and on medical and power system applications.

6.3.5 Electrical Modeling of Flywheel Energy Storage
Systems (FESS)

Flywheels are most definitely finding numerous applications as energy storage
devices in various power system configurations. Furthermore, the constant im-
provement in digital signal processing (DSP) and microprocessor technologies
in conjunction with the recent development in magnetic material technology
makes this fact a distinct possibility. A flywheel energy storage system (FESS)
is advantageous in a system comprising other secondary storage devices such
as batteries as it is capable of generating optimum charge/discharge profiles for
specific battery characteristics [6]. This fact facilitates the exploration of the
benefits for optimizing battery management.

A rotating flywheel can store mechanical energy in the form of kinetic
energy based on its inertial properties. Essentially, a FESS consists of a rotor, a
motor/generator system, and a suitable enclosure [6]. An example of a flywheel
energy storage system used as a voltage regulator and a UPS system is shown in
Fig. 6.15.
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FIGURE 6.15 Typical FESS employed as voltage regulator and UPS.

The system of Fig. 6.15 essentially operates in threemodes: charging, voltage
regulation, and UPS. The motor/generator (M/G) set is required for energy
storage purposes in the form of the inertia of the rotor. At some suitable point in
the operation of the system, it retrieves this stored energy as demanded by the
load. The M/G set is a high-speed device that basically operates in the motoring
mode when charging the flywheel and in the generating mode when discharging
it. The motor used for the M/G set could be a brushless dc motor of appropriate
rating. The FESS can be easily simulated using the following equation:

Vx = R× ix + (L−M)
dix
dt

+ Ex

Here, Vx, ix, and Ex are the voltages, stator currents, and back EMFs for the
three phases of the BLDC motor, respectively. In addition, R, L, and M are the
resistance, self-inductance, and mutual inductance of the stator winding. The
back EMF is directly proportional to the mechanical speed, ωm, and the rotor
angle, θr.

In order to electrically simulate the same flywheel energy storage system
operating in conjunction with power electronic intensive systems, it is essential
to derive an equivalent electrical model of the same. For this purpose, it is critical
to note the important mathematical equations that describe the above system.
These are as follows:

v = R · i+ L
di

dt
+ aω

Tem = a · i = Jr
dω

dt
+ bω + TL

TL = J
dω

dt
Here, v is the voltage across the motor terminals; i is the electric current through
the motor; ω is the rotor speed; Tem is the electromagnetic torque imposed on
the rotor; TL is the mechanical torque imposed on the rotor by the flywheel;
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FIGURE 6.16 Electrical equivalent circuit of a flywheel energy storage system.

Jr is the equivalent moment of inertia of the rotor; J is the moment of inertia
of the flywheel; and R and L are the armature resistance and self-inductance.
Furthermore, a indicates the ratio of the rated voltage of the motor to its
rated speed, whereas b indicates the mechanical drag coefficient. The electrical
equivalent circuit generated by combining the above three equations is depicted
in Fig. 6.16.

It is essential to note that the circuit parameters used are basically the
parameters employed for the definition of the mathematical model of the FESS.
Thus, Fig. 6.16 describes the FESS system in its entirety via an electrical
equivalent. Again, as mentioned earlier, the task of simulating a FESS with
any electrical system becomes immensely simplified because such an electrical
model can be constructed in any popular electrical CAD simulation software and
can be appropriately analyzed.

6.4 HYBRIDIZATION OF ENERGY STORAGE SYSTEMS

Certain applications require a combination of energy and power density, cost,
and life cycle specifications that cannot be met by any single energy storage
device. To satisfy such applications, hybrid energy storage devices (HESD) have
been proposed. HESD electronically combine the power output of two or more
devices with complementary characteristics. HESD all share a common trait of
combining high-power devices (devices with quick response) and high-energy
devices (devices with slow response).

The proposed HESDs are listed next, with the energy-supplying device listed
first, followed by the power-supplying device:

� Battery/UC
� Fuel cell/battery or UC
� Battery and flywheel
� Battery and superconducting magnetic energy storage (SMES)

Note that batteries can be considered either as the energy-supplying device or
as the power-supplying device depending on the application. Also, note that
references [7–9] consider fuel cells rather than regenerative fuel cells. However,
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FIGURE 6.17 Proposed topologies for hybrid energy storage devices.

the system operation principle would be identical for the regenerative fuel
cell, with the difference that the fuel cell would be bidirectional. However,
HESDs have been proposed for utilization as an energy source for propulsion
applications or grid support [10–12].

In order to have two or more energy storage devices act as a single power
source, conditioning circuitry is required to combine their outputs. Numerous
topologies have been proposed to achieve this task, ranging from simple to very
flexible. In general, the proposed topologies can be grouped into three categories,
as shown in Fig. 6.17. A discussion of merits of each topology and typical uses
follows.

Direct parallel connection of two energy storage devices is shown in
Fig. 6.17a. Utilization of this topology requires that the voltage outputs of the
two power sources match (V1 = V2). Direct parallel connection of batteries and
EDLC has been proposed [13–15] for low-voltage, cost-sensitive applications,
such as the automotive 42V PowerNet system [14]. The automotive 42V
PowerNet application power profile consists of a high-power pulse (engine
cranking) followed by a constant low-power demand over a longer time period
(while the vehicle is in operation). A direct parallel connection of batteries and
EDLCmakes use of the source impedancemismatch causing the low-impedance
UC to provide power during high-power pulses, while the high-energy battery
supplies the long low-power demand. Note that the output Vout varies as the
system charges and discharges. In addition, the range of power that is used from
either energy source is limited by the voltage swing of the other. In other words,
individual maximum power point tracking is not possible for each source.

A more complex but flexible solution is to place an additional converter
between the two power sources, as shown in Fig. 6.17b. PEU1 controls the
current output of ESD1, allowing its voltage to vary, whereas ESD2 supplies
the remaining power requirement to the load. Therefore, this system allows for
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the decoupling of the two power sources. Typically, the energy storage device
with a stronger dependency is utilized as ESD1. Another criterion may be to put
the more sensitive device in place of ESD1 to prolong the life of the system
by conditioning the current output of ESD1. Systems that make use of this
topology include battery and EDLC; fuel cell and battery or EDLC; SMES and
battery [16]. The commonly used topology for combining the two systems is
the single leg (two switches in series) converter, which can act as a boost in
the forward operation mode and as a buck in the reverse operation mode. In
reference [17], the authors propose to use a variation of this system, where
the battery and EDLC are connected to the load one at a time, allowing the
system controller to pick which source should power the load. Source switching
results in step changes of the bus voltage that requires an appropriate flexible
modulation strategy. Recently, researchers have proposed the use of an isolated
topology to allow for a larger voltage gain between the input and output. A
superconducting magnetic energy storage (SMES) device could be connected
to the midpoint of two converter legs, allowing it to charge or discharge. The
battery is connected to the bus to make use of the relatively invariant battery
voltage.

Finally, researchers [18,19] have looked at using the topology shown in
Fig. 6.17c, where each power source is connected to a dedicated power converter
with the converters connected to the common output bus. Such a system
provides the highest level of flexibility as each power source is allowed to
operate at its optimal voltage – in essence, maximum power point tracking
can be implemented for each source. Having dedicated converters for each
power source allows for a wide range of topologies and control strategies to
be implemented. The simplest topology that allows an acceptable degree of
flexibility is to use the single leg (two switches in series) converter, which can act
as a boost in the forward operation mode and as a buck in the reverse operation
mode [18,19]. Other topologies have been proposed that introduce a transformer
either for isolation or to allow efficient voltage boosting.

6.5 ENERGY MANAGEMENT AND CONTROL STRATEGIES

In addition to properly sizing the battery pack to meet the power and energy
demand of the vehicle, the system designer needs to ensure that the batteries
perform their function as expected by the designer. To ensure this, the designer
must incorporate the following: undervoltage protection, overvoltage protection,
short-circuit protection (maximum current limit), thermal protection, state of
charge (SOC), state of health (SOH), and state of function (SOF) monitoring,
and cell equalization (balancing) on cell, as well as module level.

The state of the battery pack is monitored by measuring the SOC of the pack.
Thermal management and strict manufacturing tolerances ensure that all parts of
the pack are at the same state of charge. In addition, the designer may introduce
some active methods of balancing the cells/modules.
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6.5.1 Battery State Monitoring

A good knowledge of the state of the battery is essential for meaningful energy
management [20–22]. The difficulty in measuring the condition of a battery
in an operating system stems from the fact that the rate and the efficiency of
the chemical reaction that produces the current depend on a number of factors,
including the temperature, age, and manufacturing conditions [20]. Therefore,
various figures of merit have been used to define the state of the battery. Battery
SOC is defined as

SOC = Actual amount of charge

Total amount of usable charge at a given C-rate

The issue with this metric is that the actual amount of charge is very difficult to
measure. For instance, the total amount of charge that is available for utilization
changes as the battery ages. Also, the capacity scatter due to manufacturing
variations makes the total amount of charge hard to determine, even for a
new cell.

State of health (SOH) measures the ability of a battery to store energy,
source and sink high currents, and retains charge over extended periods, relative
to its initial or nominal capability. This quantity is closely related to battery age
and SOC.

State of function (SOF) is the capability of the battery to perform a specific
duty which is relevant to the functionality of a system powered by the battery.
The SOF is a function of the battery SOC, SOH, and operating temperature.
For example, a new battery (high SOH) at a lower SOC, and higher operating
temperature, may perform better (higher SOF) than an older battery (low SOH)
at a higher SOC, and lower operating temperature.

There are a number of methods that allow for the determination of the SOC,
SOH, and SOF as outlined in Table 6.2. The simplest and most commonly used
method is measuring of the open-circuit voltage of the battery and relating it to
the SOC (lookup table method). In a dynamic application, this method will be
very imprecise when the battery is under a load.

A simple equivalent circuit model that uses the cell voltage and current to
estimate the open-circuit voltage can be implemented (model-based estimation).
This method requires a current sensor and processing power. Depending on
the complexity of the algorithm, the processor requirements range from minute
to substantial. Alternatively, a comparator can be used to identify the points
where the current is zero and measure only these points (voltage at zero current
method). This method introduces imprecision because the battery does not reach
its equilibrium voltage for a longer period after the zero current condition.
Therefore, in dynamic situations, the error becomes substantial. More complex,
processor-intensive procedures can be used and give much higher precision.
For example, a more complex equivalent circuit model can be used, which
also uses information from impedance and resistance measurements (model, dc
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TABLE 6.2 Summary of Techniques to Measure Battery Condition

Technique SOC SOH SOF Advantages Disadvantages

Discharge test + + + Easy, accurate, and independent of
SOH

Offline; time intensive; modifies battery state

Current integration + − − Online; accurate; recalibrated
often

Needs a model for the losses; sensitive to parasitic
reactions, and their changes; processing power
required; needs recalibration

Electrolyte measurements + + + Online Sensitive to acid stratification; slow dynamics;
temperature sensitive

Model + + + Online and flexible Processor intensive

Impedance spectroscopy + + + Online; little processing required Temperature sensitive; expensive

dc resistance + + + Cheaper than impedance
measurement; online

Requires resistance changes that are substantial

Kalman filter + + + Online; precise in dynamic
situations

Needs computing capacity; needs a suitable battery
model

Voltage at zero current + − − No current sensor required Limited precision especially in dynamic situations;
needs many zero current situations

Artificial neural network + + + Online; has the potential to be
very precise

Needs training on similar battery; complex and
expensive to implement

Fuzzy logic + + + Online Complex and expensive to implement

(+/− indicates whether the method is able to estimate a particular figure of merit) [23–25]
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resistance, and impedance spectroscopymethods). Other options include the use
of fuzzy logic, neural networks, or Kalman filters. Discharge test is the only
certain way of determining the values of all three figures of merit. However, to
administer this test, the battery needs to be removed from the application and
discharged. Therefore, this method is only used for precision validation of other
monitoring methods.

Ni-MH batteries present a bigger challenge for the determination of figures
of merit because the voltage versus SOC plot is not linear. In fact, the voltage
is almost flat throughout the 20–80% SOC range. Also, the batteries exhibit a
memory effect. The most common way of determining the SOC is by current
integration. However, this method does not consider charge inefficiencies or
the effect of temperature. Fuzzy logic method has been used with success for
monitoring Ni-MH state of charge.

6.5.2 Cell Balancing

Cell balancing is critical for systems that consist of long strings of cells in series.
Because the cells are exposed to different conditions within the pack, without
equalization, the individual states of charge and, therefore, cell voltages, will
gradually drift apart. In the worst-case scenario, this leads to a catastrophic event
such as ignition in the case of Li-ion batteries, and in the best-case scenario,
this leads to the degradation of pack life. The sources of cell imbalance stem
from manufacturing variance, leading to variations in internal impedance and
differences in self-discharge rate. Another source of variation is the thermal
differential across the pack, resulting in differing thermodynamics in the cells.
Variations in the SOC can be minimized by designing a good thermal manage-
ment system and with tight manufacturing controls.

The equalization methods can be considered to be active or passive. Passive
methods are effective for lead acid and Ni-MH batteries which can be over-
charged safely. However, overcharge equalization is only effective on a small
number of cells in series, because equalization problems grow exponentially
with the number of cells in series, and extensive overcharge does lead to cell
degradation.

Many active methods are available ranging from minimally effective to
exorbitantly expensive. Table 6.3 gives an extensive list of available cell-
balancing methods. Generally, four methods of cell equalization exist that are
defined by the method of current distribution: resistive (dissipative), switch
(bypass method), capacitor, and transformer-based equalization. Typically, the
cost and bulkiness and efficiency increase in the same order (resistive, switch-
based, capacitive, and transformer-based).

An example of a dissipative system is the use of dissipative resistors.
Dissipative resistor in continuous mode is good for low-power application.
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TABLE 6.3 Summary of Cell-Balancing Strategies

Name Description Advantages Disadvantages

Dissipative
resistor

Dissipate power in accordance with
voltage

Cheap, simple to incorporate Not very effective; inefficient

c Current shunted around the cell in
proportion to cell voltage

Cheap; can be operated in both
charging and discharging

Dissipative; not very effective; only
works during charging

PWM+ inductor

shunting

By applying a PWM square wave on
the gating of a pair of MOSFETS, the
circuit controls the current difference
of the two neighboring cells

Soft switching makes balancing highly
efficient

Needs accurate voltage sensing; could
be operated in charging mode only

Buck-boost

shunting

By using a buck-boost converter the
circuit shunts the current from single
cell to the rest of cells

Control strategy relatively easy;
relatively low cost; easy for modular
design; also need intelligent control unit

Voltage sensing needed

Complete

shunting

Complete shunting when cell reaches
max voltage

Simple and effective Can be only used in charging; special
mass charger is needed when string is
long

Switched
capacitors

Balance adjacent cells by equalizing
their voltages via adjacent capacitor

Simple control; operates in all modes;
only two switches and one capacitor
needed for each cell

Needs large capacitor bank large
switched because of capacitor inrush
current
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Single capacitor

Balance adjacent cells by equalizing
their voltages via single capacitor

Simple control; operates in all modes;
many switches, but only one capacitor

Long time to balance cells

Step-up
converter

Each cell is equipped with a step-up
converter for cell balancing

Easy for modular design Intelligent control needed; high cost

Multi-winding

transformer

A shared transformer has a single
magnetic core with secondary taps
for each cell. The secondary with the
least reactance will have the most
induced current

Possible integration of trickle charging
and equalization

High cost; inability to modularize the
system; requires transformers

Multiple

transformer

Several transformers can be used with
the same core

Can be modularized High cost; requires transformers

Multilevel
converters

Each cell/module has a dedicated
converter. The resulting topology can
act as the motor driver

Ideal for transportation applications High cost
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Because the resistors are operating in continuous mode, the resistors can be
small and do not need much thermal management. Another advantage of this
method is the low price.

Analog current shunting is another inexpensive method of cell balancing.
In this case, current is shunted around the cell in proportion to cell voltage.
This system requires a comparator and a switch per cell or module. In contrast,
the system is more efficient as the current is shunted rather than dissipated.
This circuit has another advantage that the current could potentially be shunted
both during charge and discharge, protecting the batteries from over-discharge
as well as overcharge. An alternative to analog shunting is complete shunt-
ing. This system is simpler than analog shunting, as the cell is completely
bypassed when the voltage reaches a certain voltage, rather than administering
a PWM signal in proportion to the cell/module voltage. Dedicated buck-boost
converter at each cell/module is another alternative. This system requires the
use of a switch, inductor, and a diode per cell, and is only effective during
charging.

Switched capacitor method uses capacitors to balance the voltage at each
cell. This is achieved by having (n− 1) capacitors connected in parallel to n
batteries and using capacitors to equalize the current over the two adjacent cells.
Further improvements of this method consider the use of two levels of capacitors
for faster equalization or only one capacitor to improve system reliability. This
equalization method is advantageous for hybrid applications where the batteries
are never or seldom fully charged, as the equalization takes place at any voltage
and operating condition.

Another approach is to use transformers to administer the charge to the
batteries, with the charger on the primary, and each cell/module as multiple
secondary. Each cell will then absorb a varying current that is inversely pro-
portional to its voltage, thus ensuring voltage equalization. The issues with this
system are the bulkiness and expense associated with the transformer, as well as
the complex system control, and the inability to modularize the system once it
is designed.

In summary, dissipative resistors in continuous mode, buck-boost shunting,
and switched capacitors are the three most effective methods for different
applications. Buck-boost shunting is appropriate for either high- or low-power
applications, has relatively low cost, and is simple to control. The switched-
capacitor method is suitable for HEV applications because it is effective in both
charging and discharging regimes.

6.6 POWER ELECTRONICS FOR ENERGY STORAGE SYSTEMS

In order to appreciate the role of power electronics in battery energy manage-
ment, it is essential to first identify the various issues with typical battery packs,
especially those of recently touted Li-ion batteries for electric, hybrid electric,
and plug-in hybrid electric vehicles.
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6.6.1 Advantages and Disadvantages of Li-Ion Battery
Packs for HEV/PHEV Applications

Lithium rechargeable batteries are today at the top of their wave. For in-
stance, a 20-kWh Li-ion battery pack weighs about 160 kg (at the rate of 100–
140 kWh/kg), which is acceptable for HEV applications. In contrast, current
HEV nickel-metal hydride (Ni-MH) batteries weigh between 275 and 300 kg
for the same application. Moreover, Li-ion batteries also depict excellent power
densities (400–800W/kg), allowing more than 2C discharge rate (at the rate
of 40–80 kW peak power in a 20-kWh pack) [26]. However, they also have
many drawbacks. One of the drawbacks is the cost (projected at about $250–
$300/kWh), which is the most expensive of all chemistries [26]. Another
drawback is that lithium is a very flammable element, whereby its flame cannot
be put off with a normal ABC extinguisher. Finally, Li-ion batteries have a cycle
life between 400 and 700 cycles, which does not satisfy HEV expectations.
Therefore, finding a solution to these issues is crucial.

In order to resolve the safety issue, some manufacturers have modified the
chemistry of the battery to the detriment of capacity and cost. Others have
developed chemistries that improve the cycle life and the calendar life to the
detriment of capacity and power availability. In summary, an overall success in
all the aspects has not been achieved for the moment [26].

With reference to cycle life, the battery can suffer significant degradation in
its capacity, depending on its usage. Furthermore, the internal resistance also
increases with each charge cycle. Also, according to the chemistry and the
quality of the cells, a battery typically loses about 20% of its initial capacity
after about 200–1000 full cycles, also known as the 100% DOD (depth of
discharge) cycles. The cycle life can be greatly increased by reducing DOD
and by avoiding complete discharges of the pack between recharging or full
charging. Consequently, a significant increase is obtained in the total energy
delivered, whereby the battery lasts longer. In addition, overcharging or over-
discharging the pack also drastically reduces the battery lifetime.

An alternative way to solve the above-mentioned problems, which are
essentially common to the all lithium rechargeable batteries, is using electronic
control in the form of cell voltage equalizers. Few of the control rationales are
briefly listed next.

� Overvoltage protection: This functionality cuts the charging current when
the total voltage is more than 4.3V/cell. This is because, at higher voltages,
metallic lithium is formed inside the cell, which is highly flammable, as
explained earlier. For the sake of simplicity, this protection is sometimes
applied to the whole pack of cells, instead of measuring the voltage of each
cell.

� Undervoltage protection: This functionality cuts the discharging current
when the voltage is under 2.5V/cell. Under this voltage, some capacity fades,
and a specific quantity of unwanted copper plating is formed inside the cell.
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This unwanted copper may generate internal short circuits. Also in this case,
for the sake of simplicity, the total voltage might be measured, instead of
verifying the voltage of each cell.

� Short-circuit or overcurrent protection: This protection scheme disconnects
the charging/discharging current if it is over a certain limit (2C–50C, depend-
ing on the cell technology).

� Overheating protection: In this case, the current is disconnected if the pack
temperature rises over a certain value (about 60◦C).

Although these protection functionalities are useful, they prove to be highly
insufficient. In fact, the differences in capacity and internal resistance from cell
to cell, within the same pack, may result in unwanted voltage peaks, especially
during the final stages of charge and discharge. Consider a battery pack of 14.4V
(4 cells, of 3.6V each) normally charging at 16.8V (4×4.2V). Due to the
differences among the cells, the smaller capacity cell ends up with a voltage
higher than the average. Consequently, if the total voltage is 16.8V at the end
of the charging cycle, the cell voltage distribution might be 4.3V+ 4.2V +
4.2V + 4.1V = 16.8V, where 4.3V corresponds to the smaller capacity cell
and 4.1V corresponds to the larger capacity cell. Depending on the protection
circuitry, this situation may or may not be detected, and the resistive equalizer
gradually downgrades the voltage from 4.3 to 4.2V. The net result is a consid-
erable downgrade in overall capacity, considering that the overvoltage occurs
in the smaller capacity cell, and that this cell is later discharged by a specific
amount, in order to draw level with the other cells.

In contrast, during discharge, if the lower cut-off voltage is 3V per cell,
the pack will discharge up to 12V. As the lower capacity cell discharges faster
than the rest of the cells, the voltage distribution might be 2.7V + 3V + 3V +
3.3V = 12V. Again, in this case, the lower capacity cell suffers from an over-
discharge, which is not detected by the protection circuit. Thus, the cell incurs
an additional capacity reduction due to the resultant over-voltage and under-
voltage, which downgrade the capacity of the entire pack.

6.6.2 Operational Characteristics of Classic and Advanced
Power Electronic Cell Voltage Equalizers

A battery cell voltage equalizer is an electronic controller that takes active
measures to equalize the voltage in each cell. In addition, by somemore complex
methods, such as measuring the actual capacity and internal resistance of each
cell, it equalizes the DOD of each cell. As a result, each of the cells will have
the same DOD during charging and discharging, even in conditions of high
dispersion in capacity and internal resistance. This causes each cell of the pack
to act as an average cell. In the example presented in the previous section,
instead of 282 cycles, the pack would last 602 cycles, an increment of more
than 100% in the cycle life. For the same application, the requirement of current
though the equalizer at a discharge of 50A, over a 100-Ah pack, would be 6-A
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drain/source, over the extreme capacity cells (the ones with bigger and smaller
capacity), and a total transferred power of 350W (in the entire chain), over
the complete charging/discharging time. In addition to the increment in cycle
time, depending on the internal resistance of each cell, the equalizer also has the
potential to improve the output power. This requires a detailed analysis of the
internal resistance versus DOD, in order to have precise improvement. In the
following analyses of various equalizers, it will be realized that only a few of
them are capable of accomplishing this requirement.

In principle, there exist three basic families of equalizers: resistive, capaci-
tive, and inductive. Resistive equalizers simply burn the excess power in higher
voltage cells, as depicted in Fig. 6.18. Consequently, it is the cheapest option
and is widely utilized for laptop batteries. As is obvious, due to inherent heating
problems, resistive equalizers tend to have low equalizing currents in the range
300–500mA and work only in the final stages of charging and flotation.

In contrast, capacitive equalizers use switched capacitors, as shown in
Fig. 6.19, in order to transfer the energy from the higher voltage cell to the
lower voltage cell. It switches the capacitor from cell to cell, allowing each
cell to physically have the same voltage. Besides, it also depicts higher current
capabilities than a resistive equalizer. At the same time, the main drawback
of capacitive equalizers is that it cannot control inrush currents, when big
differences in cell voltages exist. In addition, it does not allow any desired
voltage difference, for example, when equalizing DOD.

Finally, inductive or transformer-based equalizers use an inductor to transfer
energy from the higher voltage cell to the lower voltage cell. In fact, this is the
most popular family of high-end equalizers, and because of its capability to fulfill
most of the needs expressed above, it is explored in more detail in the following
sections.

6.6.2.1 Basic Inductive Equalizer
A basic inductive equalizer is shown in Fig. 6.20. These equalizers are relatively
straightforward and can transport a large amount of energy. At the same time,
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FIGURE 6.18 Schematic of a typical resistive equalizer.
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FIGURE 6.19 Schematic of a typical capacitive equalizer.
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FIGURE 6.20 Schematic of a typical inductive equalizer.

they are also capable of handlingmore complex control schemes, such as current
limitation and voltage difference control [26].

In contrast, it takes some additional components to avoid current ripples
from getting into the cell. Typically, this requires two switches (and control)
per cell. Also, due to switching losses, the distribution of current tends to be
highly concentrated in adjacent cells. Hence, a high-voltage cell will distribute
the current largely among the adjacent cells, instead of equally in all cells. In
this case, the switching scheme could be replaced by a more complex, global
scheme, with the additional cost of more processing power.

6.6.2.2 Cuk Equalizer
As the name indicates, this is an inductive-capacitive type of equalizer, primarily
based on the Cuk Converter topology. It shares almost all the characteristics of
inductive equalizers, but it does not suffer from high-current ripples, or cost of
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additional power capacitors, or double rated switches. A schematic of a typical
Cuk equalizer is shown in Fig. 6.21.

The Cuk equalizer does incur minor losses due to the series capacitor, but
this is far from a major shortcoming. This equalizer also possesses high current
and complex control capability, at the expense of additional processing power.

6.6.2.3 Transformer-Based Equalizer
The solutions provided by transformer-based equalizers permit the right cur-
rent distribution along all cells. One such popular arrangement is depicted in
Fig. 6.22.

This topology poses an additional issue of a very complex multi-winding
transformer. This transformer is very difficult to mass produce, because all
windings must have the compatible voltages and resistances. Hence, it is not a
practical solution for high-count HEV cell packs, and moreover, it also lacks
the capability of handling complex control algorithms such as current and
voltage control. An alternative solution is presented in Fig. 6.23, using separate
transformers for each cell.

This solution is modified here, in order to use 1:1 transformers. Although,
through this topology, a substantial amount of redundancy is obtained, only
a very small dispersion can be accepted, with the added risk of experiencing
current imbalance.

Ieq Ieq

Control

−

−+

+

FIGURE 6.21 Schematic of a typical Cuk equalizer.
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+− +− +−

FIGURE 6.22 Schematic of a multi-winding transformer equalizer.
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Control
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FIGURE 6.23 Schematic of a multiple transformer equalizer.

6.7 PRACTICAL CASE STUDIES

6.7.1 Hybrid Electric and Plug-in Hybrid Electric Vehicles
(HEV/PHEV)

It is an obvious fact that future vehicles are moving toward more electrification.
It is widely agreed that more electric vehicles will depict major benefits over
conventional vehicles in terms of improved performance, less harmful emis-
sions, and higher drive train efficiency. Since the legislation of strict ultralow-
emission standards by California Air Resource Board (CARB) in 1990, auto
industries and research laboratories around the world are pursuing electric and
hybrid electric vehicle research seriously. Motivation of auto manufacturers
toward more electric and hybrid electric vehicles (HEVs) increased in 1993, by
declaring the historic partnership program for next generation vehicles (PNGV)
between the big three automakers (GM, Ford, and Chrysler) and the U.S.
government.

Primarily, a hybrid electric vehicle improves total overall drive train ef-
ficiency over a standard drive system by supplying electric energy from an
electric energy storage system to assist the main power source and reusing
braking energy that would otherwise be lost. High-quality energy storage system
(ESS) is one of the most crucial components that affects vehicles’ performance
characteristics. The energy storage device charges, during low-power demands,
and discharges, during high-power demands. Thus, it basically acts as a catalyst
for providing an energy boost. Therefore, the engine ideally operates at its most
efficient speed. Because of this intended operation, the energy storage device is
sometimes referred to as the load-leveling device.

The most important traits that customers look for in the vehicles loaded by
LLDs are acceleration rate, fuel economy, level of maintenance, safety, and cost
[27]. All these requirements need to be supported by an efficient, fast responding,
and high-capacity ESS. Therefore, improved energy storage devices are a key
technology for next generation HEVs.

The introduction of large battery packs in advanced vehicles presents a major
shift in how batteries are used; the profile is truly unique and varies greatly
depending on the vehicle in question. In this section, typical battery load profiles
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are investigated in advanced vehicles. Depending on the battery usage, various
battery designs are better suited for the application. In some cases, high-power
batteries are required, whereas in other cases, high-energy density batteries are
more appropriate. A number of simulations were performed to demonstrate the
requirements from the batteries as a function of the application. The vehicles
considered are the following:

� Electric vehicle with a 50- and 100-mile range
� Series HEV
� Parallel HEV
� Series PHEV with a 10-, 20-, and 30-mile all-electric range

The parameters of the simulated vehicles are given in Table 6.4, power-train
specifications in Table 6.5, and the battery pack parameters in Table 6.6.

Note that the batteries are sized in accordance to the type of vehicle and the
targeted all-electric range. The battery voltage was assumed to be 314V, and the
battery capacity was varied to achieve the total battery capacity required. This
is equivalent to connecting strings of batteries in parallel. Battery pack spec-
ifications were chosen to be 60Wh/kg (energy density) and 375W/kg (power
density). These specifications are well within what is achievable practically. The

TABLE 6.4 Chassis Specifications

Parameter Value

Glider mass (kg) 900

Frontal area (m2) 1.8

Coefficient of drag 0.3

Wheel radius (m) 0.3

Rolling resistance coefficient 0.009

Battery capacity (Wh/kg) 60

Battery power density (W/kg) 375

TABLE 6.5 Power-train Specifications

Series HEV and Parallel HEV
Parameter PHEV and PHEV EV

E-motor (kW) 75 30 75

Generator (kW) 40 0 0

Engine (kW) 40 45 0
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energy density is defined at the 1C rate, and the power is defined by the HPPC
test at 20% DOD. The driving cycle is the urban dynamometer driving schedule
(UDDS), representing typical urban driving. The vehicle is driven over 30miles
(four UDDS cycles), representing a typical daily commute.

Based on the parameters enlisted in Tables 6.4–6.6, the vehicles were simu-
lated using the Advanced Vehicle Simulator (ADVISOR) software. Figure 6.24
shows simulation results for two electric vehicles with a 50-mile (EV50) and

TABLE 6.6 Battery Specifications

Battery energy Battery peak power Battery energy
Vehicle (kWh) at 20% DOD (kW) rating (Ah)

HEV 2.5 15 8

PHEV10 4.8 30 15

PHEV20 7.8 52 25

PHEV30 12 75 40

EV50 13.2 82.5 42

EV100 26.4 172.5 85
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FIGURE 6.24 EV50 and EV100 simulation results (from top to bottom): drive cycle, state of
charge, EV50 current, normalized to the battery C-rate, EV100 current, normalized to the battery
C-rate.
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100-mile (EV100) electric range. For each vehicle, the battery pack size was
increased until the driving range reached 50 and 100miles respectively. Because
we are concernedwith the battery operation, wewill compare the current outputs
out of the batteries, and the currents are normalized to the battery 1C rate to
more easily compare the relative stresses on the battery. In the case of EV50,
the currents reach a 2C rate quite often, whereas in the case of EV100, the peak
current is about 1C. This stresses the need for different battery designs for the
two vehicles. For EV50, the designer must chose a battery capable of supplying
and absorbing a 2C rate without affecting battery life. For EV100, the designer
can opt for a very high energy density battery as only 1C rate will be required.
A higher density battery would in turn extend vehicle range due to the smaller
vehicle mass.

Another issue that has to be considered for EVs and PHEVs is the recharge
time of the battery. If the battery pack is designed for a maximum current of 1C,
it would take over an hour to charge the battery. This may not be acceptable to
the user in some cases.

In the next test, HEVs are considered, as shown in Fig. 6.25. Here, three cases
are investigated: Parallel HEV, Thermostat Series HEV, and Load-Following
Series HEV. The Parallel HEV uses the electrical system to assist the engine with
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vehicle acceleration and to propel the vehicle at low speeds where the engine
operation is inefficient. The state of charge of the vehicle is kept close to the
target value of 50%. As the electrical system is small, the batteries provide a
relatively small portion of the total vehicle power. The batteries supply currents
up to 5C, and the total energy demand from the battery is also very small.
Therefore, a high specific power battery would be ideal for this application, and
even ultracapacitors may be considered, as the energy throughput is minimal.

The second case is the thermostat series hybrid. Here, the internal combus-
tion engine is only operated at its most efficient point. The internal combustion
engine is turned on when the battery state of charge reaches the minimum
allowed (in this case, 45%) and is turned off when the battery state of charge
reaches the maximum value (in this case, 55%). Such a control system is very
demanding on the battery; in this simulation, the currents are shuffled at a 10C
rate. Therefore, a practical implementation of this system would require a larger
battery pack to reduce peak currents.

Finally, in the load-following series hybrid, the internal combustion engine
tries to follow the road load as closely as possible, while still optimizing the
use of the internal combustion engine to minimize fuel consumption. In this
vehicle, the current usage drops as compared to the series thermostat. Note that
the battery use in a fuel cell vehicle would be the same as in a series hybrid. If
the load-following control strategy is implemented, the fuel cell is stressed more
as its operating point changes, while for the thermostat control the battery pack
is stressed more.

Recently, plug-in hybrids have received a great deal of attention. These
vehicles act as a hybrid vehicle, where the battery pack can be recharged via
the grid to supply some all-electric range. In these vehicles, the battery pack is
discharged from a full charge to some target state of charge, where the vehicle
is then operated as a regular hybrid. In simulations, as shown in Fig. 6.26, the
target SOC is chosen to be 40%, as this value makes the most of the all-electric
range, while ensuring that the life of the battery pack is not compromised by
over-discharge.

Three vehicles are considered in this study, PHEV10, PHEV20, and
PHEV30, which give a 10-, 20-, and 30-mile all-electric range, respectively. The
vehicle of choice is the series hybrid, as it is capable of all-electric operation,
wherein all of the propulsion power comes from the electric motor. As is
clear, the C-rates are substantial on the PHEV10 and decrease for PHEV20
and PHEV30. PHEV10 proposes an interesting power versus energy density
problem, where both the power and the energy density must be high. In contrast,
as the all-electric range of the vehicle increases, high specific energy is critical.

6.7.2 Fuel Cells for Automotive and Renewable Energy
Applications

For automotive applications, proton exchange membrane fuel cells (PEMFCs)
appear to be most suitable compared to other fuel cell technologies, such as
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alkaline fuel cells (AFC) or solid oxide fuel cells (SOFC). This is due to the
fact that the PEMFC working conditions at low temperature allow the system
to start up faster than with those technologies using high-temperature fuel cells.
Moreover, the solid state of their electrolyte (no leakages and low corrosion)
and their high power density make PEMFCs extremely convenient for transport
applications [28]. PEMFCs also provide a very good tank-to-wheel efficiency
compared to heat engines. At the same time, PEMFCs need a great deal of
auxiliary equipment as shown in Fig. 6.27.

Automotive fuel cell technology continues to make substantial progress.
However, fuel cell vehicles (FCVs) have not yet proven to be commercially
viable nor have they been proven to be efficient. More recently, technological
and engineering advancements have improved, simplified, and even eliminated
components of the fuel cell system. The technical challenges and objectives for
fuel cell systems in transportation applications have been well highlighted by the
U.S. Department of Energy (DOE). Cost and durability are the major challenges
for fuel cell systems. Air, thermal, and water management for fuel cells are also
key issues. Power density and specific power are now approaching set targets.
However, further improvements are needed to meet packaging requirements of
commercial systems. The objective, by 2010, is to develop a 60% peak-efficient,
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durable, direct hydrogen fuel cell power system (including all auxiliaries) for
transportation at a cost of $45/kW and, by 2015, at a cost of $30/kW, to become
competitive with conventional internal combustion engine vehicles.

Another critical issue with fuel cells is their start-up times as well as
operating temperatures. More recently developed fuel cell systems have been
able to start and operate in temperatures ranging between−40◦C and+40◦C. In
these temperature conditions, start-up times of up to 50%of the rated power have
been depicted: 30 s at −20◦C and 5 s at 20◦C. However, the size and the weight
of current fuel cell systems have to be reduced drastically to meet the automotive
compactness requirements, which apply both for the fuel cell stack and for
auxiliary components such as the compressor, expander, humidifiers, pumps,
sensors, and hydrogen storage [28]. The power mass density and the power
volume density requirements for the fuel cell system are 650W/kg, 650W/L,
and 2000W/kg or 2000W/L, for the stack itself. The transient response of the
stack is also a key issue and depends mainly on the air supply system inertia.
Ideally, the transient response from 10 to 90% of the maximum power should be
less than 1 s.
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The hydrogen fuel is stored on-board and is supplied by a hydrogen produc-
tion and fuelling infrastructure. For other applications (such as for distributed
stationary power generation), hydrogen can be fuelled with reformate, produced
from natural gas, liquefied petroleum gas, or renewable liquid fuels. For portable
electronic devices in small equipment,methanol, and sometimes hydrogen, is the
fuel of choice, using microfuel cell systems.

The objectives of hydrogen storage are the volume, weight, cost, durability,
cycle life, and transient performance. On-board hydrogen storage solutions
are summarized in Fig. 6.28. Some of the popular storage systems include
high-capacity metal hydrides, high-surface area sorbents, chemical hydrogen
storage carriers, low-cost and conformable tanks, compressed/cryogenic hy-
drogen tanks, and new materials or processes, such as conducting polymers,
spillovermaterials, metal organic frameworks (MOFs), and other nanostructured
materials. In general, there are two principal types of on-board storage systems.
(1) On-board reversible systems, which can be refueled on-board the vehicle
from a hydrogen supply at the fueling station. Compressed/cryogenic tanks,
some of the metal hydrides, and high-surface area sorbents represent these
solutions. (2) Regenerative off-board systems, which involve materials that are
not easily refilled with hydrogen, while on-board the vehicle. These solutions
include chemical hydrogen storage materials and some metal hydrides, where
temperature, pressure, kinetics, and/or energy requirements are such that the
processes must be conducted off-board the vehicle [28].

A majority of FCVs that are being proposed more recently use 350-bar
hydrogen tanks, which have system gravimetric and volumetric capacities of
2.8–3.8% weight and 17–18g/L, respectively. Cryo-compressed hydrogen and
liquid hydrogen systems are also fast approachingU.S. DOE targets, as shown in
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Fig. 6.28. However, these solutions are still not affordable for mass production,
as other requirements such as cost, hydrogen charging/discharging rates, and
durability are also key issues for hydrogen storage. Liquid hydrogen storage
is being demonstrated as workable, but with limitations. It provides both higher
gravimetric and volumetric density advantages over compressed gas storage, but
depicts issues with boil off and dealing with cryogenic liquids. Hence, it is not
likely to be widely accepted by automobile manufacturers.

A more practical application for fuel cells is distributed generation (DG)
power plants. The popular choices for DG are Phosphoric Acid FC, Molten
Carbonate FC, Solid Oxide FC, and the Proton Exchange Membrane FC. Their
applications in DG are briefly discussed here.

6.7.2.1 Phosphoric Acid Fuel Cell (PAFC)
Typically, PAFC units of the order 250–300kW are available for commercial
cogeneration, and more than 150 of such units are in operation worldwide. The
typical efficiencies of such units are 40–50%, and the cost of production of power
is approximately $4200/kW, which is beyond the economic margin unless a
financial benefit can be demonstrated from the PAFC’s emissions, power quality,
and reliability merits [29].

6.7.2.2 Molten Carbonate Fuel Cell (MCFC)
MCFC operates at higher temperatures, of the order of 600◦C, and was initially
marketed for 1- to 5-MW plant applications. This system has a much higher
efficiency compared to PAFCs with values reaching as high as 50%. TheMCFC-
based systems are typically rated at around 200MW and exhibit an efficiency
of about 75%. Upon further research, the MCFC’s cost of power production is
estimated to be as low as $1000/kW [29]. A hybrid MCFC/turbine cycle for
maximizing the efficiency is shown in Fig. 6.29.

In such a system, about 70% of the power is produced by fuel cell and about
15% comes from the gas turbine generator.

6.7.2.3 Solid Oxide Fuel Cell (SOFC)
Comparatively speaking, a 100-kWMCFC system uses about 100–110 cells in
stacks, whereas a similarly rated SOFC system would use about 1150 cells [29].
An example of a SOFC-based cogeneration plant is shown in Fig. 6.30.

Here, pressurized air and fuel are the inputs to the SOFC because pressur-
ized SOFC is being preferred for cogeneration purposes. The exhaust quality
obtained by these units is comparatively higher. The hybrid fuel cell system,
using a pressurized fuel cell, combined with the use of gas turbines, provides
high efficiency and low emissions. A higher efficiency is gained by using the
thermal exhaust from the fuel cell to power a noncombusting gas turbine.
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6.7.2.4 Proton Exchange Membrane Fuel Cell (PEMFC)
This technology has attracted the attention of most utility companies as it has
produced extremely low-cost power compared to other fuel cells. The cost of
power production in PEMFC-based automobiles is as low as $100–$150/kW,
which provides a competitive potential for stationary power production. It is
expected that a successful market for PEMFC will have a significant impact on
power generation because it could shift the primary role of the present-day grid
to back up and peaking power [29]. In addition, PEMFCs find applications in
cogeneration, in providing premium power, and in households.

It is apparent that several fuel cell types have strong potentials for entering
the DG market. They can basically provide cost-effective cogeneration, grid
support, and asset management. Also, long-term plans for fuel cell are underway
with advanced designs for combined-cycle plants, which could eventually
compete for a share of the DG market.

6.7.3 Fuel-Cell-Based Hybrid DG Systems

Individual fuel cell units ranging from 3 to 250 kW can be used in conjunction
with high-speed microturbines, for high-power DG applications. The other
popular DG technology is the PV power generation system, which is suited to
provide up to 250 kW of power. These topologies are discussed in detail here.

6.7.3.1 Fuel Cell/Microturbine Hybrid DG System
Emission specification for the pressurized SOFC design is less than 1.0 ppm
(parts per million) NOx and almost zero level of SOx. Another unique advantage
of this unit is that a small percentage (about 15%) of fuel is wasted. The exhaust
thermal energy is used to drive the microturbine. The hot exhaust from the plant
supplants the microturbine combustor during the normal steady operation. It
must be noted here that microturbine forms no additional pollutants [29]. The
SOFC type of fuel cell is chosen for this application as it operates at the highest
known temperature among fuel cells, at about 1000◦C, and can be operated at
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FIGURE 6.29 An MCFC-hybrid power cycle.
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high pressure. All these features are added up to provide additional thermal and
electrical efficiency for the hybrid unit.

A diagrammatic representation of such a unit is shown in Fig. 6.5. Typical
rating of such a hybrid system is about 250 kW and efficiencies of greater than
60% are targeted for the future. An important point to be noted here is that the
fuel cell supplies about 80% of the output power, whereas the microturbine
supplies the remaining 20%. Hence, microturbine functions primarily as a
turbocharger for SOFC, with additional shaft power coming from microturbine
for electrical power generation.

The National Critical Technologies (NCT) panel has identified fuel cells and
microturbines as 2 of 27 key technologies in the United States for maintaining
economic prosperity and national security. Several utilities facing with the
dilemma of increasing transmission capacity are opting for DG technology.
Such efficient packages of about 250-kW size could avoid the need to increase
transmission capacity for years to come.

6.7.3.2 Fuel Cell/Photovoltaic (PV) Hybrid DG System
Fuel cells are attractive options for intermittent sources of generation such as
PV, because of their high efficiency, fast response to loads, modularity, and fuel
flexibility. Such a system is able to smoothen the PV problem of intermittent
power generation by utilizing the fast ramping capabilities of fuel cells. Unlike
batteries, which get discharged after a short time of operation, fuel cells can
continuously provide the required amounts of power as long as the reactants
(fuel + air) are supplied. Thus, the quality of power fed to the utility system by
the hybrid system is of improved nature. A simple schematic of a PV-fuel cell
hybrid system is depicted in Fig. 6.31.

Figure 6.31 illustrates a grid-connected PV-fuel cell power plant includ-
ing two feedback controllers, which basically can control the power condi-
tioner switches. These power electronic switches, in turn, control the maximum
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power point and active and reactive power flows. In Fig. 6.31, the hybrid
system consists of a PV array, a fuel cell stack, a reformer for purifying the
hydrocarbon-based fuel, and power conditioners, which consist of dc–dc and dc–
ac power electronic converters. The PV generator operates independently and is
controlled to produce maximum available solar power. The fuel cell generating
system is used as a supplement to this PV system to meet the system’s power
demand [29].

The PV array in Fig. 6.31 is made up of 80–100 series-connected and 450–
500 parallel-connected solar modules, which produces 1.5–2MW of power at
1400V. In contrast, the fuel cell system made up of a PAFC unit generates
about 2MW and satisfies the system’s demand for active and reactive power.
Such a combination of fuel cells with PV arrays proves to be feasible for
solving the inherent problems of standalone PV systems. Furthermore, because
conventional fossil fuel energy sources are diminishing at a fast rate, such
energy sources are attracting even more attention from utility companies. Much
research is being devoted to such hybrid systems to bring down their O&M
costs and render them favorable over conventional gas turbines and diesel
engines.

SUMMARY

This chapter dealt with the electrical characteristics and modeling techniques
of major types of renewable energy systems and competent energy storage de-
vices, namely batteries, fuel cells, PV cells, ultracapacitors, and flywheels. The
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introduced models can easily be simulated and validated for their performance
by running a simple computer simulation. In addition, this chapter summarized
the various up-and-coming applications for renewable energy systems and
storage devices, thus making their modeling and simulation studies worthwhile.
Future research and development work includes hardware-in-the-loop (HIL)
implementation of the various topologieswith novel control strategies for hybrid
energy storage systems.
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7.1 ELEMENTS OF POWER SYSTEM

The growth of electricity production and usage in the world is at an all time
high. It is the fastest growing form of end-use energy worldwide. The world
net electricity generation in the year 2006 is estimated at 18 trillion kWh. It
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FIGURE 7.1 Illustration of the basic components of a power system.

is forecasted to be 23.2 trillion kWh in the year 2015, and 31.8 trillion in the
year 2030 [1]. Electricity production from fossil fuels raises concern on climate
change and hence alternative energy sources such as solar, geothermal, wind,
wave, tidal, and biomass are being developed rapidly around the world.

Modern electric power system consists of complex interconnected network
of components generally divided into generation, transmission, distribution, and
load. The invention of the transformer at the end of the nineteenth century
enables electrical energy to be transmitted at higher voltages and hence higher
capacity. In this chapter, the components that make up the modern power system
are briefly reviewed, namely generators, transformers, and transmission line.
The chapter will focus on the transmission of electric power and how to optimize
its power transfer capability. The chapter will also discuss the phenomena of
overvoltages and the insulation requirement of transmission lines.

7.2 GENERATORS AND TRANSFORMERS

Generators are the starting point in a power systemwhere electricity is generated.
The most commonly used type of generator is the synchronous generator, driven
by a prime mover. In a thermal power station, the prime mover is powered
by steam turbines using coal, gas, nuclear, or oil as the fuel. Steam turbines
usually operate at high speed to optimize its power output. For a 60 Hz system,
the speed of rotation is 3600 rpm (two-pole machine) or 1800 rpm (four-pole
machine). For a 50 Hz system, the speed of rotation is 3000 (two-pole machine)
or 1500 rpm (four-pole machine). Hydro power station uses the potential energy
of water to power the hydraulic turbines. The hydraulic turbines usually operate
at relatively low speed, coupled to generators with salient type rotor with many
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FIGURE 7.2 Equivalent circuit of a synchronous generator.

poles. In power generating stations, the electrical power is generated at high
voltages typically between 10 and 30 kV while the size of the generators varies
from 50 to 1500 MW.

A synchronous generator produces alternating current in the armature wind-
ing (usually a three-phase winding on the stator) with dc excitation supplied to
the field winding (usually on the rotor). The per-phase equivalent circuit of a
synchronous generator is shown below where the armature voltage, Va, can be
written as

Va = RaIa + jXsIa + Eaf
Where

Va is the armature voltage;
Ra is the armature resistance;
Ia is the armature current;
Xs is the synchronous reactance;
Eaf is the internal generated voltage.

The open-circuit characteristic (occ) of a synchronous generator as shown
below represents the relationship between the field current If and the internal
generated voltage Eaf. Note that with the armature winding open-circuited, the
armature voltage Va is equal to the internal generated voltage Eaf. As the field
current If is increased from zero, the armature voltageVa increases linearly. Near
the rated voltage, the saturation effect is clearly seen with the departure of the
occ from the straight line (air-gap line).

Another characteristic of the synchronous generator is illustrated by the V
curve shown in Fig. 7.4. For a constant real-power loading, the field current and
hence excitation can be adjusted to vary the reactive power VAr generated, hence
power factor (p.f).

The voltage output of the generator is transformed to a higher voltage before
transmitting the power over a long distance to reduce the transmission losses,
I2R losses. Transformers are used to step up or step down the voltage.

Transmission system voltages vary from country to country. For example, in
Britain they are 400 and 275 kV, in the U.S.A. they are 765, 500, and 345 kV,
while in Malaysia they are 500 and 275 kV. The subtransmission network is at
115KV in theU.S.A., while it is 132 kV in Britain andMalaysia. This network in
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turn supplies the distribution network to the customers in a given area. In Britain
and Malaysia, the distribution network operates at 33 and 11 kV supplying the
customer’s feeders at 400 V three-phase, 230 V per phase. Transformer used in
the power system ranges from small 500 kVA distribution transformers to 1000
MVA supergrid transformers.

Detailed theoretical analysis of transformers has been covered in numerous
textbooks. It is suffice to show here the equivalent circuit of a transformer to
appreciate its electrical circuit representation. The component Rc represents the
core losses that consist of eddy current losses and hysteresis losses, while the
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FIGURE 7.5 Transmission lines out of Connaught Bridge Power Station, Malaysia.
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FIGURE 7.6 Equivalent circuit representation of a transformer from a comprehensive representa-
tion to most simplified.

component Xm represents the flow of the magnetization current. Core losses
also known as no-load losses are essentially the power required to energize
the core. It depends primarily on the voltage and frequency and does not vary
much with system operation variations. On the other hand,Req and Xeq represent
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FIGURE 7.7 Steel lattice structure of a transmission line tower.

the primary and secondary winding of the transformer where the load losses
originate. Load losses consist of the I2R losses mainly in the windings and stray
losses that include winding eddy losses and the effect of leakage flux entering
internal metallic structures.

7.3 TRANSMISSION LINE

The bulk transfer of electrical energy from generating power plants to substa-
tions located near population centers is achieved through high-voltage trans-
mission lines. Interconnected transmission lines are referred to as high-voltage
transmission networks. Electricity is transmitted at high voltage to reduce the
energy lost in long distance transmission. It is important to understand the
characteristic of the important component, which is the conductor, to appreciate
the limiting factors to the power transfer capability of the transmission line. The
power transfer can then be optimized using latest sensor and communication
technology.

The conductor is one of the major components of a transmission line design.
It is essential that the most appropriate conductor type and size be selected
for optimum operating efficiency. There are four common types of conductors
used for many years in electric utilities: (i) all-aluminum conductor, AAC, (ii)
aluminum conductor steel-reinforced, ACSR, (iii) aluminum conductor alloy-
reinforced, ACAR, and (iv) all-aluminum alloy conductor, AAAC. Regardless
of the type of metal used in the make-up of the conductor, the strands are always
round and have a concentric lay.
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7.3.1 Aluminum Conductor Steel-Reinforced, ACSR

Electric utility companies have utilized ACSR as a common choice of conductor
in transmission lines for many years. ACSR is used extensively on long spans
as both ground and phase conductors because of its high mechanical strength-
to-weight ratio and good current-carrying capacity. ACSR consists of solid
or stranded coated steel core surrounded by one or more layers of 1350-H19
aluminum. Because of the presence of the 1350 aluminum in the construction,
ACSR has equivalent or higher thermal ratings to equivalent sizes of AAC [2].

The cross-section area of ACSR is specified according to the cross-sectional
area of aluminum to be contained in the construction. For example, a 428 mm2

– 54/7 ACSR has 428mm2 of aluminum, the equivalent aluminum area content
of 428mm2 AAC. The steel content of ACSR typically ranges from 11 to 18%
by weight for the conductor stranding of 18/1, 45/7, 72/7, or 84/19. However, it
can vary up to 40% depending on the desired tensile strength. It is desirable for
groundwires in extra long spans crossing rivers, for example, to have a stranding
of 8/1, 12/7, or 16/19, giving them higher tensile strength. Figure 7.8 shows the
standard stranding of ACSR [3].

The high tensile strength combined with the good conductivity gives ACSR
several advantages such as:

� The high tensile strength of ACSR allows it to be installed in areas subject
to extreme wind loading.

� Because of the presence of the steel core, lines designed with ACSR elongate
less than other standard conductors, yielding less sag at a given tension.
Therefore, the maximum allowable conductor temperature can be increased
to allow a higher thermal rating when replacing other standard conductors
with ACSR.

� ACSR is less likely to be broken by falling tree limbs.

7.4 FACTORS THAT LIMIT POWER TRANSFER IN
TRANSMISSION LINE

Factors that limit the power transfer are voltage drop, voltage stability, and
thermal rating. For short transmission line, which is approximately less than
80 km, the power transfer is limited by the thermal rating. The thermal rating is
limited by the maximumoperating temperature of the conductor. This maximum
operating temperature is limited by the maximum line sag limit and maximum
allowable operating temperature of the conductor material.

7.4.1 Static and Dynamic Thermal Rating

Static thermal rating of the overhead transmission line is a fix rating in terms of
current carrying capacity. It is a conservative rating where worse case weather
for contributing for maximum heat onto the conductor is assumed.
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FIGURE 7.8 Standard stranding of ACSR conductor.

Dynamic thermal rating of the overhead transmission line is a time depen-
dence ratingwhere the actual weather and loading of the conductor are measured
and the thermal rating is calculated in real time.

7.4.2 Thermal Rating

Bare overhead conductor is normally exposed to environment when it is in
service. Due to this reason, the conductor temperature is normally influenced
by weather condition as well as the electrical current loading of the conductor.
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In thermal rating calculation, meteorological parameters such as wind speed
and direction, solar radiation and ambient temperature are required for the
calculation where the calculation is based on heat balance energy equation; in
steady-state condition, the conductor heat gain is equal to the heat loss (no heat
energy is stored in the conductor). The mathematical representation of the heat
balance energy equation as in Eq. (7.1) and by reorganizing the equation as in
Eq. (7.2), the thermal rating can be calculated [4]. The heating elements are
solar radiation and internal heating by the electrical current flow through the
conductor resistance or ohmic loss (I2R). The heat loss is due to convection and
radiation.

qc + qr = qs + I2 · R(Tc) (7.1)

Irating =
√
qc + qr − qs

R
(7.2)

where

qs Heat input due to solar, W/m
I2R(Tc) Heat input due to line current (R is a function of conductor temper-
ature)
qc Heat output due to convection (a function of wind, air temperature,
conductor temperature), W/m
qr Heat output due to radiation (a function of wind, air temperature, conduc-
tor temperature), W/m

7.4.3 Convection Heat Loss

Convection heat loss calculation can be grouped into natural convection and
forced convection. The natural convection heat loss, qcn, is calculated in the
condition where there is no wind. This happens in all thermal systems where
there is a thermal gradient. Heat will migrate from the hotter region to the cooler
region until the temperature is uniform across the entire system. The natural
convection heat loss (watt per unit length, W/m) for the bare stranded overhead
conductor is a function of air density, ρf, conductor diameter,D, and temperature
different between conductor and ambient, (Tc − Ta) as given by Eq. (7.3) [4]

qcn = 0.0205ρ0.5
f D0.75(Tc − Ta)

1.25 (7.3)

In conditions where there is wind, wind blowing against the bare overhead
conductor introduces cooling effect where the heat from the conductor will
be transferred over the temperature gradient, from high to low, to the moving
air, this is called forced convection heat loss. There are two equations used in
the calculation for the forced convection heat loss. One is used for low wind
speed, qc1, and another for high wind speed, qc2 [4]. The reason that there
are two similar, yet independent, equations is because the corrections factors
incorporated into the equations are proprietary to a certain band of conditions.
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Equation (7.4) is for low wind speed and Eq. (7.5) is for high wind speed.

qc1=
[
1.01+ 0.0372

(
DρfVw

μf

)0.52

· kf · kangle · (Tc − Ta)

]
W/m (7.4)

qc2 =
[
0.0119

(
DρfVw

μf

)0.6

· kf · kangle · (Tc − Ta)

]
W/m (7.5)

Where air density, ρf, air viscosity, μf, and coefficient of thermal conductivity
of air, kf, are calculated using Eqs. (7.8), (7.9), and (7.10), respectively at Tfilm
where

Tfilm = Tc + Ta
2

(7.6)

At any wind speed, the highest of the two calculated forced convection
heat loss rates is used. The angle at which the wind is blowing relative to the
conductor’s axis is also considered. The convective heat loss rate is multiplied by
the wind direction factor,Kangle, where φ is the angle between the wind direction
and the conductor axis. This modifying factor is used to create a modified forced
convective heat loss value. The maximum heat loss will occur when the wind is
perfectly perpendicular. The wind direction factor is calculated using Eq. (7.7)

Kangle = 1.194− cos(φ) + 0.194 cos(2φ) + 0.368 sin(2φ) (7.7)

ρf = 1.293− 1.525× 10−4He + 6.379× 10−9H2
e

1 + 0.00367Tfilm
kg/m3 (7.8)

μf = 1.458× 10−6(Tfilm + 273)1.5

Tfilm + 383.4
Pa.s (7.9)

kf = 2.424× 10−2 + 7.477× 10−5Tfilm

− 4.407 × 10−9T2film W/m◦C (7.10)

7.4.4 Radiative Heat Loss

Radiative heat loss is usually a small fraction of the total heat loss. It is depending
on conductor diameter, D, emisivity, ε, conductor temperature, Tc, and ambient
temperature, Ta, as given by Eq. (7.11) [4]. If the ambient temperature is kept
constant, e.g., at 28◦C, the radiative heat loss increases exponentially with
conductor temperature as shown in Fig. 7.9. Emissivity, ε, is dependent on the
conductor surface and varies from 0.27 for new stranded conductor to 0.95 for
industrial weathered conductors [5]. It is equal to the ratio of the heat radiated by
the conductor and to the heat radiated by a perfect black body of the same shape
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Radiative heat loss W/m vary with conductor temperature (at 28°C ambient)
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FIGURE 7.9 Radiative heat loss (W/m) as function of conductor temperature.

and orientation. Typical values for new bare overhead conductor are between
0.2 and 0.3. The solar emissivity of a new bare overhead conductor increases
with age. A typical value for a conductor that has been in use for more than 5
(in industrial environments) to 20 years (in rural clean environments) is 0.7. A
value of 0.5 is used if nothing is known about the conductor emissivity [4].

qr = 0.0178Dε

[(
Tc + 273

100

)4

−
(
Ta + 273

100

)4
]
W/m (7.11)

7.4.5 Solar Heat Gain

The solar heat gain, qs, depends on the conductor diameter, D, absorptivity, α,
and global solar radiation, S, as given by Eq. (7.12)

qs = αSD (7.12)

The conductor solar absorptivity, α, is a number that varies between 0.27
for bright stranded aluminum conductor and 0.95 for weathered conductor in
industrial environment. It is equal to the ratio of the solar heat absorbed by the
conductor to the solar heat absorbed by a perfect black body of the same shape
orientation. Typical values for new conductor are between 0.2 and 0.3. The solar
absorptivity of an overhead conductor increases with age. A typical value for a
conductor that has been in use for more than 5 (in industrial environments) to 20
years (in rural clean environment) is 0.9. A value of 0.5 is often used if nothing
is known about the conductor absorptivity [4].
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7.4.6 Ohmic Losses (I2R(Tc)) Heat Gain

The ohmic loss of the bare overhead conductor is depending on the amount of
current flows and conductor electrical resistance whereas the conductor elec-
trical resistance is depending on conductor temperature. For all bare overhead
conductors, controlled lab tests have been carried out; high and low temperature
and electrical resistance values have been established. This is then published
as a guide for electric utilities to use as a reference in their estimation of their
system’s performance. As upper and lower limits have been defined, it is merely
a matter of interpolation to obtain values between the given temperatures. For
values outside the envelope, extrapolation can be readily used to obtain the
result with reasonable accuracy. For example, lab tests conducted for 1350 H19
aluminum shows that for entry resistance values at temperatures of 25 and 75◦C
the errors are negligible [6]. For entry resistance values at temperatures of 25
and 175◦C, the errors are approximately 3% too low at 500◦C but 0.5% too high
at 75◦C. It is concluded that the use of resistance data for temperature of 25
and 75◦C is adequate for rough calculation of steady-state and transient thermal
rating for conductor temperature up to 175◦C. The formula that is used to obtain
the resistance of the conductor, per unit length, based on the established lab test
results are given in Eq. (7.13)

R(Tc) =
[
R
(
THigh

) − R(TLow)

THigh − TLow

]
· (Tc − TLow) + R(TLow) (7.13)

7.5 EFFECT OF TEMPERATURE ON CONDUCTOR SAG
OR TENSION

7.5.1 Conductor Temperature and Sag Relationship

The relationship of the sag to the temperature of a homogenous conductor is
almost linear. A third-degree equation gives a very close approximation of the
temperature as a function of the sag, Eq. (7.14) [8]

Temperature = T0 + A(S− S0) + B(S− S0)
2 + C(S− S0)

3 (7.14)

The line sag can be determined from themeasured tension or direct measured
ground clearance. For practical purposes, the sag can be considered to be
inversely proportional to the tension in most spans. For a higher degree of
accuracy, the sag/tension relationship can be determined to any desired degree of
accuracy based on catenary equations. For level conductor spans as in Fig. 7.10,
the low point is in the center of the total sag, D given by Eq. (7.15).

D = H

w

[
cos h

( ws
2H

)
− 1

]
(7.15)

The horizontal component of tension, H, is located at the point in the span
where the conductor slope is horizontal, or at the midpoint for level spans. The
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FIGURE 7.10 Catenary sag model – level span [7,8].

conductor tension, T, is found at the ends of the spans at the point of attachment
and is calculated using Eq. (7.16) and it corresponds to a conductor length, L,
given by Eq. (7.17).

T = H + wD (7.16)

L =
(
2H

w

)
sin h

(
Sw

2H

)
(7.17)

Equation (7.17) describes the behavior of ideal (with perfectly elastic stress
and strain characteristics) concentric-lay stranded conductors [6]. The actual
conductors such as ACSR conductors exhibit nonlinear behavior when loaded
from initial tension to some final value due to wind or temperature loading.
Permanent elongation from creep and heavy loading also affects the resulting
sag. Also, high-temperature operations result in thermal elongation of the steel
and aluminum strands, thus affecting sag. Therefore, in order to calculate the
correct sag, it is necessary to separate the effects of conductor elongation
due to tensile loading as well as thermal loading. This process requires an
iterative procedure in which themathematical formulas describing the conductor
elongation caused by the temperature change are solved simultaneously with the
tension and conductor length relationship. To calculate the change in length due
to temperature loading Eq. (7.18) is used.

LT = LTREF [1 + αAS(T − TrRef)] (7.18)

Where
LT = Final length of conductor
LTREF = Reference length of the conductor
αAS = Coefficient of linear thermal elongation for AL/SW strands,

given in Table 7.1
(T − TrRef) = Change in temperature
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TABLE 7.1 Coefficients of thermal expansion
for bare stranded conductors [7]

Conductor α (per degree C)

AAC 23.0 × 10−6

36/1 ACSR 22.0 × 10−6

18/1 ACSR 21.1 × 10−6

45/7 ACSR 20.7 × 10−6

54/7 ACSR 19.5 × 10−6

26/1 ACSR 18.9 × 10−6

30/7 or 30/19 ACSR 17.5 × 10−6

TL

XL XR

TR

DR
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hS1

DL
D

FIGURE 7.11 Catenary sag model – inclined span [7,8].

For inclined spans, the length of the conductor between the supports is
divided into two separate sections as in Fig. 7.11. The same equation in (7.15)
can be used for the calculation of the height of the conductor. In each part of the
span, the sag is dependent upon the vertical distance between support points and
can be described by Eqs. (7.19) and (7.20) [8].

DR = D

(
1 − h

4D

)2

(7.19)

DL = D

(
1 + h

4D

)2

(7.20)

Most of the sag and tension calculations are typically performed with line
rating software, e.g., PLS-CADD software from Power Line Systems Inc.,
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USA. To demonstrate the process on how sags and tensions occur for overhead
line, simplified sag calculations and conductor length can be done by using
Eqs. (7.21) and (7.22), respectively [6].

D = H

w

[
cos h

( ws
2H

)
− 1

]
≈ wS

8H
(7.21)

L =
(
2H

w

)
sin h

(
Sw

2H

)
≈ S+ 8D2

3S
(7.22)

The example of the relationship between conductor temperature and conduc-
tor sag can be describe by the following example [7]:

A transmission line with ACSR conductor 795 kcmil (405mm2) and a 1000
ft level span. The conductor weight per unit length is 1.094 lbs/ft (1.6 kg/m),
ambient temperature is 77◦F (25◦C) and horizontal tension component, H, is
25% of the ultimate tension strength (31,500 lbs)

H = 0.25 × 31,500 lbs = 7875 lbs(35,196N)

Conductor sag, D, is calculated by using Eq. (7.21).

D = wS2

8H
= 1.094(1000)2

(8) 7875
= 17.37 ft(5.29 m)

Conductor length, L is calculated by using Eq. (7.22).

L = S+ 8D2

3S
= 1000+ 8(17.37)2

3(1000)
= 1000.8 ft(305.05 m)

Equation (7.18) is used to calculate the conductor length when the conductor
temperature increase from ambient to 50◦C (122◦F) and then to 150◦C (302◦F).
The coefficient of linear thermal expansion is 10.7 × 10−6/◦F.

LT = LTREF [1 + αAS(T − TrRef)]

L(122) = 1000.80
[
1 + 10.7× 10−6(122− 77)

]
= 1001.28 ft(305.2 m)

L(302) = 1000.80
[
1 + 10.7× 10−6(302− 77)

]
= 1003.21 ft(305.8 m)

The conductor sag is calculated by rearranging Eq. (7.22)

D =
√
3S(L− S)

8

D(122) =
√
3(1000)(1.28)

8
= 21.9 ft(6.68 m)

D(302) =
√
3(1000)(3.21)

8
= 34.7 ft(10.58 m)
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TABLE 7.2 Relationship Between Conductor
Temperature and Conductor Sag for the ACSR
Conductor 405mm2 for a 1000 ft Level Span [6]

Conductor temperature (◦C) Conductor sag, D (m)

25 5.29

50 6.68

150 10.58

The relationship of the conductor temperature and the conductor sag for the
above example can be summarized in Table 7.2.

The conductor temperature corresponds to the measured sag given by
Eq. (7.14), since the current conductor temperature is known, the dynamic
thermal rating for the maximum conductor temperature for example at 75◦C
can be calculated by using Eq. (7.2).

From the known conductor temperature, the value of qr can be calcu-
lated by the thermal rating Eq. (7.11). The value of qs can be calculated by
Eq. (7.12), the conductor resistance at the known temperature can be calculated
by Eq. (7.13). By rearranging the thermal balance equation and with the known
value of conductor current the convective heat loss qc can be calculated using
Eq. (7.23).

qc = I2R(t) + qs − qr (7.23)

From the known value of qc the equivalent perpendicular wind speed can
be calculated by Eq. (7.4) or (7.5). Assuming the equivalent perpendicular wind
speed is constant then the thermal rating at the maximum conductor temperature
can be calculated.

7.6 STANDARD AND GUIDELINES ON THERMAL RATING
CALCULATION

Reference standard for thermal rating calculation is published by IEEE, the first
standard is IEEEStd 738-1993, IEEEStandard for Calculation ofBareOverhead
Conductor Temperature and Ampacity Under Steady-State Conditions. Later the
new revision of this standard is published; IEEE Std 738-2006. The revised
standard has additional information that addresses fault current and transient
rating calculation, SI units were used throughout, the solar heating calculation
was extensively revised to cater for most part of the world instead of only
20◦ North and above in the first standard IEEE Std 738-1993. The IEEE
standard presents a method of calculating the current–temperature relationship
of overhead lines given theweather conditions. The heat balance energy equation
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used for thermal rating calculation is described in details in this standard. The
equation relating electrical current to conductor temperature described in this
standard can be used in two ways:

� To calculate the conductor temperature when the electrical current is known.
� To calculate the current that yields a given maximum allowable conductor

temperature.

Another guidelines on thermal rating calculation were developed by CIGRE
working group WG 22.12, published in Electra No. 144 in October 1992, The
Thermal Behavior of Overhead Conductors, Sections 1 and 2: Mathematical
model for evaluation of conductor temperature in the steady state and the appli-
cation thereof. And another one published in Electra No. 174 in October 1997,
The Thermal Behavior of Overhead Conductors, Section 3: Mathematical model
for evaluation of conductor temperature in the unsteady state. In these guidelines,
the heat balance energy equation is discussed in more details compared to in
IEEE standard where other addition elements are added in the heat balance
energy equation such as magnetic heating, corona heating, and evaporating
cooling.

7.7 OPTIMIZING POWER TRANSMISSION CAPACITY

7.7.1 Overview of Dynamic Thermal Current Rating of
Transmission Line

Real-time thermal rating methods can be classified into two basic types: weather
model (WM) and conductor temperature model (CTM) [4]. The difference
between the two models is the method by which the conductor convective heat
transfer coefficient is calculated. The WM approach calculates the convective
heat transfer coefficient using ambient temperature, wind speed, and wind
direction data together with empirical expressions for convective heat transfer
for air flow past cylindrical objects. The CTM computes the convective heat
transfer coefficient directly using the conductor heat balance energy equation,
conductor temperature, air temperature, and conductor current. There are five
main dynamic thermal rating techniques in WM and CTM that is weather mon-
itoring, line tension monitoring, sag monitoring, line temperature monitoring,
and conductor replica technique. The most appropriate technique depends upon
a particular application and is based on various issues including accuracy, cost,
and ease of installation [7].

In general, the overview of DTCR system is as shown in Fig. 7.12. There are
three main components that form the Dynamic Thermal Current Rating (DTCR)
system; remote monitoring station, communication system, and the system
computer. Remote monitoring station gathers information on the environment
in which the transmission lines are located and also information on the line
sag/clearance or tension or conductor temperature. The remote monitoring



334 Alternative Energy in Power Electronics

Communication
system

System
computer

Remote
monitoring station

FIGURE 7.12 Dynamic thermal current rating (DTCR) system block diagram.

station is normally placed at a critical location along the transmission line where
the wind cooling is minimal or where there is an increased probability of contact
between the conductor and objects on the ground.

The communication system used in this real-time thermal rating system
can be wireless or wired system. Normally, wireless communication system is
more suitable for the thermal rating system compared to wired system due to
connectivity issues and cost. The wireless system is easy to be implemented;
it is robust and suitable for use in the outdoor environment. Data transfer from
the remote monitoring station to the system computer can be based on dial-up
connection at certain time intervals.

The system computer normally consists of two software modules; thermal
rating calculation module and thermal rating display module. It has two primary
functions, namely to process the weather and line clearance data then calculate
the thermal rating of the line and to display the thermal rating in real-time.

As electrical current in an overhead conductor increases, the line temperature
increases and therefore the line sags. Each line has a minimum clearance to
ground, which must never be violated for safety reasons. The thermal rating
is the maximum current which results in the line sagging down exactly to the
minimum clearance. Any additional current would result in too much sag and
therefore breaches the safety requirement [9].

There are a few methods of transmission line sag monitoring that has been
developed. One of the methods proposed is based on Global Positioning System
(GPS). The method is known as differential GPS [10]. This mode consists of
the use of two GPS receivers, the base and the rover as shown in Fig. 7.13. The
actual position of the base is known (e.g., by precise surveying) and compared
to the readings received at the same base point. With the estimated error, the
readings obtained at the rover can be compensated by simple subtraction.

Another method to monitor the line sag is by using smart camera. This
method is developed by Electric Power Research Institute (EPRI), USA, [4].
The system uses an imaging system to monitor the location of the conductor or
a target attached to it as shown in Fig. 7.14. The imaging system is installed on
either a transmission line structure or any other structure with a view of the span
being monitored. The field of view of the imaging system remains the same at
all time and the location of the conductor or the target in the view changes as the
conductor moves up, down, or horizontally. Image processing technique is used
to determine the location of the conductor or the target attached to the conductor
in the cameras field of view. The search algorithm uses a pre-selected sub-image
of the target and searches the image to determine the most likely location of the
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FIGURE 7.13 Line sag measurement using differential GPS technique [6].
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FIGURE 7.14 Line sag measurement using smart camera [11].

target in the camera image. The key for the success of this approach is to have a
target with unique features that cannot be easily found in the background. The
change in vertical position of the conductor in the image is directly related to
the change in ground clearance or sag. At the time of installation, location of the
conductor or the target attached to the conductor in the imaging system’s field
of view is calibrated to the measured ground clearance/sag. Ground clearance
or sag at any later time is obtained from the measured change in location of the
conductor using calibration constants obtained at the time of system calibration.
The resulting clearance information may be made available on a real-time basis
using telemetry and/or logged in a data logger for historical study. An effective
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conductor temperature is calculated using sag-tension routines of line rating
software such as PLS-CADD software from Power Line Systems Inc., USA and
the real-time ratings is calculated using IEEE standard 738 [4].

Tension monitors consist of solar-powered line tension monitoring system
located along the transmission line that communicate the measured data via
spread spectrum radios to receiving units at substations which are further
linked to the utility’s EMS/SCADA systems. The conductor tension is measured
using load cell installed at the dead-end insulators. There are also sensors that
measure the ambient temperature and the net radiation at the conductor. All
data are transmitted to the center processor computer for the line thermal rating
calculation. The calibration of the system allows determination of the conductor
temperature based on the measured tension [2].

Direct measurement of conductor temperature method uses temperature
sensor that is directly attached to the conductor. It uses solid-state thermoelectric
sensors and it is power-up using line current transformer. The system was
developed by Niagra Mohawk in 1980s and the temperature sensor was called
Power Donut. This method can provide conductor temperature data in real-time.
Power-Donut has ambient and conductor temperature measurement accuracy of
±2◦C over a range of −40–125◦C [12]. The advantage of this method is that
the user has a direct measurement of conductor temperature. If the line rating
is intended to limit the loss of conductor strength at high temperature, then this
method is mostly appropriate.

Ground clearance has direct relationship with line sag as they depend on
conductor temperature. Therefore, thermal rating can also be determined by
monitoring the ground clearance. Laser distance measurement sensor can be
used to measure the distance between the transmission line and ground. The
installation of the laser distance measurement sensor must be at the middle of
the span on the ground directly under the transmission line as shown in Fig. 7.15.

To enable continuous monitoring of the line clearance, the sensor
can be set to operate in automatic mode which will take measurement

Data
logger 

4–20 mA

Laser
distance

measurement
sensor   

FIGURE 7.15 Laser distance measurement sensor installation.
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FIGURE 7.16 Weather monitoring using a weather station for transmission line in Malaysia.

continuously for a certain time interval. The line thermal rating can be
calculated based on the conductor temperature determined by the clearance
measurement.

A number of studies have shown that it is possible to calculate the thermal
rating of an overhead conductor in a single span if the weather conditions in
the span are known. This can be done using historical weather data records
in order to select appropriately conservative static ratings or it can be done in
real-time as a basis to dynamically rate the line. By accounting for variations
in span orientation along a transmission line, it was found that the weather data
from a single weather station as far as 20 miles away could be used to predict
the statistical distribution of thermal ratings for that line [5]. For a real-time
monitoring, the dynamic thermal rating of the line is calculated using real-time
value of the line load current and the weather data. Example of a weather station
installation at the transmission line is shown in Fig. 7.16.

7.7.2 Example of Dynamic Thermal Current Rating of
Transmission Line

The dynamic ratings profile as shown in Fig. 7.17 is based onDTCR calculations
using weather data recorded by a weather station for one of the transmission line
in Malaysia [13]. The figure shows three curves:
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FIGURE 7.17 Dynamic thermal rating profile of a transmission line in Malaysia.

� Measured load on the line
� Static rating
� Calculated dynamic rating from DTCR software

It is important to note that:

� The dynamic rating is almost always greater than the static rating
� The measured load is always significantly lower than the static rating

For statistical representation of the thermal rating, the thermal rating data for
certain duration, e.g., 6 months can be represented using probability density
plot. The probability density plot shows the frequency of the thermal rating in
a certain period of time. It can be used as a guide for operating the transmission
line or revising the static rating. Example of the probability density plot is shown
in Fig. 7.18.

The graphs show that the load is always below the static rating. Only during
emergencies the load would exceed the normal static rating. The dynamic
thermal rating is mostly 20% higher than the static rating which is shown at
the tip of the dynamic thermal rating probability density graph in Fig. 7.18. This
is the available potential extra capacity ready to be utilized when DTCR system
is used to monitor the line rating.

7.8 OVERVOLTAGES AND INSULATION REQUIREMENTS
OF TRANSMISSION LINES

The consideration for insulation requirements of transmission lines are critical
because overvoltages can occur as a result of lightning strokes, switching, faults,
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load failure, and others. Overvoltages are transitory phenomena. It is defined
as any transitory voltage between phase and ground or between phases with
a crest value higher than the crest value of maximum system voltage [14].
These overvoltages are often expressed in per unit values, with maximum system
voltage as per unit base.

For example, the phase-to-ground per unit overvoltage is

Vpu = VL−G
√
3

Vm
√
2

where Vpu = per unit phase-to-ground overvoltage
VL−G = crest value of phase-to-ground overvoltage
Vm = maximum rms system voltage

This condition can be transient or permanent depending on its duration.
Understanding overvoltage behavior including power frequency phenomena as
well as switching and lightning surges are important prerequisite conditions in
determining insulation coordination in a power system network.

The overvoltage phenomena are classified into four major classes as fol-
lows [15]:

a. Power frequency overvoltages (also known as temporary overvoltages) that
include ferranti effect, self-excitation generator, overvoltage of unfaulted
phases due to single-line-to-ground fault and sudden load failure

b. Lower frequency harmonic resonant overvoltages that include lower order
frequency resonance and local area resonant overvoltages

c. Switching surges that include breaker closing overvoltages, breaker tripping
overvoltages, and switching surges by line switches
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d. Overvoltages by lightning strikes direct to phase conductors (direct
flashover), direct stroke to overhead shieldwire or to tower structure (back
flashover) or induced flashovers

e. Overvoltages due to abnormal conditions such as interrupted ground fault
of cable, overvoltages induced on cable sheath or touching of different
kilovolts line, etc.

In this chapter, the emphasis is given on overvoltages due to lightning strikes
and switching surges as well as temporary overvoltages that have great impact
in the selection of insulation requirements for transmission lines.

7.8.1 Overvoltage Phenomena by Lightning Strikes

By definition, lightning is an electrical discharge. It is the high-current dis-
charges of an electrostatic electricity accumulation between thundercloud and
ground (cloud-to-ground discharges) or within the thundercloud (intracloud
discharges). Other types of discharges such as cloud-to-cloud lightning and
cloud-to-air lightning also exist but not very frequent. The thunderclouds contain
ice crystals which are positively charged upper portion and water droplets that
are negatively charged, usually located at lower portion of the thundercloud.
The vertical circulation in terms of updrafts and downdrafts due to height and
temperature effects caused disposition of charges in the thunderclouds.

The mechanism of a lightning stroke is typically explained as follows. As
the negative charges build up in the cloud base, positive charges are induced on
the ground. When the voltage gradient within the cloud build up to the order of
5−10 kV/cm, the ionized air breaks down and creates an ionized path (leader)
moving from thundercloud to ground. This initial leader progresses by series
of jumps called a stepped leader. As this stepped leader (or downward leader)
nears the ground, the upward leader (or return stroke) is initiated that meets the
downward leader. This return stroke propagates upward from the ground to the
thundercloud following the same path, at the speed of 10–30% that of light,
which is visible to naked eye. The current involved may exceed 200 kA and
lasting about 100μs. The second leader called dart leader, may stroke following
the same path taken by the first leader, about 40 μs later. The process of dart
leader and return stroke can be repeated several times. The complete process of
successive strokes are called lightning flash.

Lightning surge phenomena can be classified into three different stroke
modes: (a) direct strike on phase conductors (direct flashover), (b) direct strike
on shieldwire or tower structure, and (c) induced strokes.

In the case of direct strike, the lightning current path is directly from the
thundercloud to the line. This will cause the voltage to rise at stroke termination
point, either on one phase or more phase conductors. The stroke current prop-
agates in the form of a travelling wave in both directions and raises potential
of the line to the voltage of the downward leader. Overvoltage may exceed the
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FIGURE 7.19 Cloud-to-ground lightning.

line-to-ground withstand voltage of line insulation and cause insulation failure,
if not properly protected.

In the case of direct strike on shieldwire or tower structure, a lightning stroke
directly strikes the shieldwire or tower structure. If lightning strikes a tower top,
some of the current may flow through the shieldwires, and the remaining current
flows through the tower to the earth. For stroke with average current magnitude
and rate of rise, the current may flow into the ground provided the tower and its
footing resistance are low. Otherwise, the lightning current will raise the tower
to a high voltage above the ground, causing flashover from the tower over the
line insulators to one or more phase conductors.

In induced strokes, lightning strokes terminate at some point on the Earth
at a short distance from a transmission line. This can be considered as a virtual
wire connected to a cloud and an earth point, and a surge current I(t) flowing
along the virtual wire. Thiswire hasmutual capacitances andmutual inductances
across the line conductors and the shieldwires of the neighborhood transmission
lines. In this regard, the capacitive induced voltages as well as inductive induced
voltage appear on the phase conductors as well as on the shieldwires [15].

The insulation for lines is composed of air and solid dielectric insulators. The
geometry of the insulators and their insulation strengths are selected to ensure
that if an insulation failure occurs, the failure will be a flashover in air. This
flashover produces a low impedance path through which 50Hz power current
will flow. Generally, these arcs are not self-extinguishing. To interrupt the power
fault a protective device (circuit breaker) operating to de-energize the circuit will
be required. Four types of lightning-caused flashover can occur on transmission
lines: back flashover, shielding failure, induced, or midspan.
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A back flashover event can occur when lightning strikes a grounded conduc-
tor or structure. In this case, a flashover proceeds backward from tower metal to
the insulated conductor. A lightning stroke, terminating on an overhead ground
wire or shield wire, produces waves of current and voltage that travel along the
shield wire. At the tower/pole, these waves are reflected back toward the struck
point and are transmitted down the tower/pole toward the ground and outward
onto the adjacent shield wires. Riding along with these surge voltages are other
surge voltages coupled onto the phase conductors. These waves continue to be
transmitted and reflected at all points of impedance discontinuity. The surge
voltages are built up at the tower/pole, across the phase-ground insulation, across
the air insulation between phase conductors, and along the span across the air
insulation from the shield wire to the phase conductor. If this surge voltage
exceeds the insulation strength, flashover occurs. The parameters that affect the
line back flashover rate (BFR) are:

� Ground flash density
� Surge impedances of the shield wires and tower/pole
� Coupling factors between conductors
� Power frequency voltage
� Tower and line height
� Span length
� Insulation strength
� Footing resistance and soil composition

Sometimes, the design engineer can vary the shield wire surge impedance and
the coupling factors, e.g., using two shield wires instead of one. Normally,
only insulation and footing impedance can be varied to improve back flashover
performance. Reducing the footing impedance directly reduces the voltage stress
across the insulator for a given surge current down the tower.

A shielding failure is defined as a lightning stroke that terminates on a phase
conductor. For an unshielded line, all strokes to the line are shielding failures.
For a transmission line with overhead shield wires, most of the lightning strokes
that terminate on the line hit the shield wire and are not considered shielding
failures.

The calculated number of shielding failures for a particular transmission line
model depends on a number of factors, including the model’s electrogeometric
parameters; the stroke current distribution; and natural shielding from trees,
terrain, or buildings. Not all shielding failures will result in insulator flashover.
The critical current is defined as the lightning stroke current that, injected
into the conductor, will result in flashover. The critical current for a particular
transmission line conductor is calculated by:

Ic = 2 ∗ (CFO)

Z
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where

CFOis the lightning impulse negative polarity critical flashover voltage
Z is the conductor surge impedance

Severe transient overvoltage can be induced on overhead power lines by nearby
lightning strikes. On lower voltage distribution power lines, indirect lightning
strikes cause the majority of lightning-related flashovers. Estimation of indirect
lightning effects is crucial for proper protection and insulation coordination of
overhead lines. The problem of induced flashovers from nearby lightning strikes
has received a great deal of scientific attention in the past 20 years, and the result
has been the development of more accurate estimation models of lightning-
induced overvoltages.

Important points to remember when dealing with induced flashovers from
nearby lightning strokes include:

� Insulator CFO voltages above approximately 400 kV prevent nearly all
induced flashovers.

� The presence of an effectively grounded overhead shield wire or neutral on
the line will reduce insulator voltages by 30–40%, depending on the line
configuration.

� Line surge arresters installed every few spans can improve induced flashover
performance for distribution voltage lines (spacing line arresters in this man-
ner will seldom improve direct stroke lightning performance, only induced
flashovers, and it is not recommended for transmission lines).

Power line flashovers caused by lightning strokes near midspan are unusual
for most line configurations. Midspan flashovers become more likely when
midspan conductor spacing is small, such as on-distribution lines, or when
span lengths are very long (304.8m or more). The voltage on a conductor
follows the equation presented for a shielding failure. If the voltage rises to
approximately 610 kV/m in the air gap between conductors, a long, relatively
slow breakdown process might occur that might take many microseconds to
complete.

7.8.2 Switching Surges

Switching surges can occur during operation of circuit breaker and line switch
opening (tripping) and closing at the same substation. In general, switching
surges occur in the vicinity of non-self-restoring insulation equipment such as
generators, transformers, breakers, cables, etc. Overvoltages caused by switch-
ing surges is a concern since they can damage insulation or cause insulation
flashover. Damage and flashovers often lead to power system outage which is
highly undesirable. The amplitude of a typical switching surge is about 1.5 pu
with duration of about one power frequency cycle [16].
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7.8.3 Temporary Overvoltage

A temporary overvoltage is an oscillatory phase-to-ground overvoltage that is of
relatively long duration and is undamped or only weakly damped. These types
of overvoltages usually originate from faults, sudden changes of load, Ferranti
effect, linear resonance, ferroresonance, open conductors, induced resonance
from couples circuits, and others (e.g., backfeeding, stuck pole). In general,
temporary overvoltage has two important characteristics: they are determinable
and they persist for many cycles. The magnitudes of these voltages may be
calculated by steady-state analysis, assuming the physical conditions on the
system are known.

7.9 METHODS OF CONTROLLING OVERVOLTAGES

There are several means for controlling the overvoltages that occur on trans-
mission system. Overvoltages due to switching surges can be controlled by
modifying the operation of a circuit breaker or other switching device in various
ways. The overvoltagemay be limited to an acceptable level with the installation
of surge arresters at the specific locations to be protected. The transmission
system may be changed to minimize the effect of switching operations.

It is clear that if the source of the overvoltage is a random event such as
lightning or fault initiation, the only sure method of controlling overvoltage
will be the use of surge arresters or similar protective devices. In lightning
protection design, two aspects are important to consider: (i) diversion and
shielding, mainly for structural protection that also provides reduction of electric
andmagnetic fields within the structure and (ii) limiting the currents and voltages
on electronic, power, and communication systems through surge protection. For
the latter, the protection must include the control of currents and voltages from
direct strikes to the structure as well as from lightning-induced current and
voltages surges propagating into the structure from aerial or buried conductors
from outside. Four general types of current- and voltage-limiting technique are
commonly used [17] which are:

a. Voltage crowbar devices such as gas-tube arresters, silicon controlled
rectifiers (SCRs) and triacs that limit overvoltages to values smaller than
operating voltages and short circuit the current to ground.

b. Voltage clamps such as metal oxide varistors (MOVs), Zener diodes and p-n
junction transistors. These solid state nonlinear devices reflect and absorb
energy while clamping the applied voltage across terminals to 30–50%
above the system operating voltage.

c. Circuit filters that are linear circuits that both reflect and absorb the frequen-
cies contained in the lightning transient pulses.

d. Isolating devices such as optical isolators and isolation transformers that
suppress relatively large transients.
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Reduction of basic impulse insulation levels of transmission equipment is
possible with the use of surge arresters. Arresters are primarily used to protect
the system insulation from the effects of lightning. Nowadays, modern arresters
can also control many other system surges that may be caused by switching or
faults. Arresters provide indispensable aid to insulation coordination in electrical
power system. It has basically a nonlinear resistor so that its resistance decreases
rapidly as the voltage across it rises. At the surge ends and the voltage across
the arrester returns to the normal line-to-neutral voltage level, the resistance
becomes high enough to limit the arc current to a value that can be quenched
by the series gap of the arrester.

Surge arresters may be used to control temporary overvoltages, such as due
to a fault. It may be able to protect the equipment for the short time it takes to
clear the applicable breakers. Similarly, surge arresters may be used to control
switching surge overvoltages along a transmission line and thus reduce the
length of required insulator strings. For example, the use of metal oxide arresters
at the receiving end of a 280-km line can reduce the switching overvoltage along
the line from a maximum of 2.2 to 1.8 p.u.

7.10 INSULATION COORDINATION

Insulation coordination is the selection of the insulation strength [18]. The
strength is selected on the basis of some quantitative or perceived degree of
reliability. It is also important to know the stress placed on the insulation and
methods to reduce the stress, be it through surge arresters or other means. There
are three different voltage stresses to consider when determining insulation and
electrical clearance requirements for the design of high-voltage transmission
lines: (i) the power frequency voltage, (ii) lightning surge, and (iii) switching
surge. In general, lightning surges have the highest value and the highest
rates of voltage rise. Properly done insulation coordination provides assurance
that the insulation used will withstand all normal discharge and a majority of
abnormal discharges. Several terms used in insulation coordination are defined
as follows.

The Basic Lightning Impulse Insulation Level (BIL), is defined as the
electrical strength of insulation expressed in terms of the crest value of the
“standard lightning impulse” [18]. The BILs are universally for dry conditions.
It is determined by tests made using impulses of a 1.2/50 μs waveshape. Several
tests are performed and the numbers of flashovers are noted.

The Basic Lightning Impulse Insulation Level (BIL) is the electrical strength
of insulation expressed in terms of the crest value of a standard switching
impulse. BILs are universally for wet conditions.

Withstand Voltage is the highest voltage that the insulation can withstand
without failure or disruptive discharge, under specified test conditions. It is
a common practice to assign a specific testing waveshape and duration of its
application to each category of overvoltage.
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There are two major categories of insulation: external insulation is the
distances in open air or across the surfaces of solid insulation in contact with
open air that is subjected to dielectric stress and to the effects of the atmosphere.
Most transmission line insulation is external insulation. Internal insulation is
the internal solid, liquid, or gaseous parts of the insulation of equipment that are
protected by the equipment enclosures from the effects of the atmosphere such
as in a transformer.

Insulation can also be divided into self-restoring and non-self-restoring
categories. Self-restoring insulation completely recovers its insulating properties
after a disruptive discharge. Non-self-restoring insulation loses insulation prop-
erties or does not recover completely after a disruptive discharge. Most external
insulation, such as external air gap, is self-restoring insulation and most internal
insulation, such as solid insulation in a transformer is non-self-restoring insu-
lation. Insulation failure consequences are different for the different categories.
Failure of non-self-restoring internal insulation is catastrophic while failure of
external self-restoring insulation may only be a nuisance. Testing may be done
after a disruptive discharge for self-restoring internal insulation that provides
statistical data for examination.

Insulation coordination involves the following processes: (i) determination of
line insulation, (ii) selection of BIL and insulation levels of other equipment, and
(iii) selection of lightning arresters. To assist this process, standard insulation
levels are recommended such as in IEC Publication 71.1 “Insulation Coordina-
tion Part 1, Definitions, Principles and Rules,” 1993–1912.

Knowledge of the overvoltages that they system will be exposed may be
gained in two general ways: by measurement on the real system or by analysis
on related models. Field measurement on a real system can only be done after
the system is built. Analytical method can be used to determine the magnitude
of overvoltages. The transient behavior of a complex transmission system must
be studied through models either analog or digital. Transient network analyzer
is an example on an analog model. For transmission lines below 345 kV, the line
insulation is determined by lightning flashover rate. At 345 kV, the line insulation
may be dictated either by switching surge or by lightning flashover rate. Above
345 kV, switching surges become a major factor in flashover considerations.
The probability of flashover due to a switching surge is a function of the
line characteristics and the magnitude of the surges expected. The number of
insulators may be selected to keep the probability of flashovers due to switching
surge very low.

In the design of substation, the maximum switching surge level used is
either the maximum surge that can take place in the system or the protective
level of arresters. In this case, the insulation coordination in a substation
involves the selection of the minimum arrester rating applicable to withstand the
power frequency voltage and the equipment insulation level to be protected by
arresters.
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