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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 (FACTYS), 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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Power Electronics for
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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 combination with 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 1.373kW/m?2. 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/m? 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 0.2-0.3 mm 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 (/,;,), 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 (/) generated by the solar radiation then flows to the output.
The solar cell current has its maximum (/). 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= 1Ly —Io(e?™ — 1) =L, — Iy (1.1)

where ¢ is the electron charge, k is the Boltzmann constant, I, is photocurrent,
Iy is the reverse saturation current, I; is diode current, and 7T is the solar cell
operating temperature (°K). The current vs voltage (/-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

PN junction

positive doped silicon

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:

e Monocrystalline Si cells.
e Polycrystalline Si cells.
e 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 (V,.) and short-circuit current (I5.). The open-circuit voltage is
the maximum voltage at zero current, while short-circuit current is the maximum
current at zero voltage. For a silicon solar cell under standard test conditions, V.
is typically 0.6-0.7 'V, and Iy, is typically 20-40 mA for every square centimeter
of the cell area. To a good approximation, Iy is proportional to the illumi-
nation level, whereas V,, is proportional to the logarithm of the illumination
level.

» V

V,

mpp Voe

FIGURE 1.3 Current vs voltage (/-V) and current power (P-V) characteristics for a solar cell.
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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 /-V curve at which the solar cell will generate
maximum power. This is known as the maximum power point (Vyp, Inp). 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 = (Viup X Lip)/ (Voe X Ise) (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 I, slightly increases linearly with temperature,
but, V,. and the maximum power, P,, 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 -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:

e Stand-alone PV systems.
e Hybrid PV systems.
e 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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Charge
regulator AC
unit Battery Inverter Load

PV
Panel

FIGURE 1.7 Stand-alone PV system.

Diesel
Generator
PV Panel 3
Power
——| Conditioning and > Load
Control
N
Battery
FIGURE 1.8 PV-diesel hybrid system.
Grid
PV Panel
Power
Conditioning and
Control

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:

e Battery charging.
e 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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FIGURE 1.10 Nominal number of battery cycles vs DOD.

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 PV modules 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:

e Series charge regulators.
e Shunt charge regulators.
e 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 St
disconnects the PV generator when a predefined battery voltage is achieved.
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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 20 A).

Switch S,
N
1 90
Blocking i

Diode
Battery +

N D2 N SR I . Load

PV
Panel

Charge
Controller

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 S, 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:

e Buck (step-down) converter.
e Boost (step-up) converter.
e 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.

in out

PV panels Ve

FIGURE 1.13  Buck converter.

out

PV panels +

FIGURE 1.14 Boost converter.
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FIGURE 1.16 Typical power/voltage characteristics for increased insolation.

1.2.3.1.3 Maximum Power Point Tracking (MPPT)

A controller that tracks the maximum power 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 1000 W/m? [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 Al, delivering only power P1. The
maximum array power available at the given insolation is P2. In order to use
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FIGURE 1.17 PV array and load characteristics.

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 (Is¢) [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,
Vumpp, is a linear function of the open-circuit voltage, Voc. For example Vypp =
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 Vypp 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 rectifying modes. In many stand-alone PV installations, alternating
current is needed to operate 230V (or 110V), S0Hz (or 60 Hz) 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.

e Photovoltaic inverters must be able to withstand overloading for short term
to take care of higher starting currents from pumps, refrigerators, etc.

e 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 as metal 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 MOSFETSs are used in units up to
5kVA and 96 V 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 96 V 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 or modified 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 S», the capacitors C and C; are connected in series across the DC source.
The junction between the capacitors is at the mid-potential. Voltage across each
capacitor is Vg/2. Switches S and S, can be switched on/off periodically to
produce AC voltage. Filter (Ly and Cy) 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 P, 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, Xo,
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FIGURE 1.21 Bi-directional inverter system.

and the AC output capacitor C, filter out the high-switch frequency components
from the output waveform. Most inverter topologies use a low frequency (50
or 60 Hz) 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 Xj,.
The bi-directional power flow between inverter and the diesel generator can be
established.
The power flow through the link inductor, X, is

S =Vl (1.3)

Py = (ViyVesind) /X, (1.4)

Om = (Viu/Xm) (Vi — Ve cos 8) (1.5)
8 = sin " [(XnPm)/ (Vi V)] (1.6)

where § 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 §. The PWM pulses separately control the amplitude of the converter
voltage, V., 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
more maintenance, and are less reliable. Photovoltaic powered water 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 P, 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 [-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, ¢, 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:

e DC motors.
e 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 DC motors and are more reliable but the DC motors
are more efficient. The DC motors used for solar pumping applications are:

e Permanent magnet DC motors with brushes.
e 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 the motor-pump units especially for reciprocating
positive displacement type pumps with 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 through MPPT
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 /-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



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

Types of
motor
Brushed DC

Brush-less DC

AC induction
motors

Advantages

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.

Efficient.
Less maintenance is required.

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.

Disadvantages

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

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.

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.

Main features

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.

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

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.
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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 voltage DC 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 AC without using a step-up transformer. The second system, shown
in Fig. 1.26b makes use of a conventional “off-the-shelf”’ 415 V, 50 Hz, induction
motor [6]. This scheme needs a step-up transformer to raise inverter output
voltage to high voltage. Third scheme as shown in Fig. 1.26¢ 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 20-50 Hz, which is
the practical limit for most 50 Hz 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



Power Electronics for Renewable Energy Sources Chapter | 1 25

Converter Inverter
_— | |
| Motor Pump
| Voltage
PV Panel T Frequency
| Control
Processor

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]:

e Series hybrid energy systems.
e Switched hybrid energy systems.
e 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 to AC 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.

PV Array Solar Charger B Z i

Battery Charger
Diesel Generator

Wind -

= —
Generator ~ @

Inverter AC Load

A 4

Battery Bank
FIGURE 1.28 Series hybrid energy system.



Power Electronics for Renewable Energy Sources Chapter | 1 27

Advantages:

e 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.

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

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

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

Disadvantages:

e 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.

e The battery bank is cycled frequently, which shortens its lifetime.

e The cycling profile requires a large battery bank to limit the depth-of-
discharge (DOD).

e The overall system efficiency is low, since the diesel cannot supply power
directly to the load.

e 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. The main 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:

e 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.

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

Disadvantages:

e Power to the load is interrupted momentarily when the AC power sources are
transferred.

e 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:

e Automatic control is essential for the reliable operation of the system.

e The inverter has to be a true sine-wave inverter with the ability to synchronize
with a secondary AC source.

e 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



Power Electronics for Renewable Energy Sources Chapter | 1 31

120
100 g
g q
> 80 DG
S
3
g 60
)
o
2 40
©
i
20
0
T
0 - VI) Diesel Energy
8 10 12 i PV Energy
4 16 415 . [ Hourly Load
Hour 20 22 24

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 (IIT): 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 synchronized with 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 gathering momentum because 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:

e Rooftop application of grid-connected PV system.
e 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 load management. The PV users can defer their load by
adopting load management to get the maximum benefit 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 times when 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 -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:

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

e Current controlled (CC).
e 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
large motor 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 (§) control — voltage-controlled voltage source
inverter (VCVSI). The active power transfer from the PV panels is accomplished
by controlling the phase angle § between the converter voltage and the grid
voltage. The converter voltage follows the grid voltage. Figure 1.32b shows the
same VSI 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:

e Line-commutated inverter.
e Self-commutated inverter.
e 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 < ¢ < 90) to inverter operation (90 < ¢ < 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 50 Hz transformer for a standard PV inverter with PWM switching scheme
can be very heavy and costly. While using frequencies more than 20kHz, 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 /. This reference
current /; 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
(50/60 Hz) 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 100 Hz sine-wave current waveform [43]. Half-
wave bridge is utilized to convert this output to 50 Hz 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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FIGURE 1.43 The equivalent circuit diagram of a VCVSL

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 VCVSL
For the following analysis it is assumed that the output low-pass filters (Ly
and Cy) of VSIs will filter out high-order harmonics generated by PWMs. The
decoupling inductor (X,,,) is an essential part of any VCVSI 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
(8)) 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 (/) can be expressed by
Eq. (1.7):

 Ve<0—-Ve<é = Vesing Vg —Vccosd
T X X X,
where V, and V. are respectively the grid and the VCVSI’s fundamental
voltages, and X, is the decoupling inductor impedance. Using per unit values
(Shase = V}%ase/zbase, Viase = Ve, and Zpgse = Xim) where Viase, Zbase, and Spase
are the base voltage, impedance and complex power values respectively. The
grid apparent power can be expressed as Eq. (1.8).

— Vgpu cos §) (1.8)

I, (1.7)

Sepu = —Vepu'sind +j(Vg,,

Using per unit values, the complex power of the VCVSI and decoupling
inductor are
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Sepu = —Vapusin 8 + j(Vgpu cos 8 — 1) (1.9)
Sepu =J (Vi — 2Vgpucos 8 + 1) (1.10)

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

Figure 1.45 shows the equivalent schematic diagram of a CCVSIL 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.

Voig= V£0 () Load 1) Vip=v20

FIGURE 1.45 The equivalent circuit of a CCVSL
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FIGURE 1.46 Phasor diagram of a CCVSI with inductive load and assuming grid is responsible
for supplying the active power [46].

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 (6). 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;,‘ =Re[lL] =Re |:f/—L:| (1.11)
g
where, Sy 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)

L=I-1I (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).

S, —P
I;=Remj—Rem]=Reﬂi——ﬂ§}

Ve

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

(1.13)
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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:

e 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.

e 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 10kHz. 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 /; 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 IE. 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 is in phase with the line voltages, and IZ is at 90°
to the line voltage. These are added together to give one (per phase) sinusoidal
converter current reference waveform (I);.). The CCVSI control consists of
analog and digital circuitry which acts as a ZACE transconductance amplifier
in converting I’} 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.

String 1 Grid

MPPT Inverter

String 2

String 3
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—
300 W) will have a small inverter. No cabling is required. It is expected that high
volume of small inverters will bring down the cost.

String 1 MPPT Grid
String 2

[ S = =

= A = ~ \
String 3

FIGURE 1.49 Multiple string DC/DC converter.
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FIGURE 1.50 Multiple string inverter.
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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 53 Hz. When
the grid is present, this will be pulled down to the nominal 50 Hz. If the grid
fails, it will drift upwards towards 53 Hz 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 1000 W/m?
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:

e Over voltage.

e Under voltage.

e Over frequency.

e 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—
260 V. 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 2s
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. IEEE P929 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, large wind generators are competing with utilities in supplying
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clean power economically. The average wind turbine size has been 300-600 kW
until recently. The new wind generators of 1-3 MW 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
30 m 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, the wind generation is going to be highly competitive with 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 50-150 kW 300-1000 kW 500-2000 kW

range
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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:

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

The mechanical power produced by a wind turbine is given by
Py = 0.50C,AU* W (1.14)

The power from the wind is a cubic function of wind speed. The curve for power
coefficient C,, and X is required to infer the value of C,, for A based on wind speed
at that time.

Where tip speed ratio, A = "“TA, p = Air density, Kg m—3, Cp = power
coefficient, A = wind turbine rotor swept area, m?2, 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 C, 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.

The C,—A curve for 150 kW windmaster 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 C,,

‘ Power

aerodynamic power

rated power

wind turbine power

cut-in cut-out wind speed

FIGURE 1.52 Power curve of wind turbine as a function of wind speed [50].
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The power coefficient is a function of turbine blade tip speed to wind speed
ratio (B). A tip speed ratio of 1 means the blade tips are moving at the same
speed as the wind and when 8 is 2 the tips are moving at twice the speed of the

wind and so on [51]. Solidity (o) is defined as the ratio of the sum of the width
of all the blades to the circumference of the rotor. Hence,

o = Nd/Q7R) (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 1.54 Turbine power vs shaft speed curves.
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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:

e Horizontal axis wind turbines (HAWTS).
e Vertical axis wind turbines (VAWTS).

Vertical axis wind turbines (VAWTSs) 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 50 W to 4.5 MW. 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:

e Fixed pitch wind turbines.
e Variable pitch wind turbines.

Different manufacturers offer fixed pitch and variable pitch blades. Variable
pitch is desirable on large machines 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 require maintenance 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 VS wind 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:

e VSWTs are more efficient than the FSWTs.

e 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:

e Frequent maintenance.
e Additional cost.
e 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-phase winding. These
windings are made accessible to the outside via slip rings. The main advantages
of a wound rotor induction generator for VSCF applications are:

e Easier generator torque control using rotor current control.

e 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.

e 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 (PTurpINE) 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).
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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:

e Stand-alone.
e Hybrid.
e 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:

e Battery charging.
e 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.

To
———~ Charge >
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Permanent Magnet
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Wind
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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 the wind 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 several minutes to smooth out the gusts in the wind,
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 optimum power. 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 offshore wind 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]. The wind energy systems must 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:

e Fixed speed wind turbines.
e 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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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 4.5-26 m/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 by motoring 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, Ppech, 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 A is determined. Based on computed A, the
power coefficient C), 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, Tyc1q1, 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 A decides the new C), 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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FIGURE 1.63 Block diagram of drive train model.

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]:

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

e 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.

e 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.

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

e 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 NASA MOD-0 and MOD-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 system where 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 amplitude modulation. 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 50 Hz 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:

e Wind generator.
e Rectifier.
e Inverter.

Wind Turbine

Generator

Rectifier Inverter

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



Power Electronics for Renewable Energy Sources Chapter | 1 71

I

[

FIGURE 1.65 Grid-connected PMSG wind energy system through DC/AC converter.

F :EM EH G ﬂﬁlity grid
C)

FIGURE 1.66 Grid-connected PMSG wind 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 S0kW).

The advantage of the system in Fig. 1.65 with 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 have many 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 the wind machine. 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 block will 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:

e 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.

e 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 or microchannel cooling may find application in future systems.
There is large potential for advancement in this area.

There is a need for new switching devices with 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 = 10!8 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
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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 25,500 TWh, by 2.91 TW x 24 h x 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
Renewables®  1.97 2.07

Other? 0.39 0.41

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

& Wind, PV, solar thermal, grid-connected electricity from landfill gas and biowaste.
® 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

Industrial
(24.87%)

Transportation
(28.12%)

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

Major Use Shares

Sector
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

I Light dusty
A [ Trucks

[_JRail
[ Shipping
3 Air

I Chemical production
[ Petroleum refining
[__IMetal smelting/refining

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

Other

I Space heating
I Water heating
[ Lighting

\ C_J Air conditioning
[ Refigration
[ Electronics
[ Wetclean
3 Other

I3 Lighting
[ Heating
[ Cooling
[ Refigration
[ JWater heating
[ Ventialtion
[ Electronics
I3 Others

v
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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 the world’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 International Atomic Energy Agency [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, CO,,
NO, and SO».

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 the most 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 CO; 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 8.5 GW and 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.

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) nung (2.1)

where P is the generated power (kW), & is the height (m), r is the water flow rate
(m3/s), and g is the gravitational acceleration (m/s?). In Eq. 2.1, the term hrg
represents the potential energy of the water. n, and n, 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-fype has
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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 they wait 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 any moving mechanisms 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 and mechanical components such as tracking mechanisms, 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 (/-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 PV module 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.
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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.

e 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.

e 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 /-V curve, the maximum-
power point (Py) 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 /-V characteristics [70]. There are various
models available to mathematically model the /-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.

Lugp MPP

Vmpp VOC

FIGURE 2.8 A typical /-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. [llumination 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, I is the diode reverse saturation current,
m is the diode ideality factor (generally various between 1 and 5), and V't is the
temperature voltage expressed as V1 = kT/g, which is 25.7 mV at 25 °C. The
equations defining this model are,

Vv
Ip=1Is [e’”"T — 1} , (2.2)
I =Isc — Ip, (2.3)
and

Isc — 1

V = mVp -ln[ KTy 1} (2.4)
Is
The I-V characteristic of the solar cell can be alternatively defined by [71],
I'=1In—1Ip
q(V + Rs) V + Rl

— — I 7)) —-1|-= 2.5
o [exp ( AksT Ra 2

where V is the PV output voltage (V), I is the PV output current (A), Ipp is the
photocurrent (A), Ip is the diode current (A), I is the saturation current (A), A is
the ideality factor, g is the electronic charge (C), kg is the Boltzmann’s constant
K™Y, Tis the junction temperature (K), Ry is the series resistance (£2), and
Rgh 1s the shunt resistance (£2).

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 (/-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 (Vinax, 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 AI/AV 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 AV/AI = — V/I, the PV is operating at MPP. If the current change
is not zero and AV/AI # — V/I, then AV/IAI > — V/I. If AV/IAI # — VII
and AV/AI > — V/I, the reference current should be decreased. However, if
AV/IAI # — VIl and AV/AI < — 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
AI/AV = — I/V may be very difficult [82]. Therefore, this condition can be
satisfied with good approximation by,

|AIJAV +1/V] < & (2.6)

where ¢ 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 (AVier), 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 the MPP. 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 |IdP/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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dP/dV <0, right of MPP
dP/dV =0, atMPP 2.7
dP/dV > 0, left of MPP

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., AI/AV and I/V [79].

P dav) d/

— =——=14+V—. 2.8
dv dv + dv 28)



Energy Sources Chapter | 2 107

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.

I
panelsI panel/converter

i AC
DC/DC [ bus
converter|
________________________ i
|
| - DC/AC
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DC/DC | ||
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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

Transformer
DC/AC } { AC/.DC DC
inverter | | || rectifier
FIGURE 2.15 Isolated DC/DC converter topology.
PV B Boost [—Full bridge[——
DC/DC DC/AC |Grid
panel .
converter —— 1nverter (——
(a)
PV Buck [——Full bridge——
DC/DC DC/AC |Grid
panel .
converter — 1nverter ——

(b)
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.

Filter

DC/AC | | L5 Toe | Grig

inverter
1 CﬁlmT —

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 difference when 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 to match 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.

DC/DC Battery DC/AC [

. : Loads
converter | | pack || inverter | |
Charging Load
controller controller

FIGURE 2.19 PV/battery connection for stand-alone applications.
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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].
Although wind 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/m?>,
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

1 o1 2 2
Ek—zm-v—zp-R~n-d-v 2.9)
where Ey represents kinetic energy of the wind, m stands for the mass of the
wind, v is wind speed, p 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.

/
N

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

E. 1
P=t=p Ry (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 = % = lp R 7 AL ' (vb2 - vﬁz) (2.11)
t 2 2

where Pexiracted Shows maximum extracted power from the wind, v4 and vy, are

wind speeds after and before passing through the turbine. p 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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oy

FIGURE 2.22 Wind speed before and after turbine.

The relation of total amount of power Pygal to the extracted power Pexracted
can be calculated as

Va + Vp

(12 2
Pextracted _ 2 (Vb Va ) B l <l B L‘2> ' (1 n E) 2.12)
Protal 3 2 vp2 Vb '
For the maximum power extraction, the ratio of the wind speed after and
d(pP P
before the turbine can be calculated using M =
: _ d (va/m)
Solving Eq. (2.12) for vy/wy, yields,
Va 1
— == (2.13)
Vb 3
As aresult, Eq. (2.12) reaches its maximum value for Ya = -
Vb
Peyirs
—curacted ~ 59.3% (2.14)
Potal iﬁ :%

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 low maintenance [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

L, Thre.e—phase C; Ry
@—’V""‘\——— diode g Vy
C L, rectifier

FIGURE 2.23 Diode rectifier connected to BLDC generator.




116 Alternative Energy in Power Electronics

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
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FIGURE 2.24 PMSG with rectifier/inverter.
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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 the machine; 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

Ly —
_%K} cT K} Grid
Wind

turbine Ipntélégitri‘%n Back-to-back inverter

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 induction machines can be supplied from both 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
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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 iy 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 operation will 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.



Energy Sources Chapter | 2 121

T.o
I Power control
Multi-pole
synchronous Pres Qrer
A 17

generator
* C—|- *K} Grid

nverter

Wind ‘
turbine [/

Rectifier

Ve =C * —

Controlled Excitati
. Xcitation V.
rectifier ac
voltage le—

V.
el controller

Excitation voltage

Multi-pole synchronous generator for wind turbine applications.

FIGURE 2.28
)
Wind 4
s Induction
turbine miachine Load group

Voltage source
inverter (VSI)

_mm_ﬂ)ﬂ- C+ =

Batteries

Y'Y Y
Y'Y Y\

FIGURE 2.29 Voltage and frequency control using energy storage.

IG Grid
) —
Wind Back-to-back inverter
turbine
Rotor side ! Grid (stator) side

converter converter

Bidirectional Energy

storage converter storage

FIGURE 2.30 Energy storage with bidirectional converter in DFIG systems.



122 Alternative Energy in Power Electronics

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=2pga®
= 2,08
where g is the acceleration of gravity (9.8 m/s?), p 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

(2.15)

_ L (2.16)
Vg = T .
where T is the wave period (s) and L is the wave length (m) [180].
1 L
Py = —pgA®— 2.17
w=7pgA (2.17)

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

T2
L=8_

e (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

pg>TA?
Y7 8
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:

(2.19)

_ pg’TH?

Py, = 2.20
W o (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.
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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, permanent magnets are mounted, 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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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 2.36 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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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 be much 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
afence 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 be mounted 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

—

Geothermal field

FIGURE 2.42 A geothermal power plant.

TABLE2.7 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. Condensed water 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 CO;
emissions are less than 0.2% of the cleanest fossil fuel-fired power plant, SO,
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 the most 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, unlike many 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
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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 and MW 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).
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PEMECs 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. They may 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:

2H, — 4H' + de (2.21)

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

0, + 4~ — 207" (2.22)

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

2H, + Oy — 2H,0 + Electric power. (2.23)

A typical single-fuel cell has a theoretical output voltage of 1.2 V. They
generate ideally 0.6 A/cm?. 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

Theoretical no loss voltage of 1.2 V

Rapid initial fall due to activation polarization loss

Linear
Volta
age drop g6 {0 ohmje |
0sses

0.5

Cell voltage (V)

Voltage fall due to the concentration
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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.

Power conditioning unit

| Load or grid
Fuel cell DC/DC DC/AC - ide

|
!

power plant | converter inverter |
|

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 (CO;) emissions
from fossil fuels is one of the main 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 (Rg,) resistances
(relatively large) [7]. R is mainly affected by the factors such as the bulk re-
sistance of the semiconductor material, metallic contacts, and interconnections,
whereas Ry, 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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FIGURE 3.1 Effect of the Electric Field in a PV Cell [3].
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FIGURE 3.2 Solar cell equivalent circuit [8].

bon <1> v

FIGURE 3.3 Model for a PV cell [9].

%
In=1Io [exp (ZTT) _ 1} 3.1)

where [ is the reverse saturation current, ¢ is the charge carrier, & is the Boltzman
constant, 7 is the cell temperature, and 7 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 Iy, set V =0 and Iy =
Iph Eq. (3.4), and this value changes proportionally to the cell irradiance. To
determine V., set the cell current I, = 0, hence Eq. (3.3) leads to

nkT 1
VOC = —1In| — (32)
q Iy

The PV module can also be characterized by the maximum point when the
product (Vi (voltage, where power is maximum) x Iy (current, where power is
maximum)) is at its maximum value. The maximum power output is derived by
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d(V x1
dvxh _, (3.3)
dr
and
KT [ Vip
Vip = Voc — — 1 1 3.4
mp ocC p n[nkT/q+ j| (3.4)

A PV module is normally rated using its W},, which is normally 1 kW/m? under
standard test conditions (STC), which defines the PV performance at an incident
sunlight of 1000 W/m?, a cell temperature of 25°C (77°F), and an air mass (AM)
of 1.5. The product (Vimp X Imp) is related to the product generated by (Voc x
Isc) by a fill factor (FF) that is a measure of the junction quality and series
resistance, and it is given by

Vip X Imp

FF = (3.5)

Voc x Isc
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 (1), which is defined as

_ FF x Voc x Loc
Pin
Pj, 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 (NVs) and parallel (V) combinations forming a PV module. The PV
parameters are then affected as shown below [9]:

n (3.6)

Iphtotal = NpIph 3.7)
Tototal = NpIO (3.8)
Nyotal = N 3.9)

Ny

R = —R 3.10

stotal Np S ( )

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 (gSlevation) jg
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FIGURE 3.4 PV module circuit model.
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FIGURE 3.5 Photovoltaic cells, modules, panels, and array [10].
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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 (¢%4™™) of the sun is

expressed in degrees from true north. Zenith angle (Hszl?;‘i‘h) of the sun equals 90
degrees less than the elevation angle of the sun, or

Gzenith —90° — Gelevation (3‘1 1)

sun sun
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



160 Alternative Energy in Power Electronics

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 /-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.

3

| . MPP PMmpPP =

Inmpp

Current
Power

Voltage  Vjypp Voltage Vvpp
(a) (b)

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]:

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

e Have low cost and high conversion efficiency.

e 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 PV maximum power point by tracking this MPP. 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 respond within 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 accomplish MPPT are described in the following
sections.

3.5.1 Perturb and Observe (PAO)

The PAO method has a simple feedback structure and few measured parameters.
It operates by periodically perturbing (i.e. incrementing or decrementing) the
duty cycle while 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 Ap and the derivative of voltage Av 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.

P
dpldv =0

4 dp/dv<0
MPP

dp/dv >0,

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 _71 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 7 and V, then uses the corresponding
stored value (I, and Vj) measured during the preceding cycle to calculate the
incremental changes as: dl =1 —1I, and dV =V — V). Based on the result
obtained, the control reference signal Vier will be adjusted in order to move the
array voltage toward the MPP voltage. At the MPP, di/dv = _71, 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 the maximum 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 /\jpp operating at the MPP is calculated using
the following equation:

Ivipp = Mclsc (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 = My Voc (3.13)

where My is the “voltage factor.” The open-circuit voltage Voc is sampled by
an analogue sampler, and then Vypp 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 ICT method provided good performance under rapidly changing weather
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

Vy

smp e Hold
Sampler circuit

Voc VPV

id

Sawtooth

FIGURE 3.11 The conventional MPPT controller using open-circuit voltage Vo [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. They may 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

Load
utilization

vA¢
<1D<VDQI>\ — !

conditioning distribution

unit
E Electric utility
nergy network
storage

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 (MOSFETSs), 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

Charge -
PVarray f——» controller DC load

{

Battery ——3  Inverter

A 4

AC load

FIGURE 3.15 Diagram of stand-alone PV system with battery storage power DC and AC 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 the module 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:

e Be properly sized and oriented to provide electrical power and energy

e Good control circuit to reduce electrical losses, overcurrent protection,
switches, and inverters

e 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.

REFERENCES

[1] www.worldenergy.org/.
[2] Photovoltaics: Solar Electricity and Solar Cells in Theory and Practice, www.solarserver.de/

—

wissen/photovoltaic-e.html.
[3] J. Toothman, S. Alsous, How Solar Cells Work, http://science.howstuffworks.com/
environmental/energy/solar-cell.htm (accessed October 2010).
[4] H. Moller, Semiconductors for Solar Cells, Artech House, Inc., London, 1993.
[5] Berkeley Lab, http://www.lbl.gov/msd/pis/walukiewicz/02$\delimiter"026E30F$02_08_full_
solar_spectrum.html.
D. Sera, R. Teodorescu, P. Rodriguez, PV panel model based on datasheet values, in: Industrial
Electronics, ISIE 2007, IEEE International Symposium Volume, 2007, pp. 2392-2396.

[6

=


www.worldenergy.org/
www.solarserver.de/wissen/photovoltaic-e.html
www.solarserver.de/wissen/photovoltaic-e.html
http://science.howstuffworks.com/environmental/energy/solar-cell.htm
http://science.howstuffworks.com/environmental/energy/solar-cell.htm
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0020
http://www.lbl.gov/msd/pis/walukiewicz/02$delimiter "026E30F  $02{_}08{_}full{_}solar{_}spectrum.html
http://www.lbl.gov/msd/pis/walukiewicz/02$delimiter "026E30F  $02{_}08{_}full{_}solar{_}spectrum.html
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0030

(71

(8]

9]

[10]
[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Photovoltaic System Conversion Chapter | 3 173

C. Chu, C. Chen, Robust maximum power point tracking method for photovoltaic cells:
a sliding mode control approach, Sol. Energy 83.8 (2009) 1370-1378.

EE362L, Power Electronics, Solar Power, I-V Characteristics, Version October 14, 2005,
http://www.ece.utexas.edu/~grady/EE362L_Solar.pdf.

D. Lee, H. Noh, D. Hyun, I. Choy, An improved MPPT converter using current compensation
method for small scaled PV-Applications, in: Applied Power Electronics Conference and
Exposition (APEC’03), vol. 1, February 2003, pp. 540-545.

Photovoltaic Fundamentals, http://www.fsec.ucf.edu/PVT/pvbasics/index.htm.

The Solar Sprint PV Panel, http://chuck-wright.com/SolarSprintPV/SolarSprintPV.html.
M.A. Serhan, Maximum Power Point Tracking system: An Adaptive Algorithm for Solar
Panels, Thesis, American University of Beirut, January 2005.

J.H.R. Enslin, M.S. Wolf, D.B. Snyman, W. Swiegers, Integrated photovoltaic maximum power
point tracking converter, IEEE Trans. Ind. Electron. 44(6) (1997) 769-773.

A.D. Hansen et al., Models for a Stand Alone PV System, Technical Report Riso National
Laboratory, Roskilde, Norway, December 2000, http://www.risoe.dk/solenergu/rapporter/pdf/
sec-1-12.pdf.

K.S. Karimov, J.A. Chattha, M.M. Ahmed, et al., Journal of references, Acad. Sci. Tajikistan
XLV(9) (2002) 75-83.

A.A. Khalil, M. El-Singaby, Position control of sun tracking system; circuits and systems, in:
Proceedings of the 46th IEEE International Midwest Symposium, vol. 3, December 27-30,
2003, pp. 1134-1137.

W. Dankoff, Glossary of Solar Water Pumping Terms and Related Components, 2009,
Available at: www.conergy.us/Desktopdefault.aspx/tabid-332/449 read-3816/.

R.A. Bentley, Global oil depletion—methodologies and results, in: Proceedings of the 3rd
International Workshop on Oil and Gas Depletion, Australian Association for the Study of
Peak Oil and Gas (ASPO), Berlin, Germany, 2004, pp. 25-26.

E. Kroutoulis, K. Kalaitzakis, N.C. Voulgaris, Development of a microcontroller-based,
photovoltaic maximum power tracking control system, IEEE Trans. Power Electron. 16(1)
(2001) 46-54.

C. Hua, C. Shen, Comparative study of peak power tracking techniques for solar storage
system, in: IEEE Applied Power Electronics Conference and Exposition, vol. 2, February 1998,
pp. 679-685.

C. Hua, J. Lin, DSP-based controller in battery storage of photovoltaic system, in: IEEE
IECON 22nd International Conference on Industrial Electronics, Control and Instrumentation,
vol. 3, 1996, pp. 1705-1710.

Liu Shengyi, Maximum Power Point Tracker Model, Control Model, University of South
Carolina, May 2000, Available from: http://vtb.engr.sc.edu/modellibrary_old.

K.H. Hussein, I. Mutta, T. Hoshino, M. Osakada, Maximum photovoltaic power tracking: an
algorithm for rapidly changing atmospheric conditions, IEE Proc. Gen. Transm. Distrib. 142(1)
(1995) 59-64.

K.K. Tse, H.S.H. Chung, S.Y.R. Hui, M.T. Ho, Novel maximum power point tracking
technique for PV panels, in: IEEE Power Electronics Specialists Conference, vol. 4, June 2001,
pp. 1970-1975.

T. Noguchi, S. Togashi, R. Nakamoto, Short-current pulse-based maximum power point
tracking method for multiple photovoltaic-and-converter module system, IEEE Trans. Ind.
Electron. 49(1) (2002) 217-223.

HowStuffworks, http://science.howstuffworks.com/solar-cell5.html.


http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0035
http://www.ece.utexas.edu/~grady/EE362L{_}Solar.pdf
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0045
http://www.fsec.ucf.edu/PVT/pvbasics/index.htm
http://chuck-wright.com/SolarSprintPV/SolarSprintPV.html
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0060
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0065
http://www.risoe.dk/solenergu/rapporter/pdf/sec-r-12.pdf
http://www.risoe.dk/solenergu/rapporter/pdf/sec-r-12.pdf
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0075
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0080
www.conergy.us/Desktopdefault.aspx/tabid-332/449{_}read-3816/
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0090
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0095
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0100
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0105
http://vtb.engr.sc.edu/modellibrary{_}old
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0115
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0120
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0125
http://science.howstuffworks.com/solar-cell5.html

174 Alternative Energy in Power Electronics

[27]

[28]

[29]

[30]

[31]
[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

M. Masoum, H. Dehbonei, E. Fuschs, Theoretical and experimental analyses of photovoltaic
systems with voltage-and current-based maximum power point tracking, IEEE Trans. Convers.
17(4) (2002) 514-522.

D. Hohm, M. Ropp, Comparative study of maximum power point tracking algorithms using
an experimental, programmable, maximum point test bed, in: IEEE Photovoltaic Specialists
Conference, September 2000, pp. 1699-1702.

G. Chicco, R. Napoli, F. Spertino, Experimental evaluation of the performance of grid-con-
nected photovoltaic systems, in: IEEE Melecon, Dubrovnik, Croatia, 2004, pp. 1011-1016.
N. Mohan, T. Undeland, W. Robbins, Power Electronics: Converter, Applications and Design,
third ed., John Wiley and Sons, New York, 2003.

M.H. Rashid, Power Electronics: Circuits, Devices, and Applications, Prentice Hall, 2004.

R. Carbone, Grid-connected photovoltaic systems with energy storage, in: International
Conference on Clean Electrical Power, Capri, Italy, 2009, pp. 760-767.

S. Duryea, S. Islam, W. Lawrance, A battery management system for stand-alone photovoltaic
energy systems, IEEE Ind. Appl. Mag. 7(3) (1999) 67-72.

E. Lorenzo, L. Narvarte, K. Preiser, R. Zilles, A field experience with automotive batteries
in SHS’s, in: Proceeding of the 2nd World Conference and Exhibition on Photovoltaic Solar
Energy Conversion, Vienna, 1998, pp. 3266-3268.

P. Diaz, M.A. Egido, Experimental analysis of battery charge regulation in photovoltaic
systems, Prog. Photovolt. Res. Appl. 11(7) (2003) 481-493.

H. Yang, H. Wang, G. Chen, G. Wu, Influence of the charge regulator strategy on state of
charge and lifetime of VRLA battery in household photovoltaic systems, Sol. Energy 80 (2006)
281-287.

J. Garche, A. Jossen, H. Doring, The influence of different operating conditions, especially
over-discharge, on the lifetime and performance of lead acid batteries for photovoltaic systems,
J. Power Sources 67 (1997) 201-212.

J. Enslin, D. Snyman, Combined low cost, high efficient inverter, peak power tracker and
regulator for PV applications, IEEE Trans. Power Electron. 6(1) (1991) 73-82.

D. Linden, Handbook of Batteries, McGraw-Hill, New York, 1995.

W. Jian, L. Jianzheng, Z. Zhengming, Optimal control of solar energy combined with MPPT
and battery charging, in: Proceedings of IEEE International Conference on Electrical Machines
and Systems, vol. 1, November 2003, pp. 285-288.

IEEE Recommended Practice for Sizing Lead-Acid Batteries for Stand-Alone Photovoltaic
(PV) systems, E-ISBN: 0-7381-2990-9, ISBN: 1-55937-068-8, http://ieeexplore.icee.org/
stamp/stamp.jsp?tp=&arnumber=210970.

IEEE Guide for Selection, Charging, Test, and Evaluation of Lead-Acid
Batteries Used in Stand-Alone Photovoltaic (PV) Systems,  E-ISBN:0-7381-3581-X,
PDF: ISBN: 0-7381-3581-X  SS95086,  http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&
arnumber=1263341.

IEEE Recommended Practice for Installation and Maintenance of Lead-Acid Batteries for
Photovoltaic (PV) Systems, E-ISBN: 978-0-7381-5592-0, ISBN: 978-0-7381-5591-3, http://
ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=4238866.

Solar Energy International, Photovoltaics Design and Installations, New Society Publishers,
2008.

EEE Recommended Practice for Installation and Maintenance of Nickel-Cadmium Batter-
ies for Photovoltaic (PV) System, E-ISBN: 0-7381-1088-4, ISBN: 1-55937-072-6, http://
ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=89824.


http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0135
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0140
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0145
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0150
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0155
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0160
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0165
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0170
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0175
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0180
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0185
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0190
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0195
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0200
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp={&}arnumber=210970
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp={&}arnumber=210970
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp={&}arnumber=1263341
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp={&}arnumber=1263341
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp={&}arnumber=4238866
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp={&}arnumber=4238866
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0220
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp={&}arnumber=89824
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp={&}arnumber=89824

[46]

[47]

[48]

[49]

[50]

Photovoltaic System Conversion Chapter | 3 175

J.P. Thornton, The Effect of Sand-Storm on Photovoltaic Array and Components, in: Solar
Energy Conference, 1992.

L. Chaar, A. Jamaleddine, F. Ajmal, H. Khan, Effect of wind blown sand and dust on PV arrays
especially in UAE, in: Power Systems Conference (PSC), South Carolina, USA, March 2008.
B. Mohandes, L. El-Chaar, L. Lamont, Application study of 500 W photovoltaic (PV) system
in the UAE, Appl. Sol. Energ. J. 45(4) (2009) 242-247.

T. Al Hanai, R. Bani Hashim, L. El-Chaar, L. Lamont, Study of a 900 W, thin-film, amorphous
silicon PV system in a dusty environment, in: International Conference on Renewable Energy:
Generation and Applications—ICREGA’10, Al-Ain, UAE, March 2010.

Sandia National Laboratories: Stand Alone Photovoltaic Systems: A Handbook of Recom-
mended Design Practices, National Technical Information Service, Springfield, VA, 1988.


http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0230
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0235
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0240
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0245
http://refhub.elsevier.com/B978-0-12-416714-8.00003-2/r0250

Chapter 4

Wind Turbine Applications

Juan M. Carrasco, Eduardo Galvan, and Ramoén Portillo
Department of Electronic Engineering, Engineering School, Seville University, Spain

Chapter Outline

4.1 Wind Energy Conversion
Systems
4.1.1 Horizontal-axis Wind
Turbine
4.1.1.1 The Rotor
4.1.1.2 The Gearbox
4.1.1.3 The Generator
4.1.1.4 Power
Electronic
Conditioner
4.1.2 Simplified Model of a
Wind Turbine
4.1.3 Control of Wind Turbines
4.1.3.1 Variable
Speed
Variable Pitch
Wind Turbine
4.2 Power Electronic Converters
for Variable Speed Wind
Turbines
4.2.1 Introduction
4.2.2 Full Power Conditioner
System for Variable
Speed Turbines
4.2.2.1 Double Three
Phase Voltage
Source
Converter
Con-
nected by a DC-
link

Alternative Energy in Power Electronics
Copyright © 2011 Elsevier Inc. All rights reserved.

178

178

179

181

181

183

183
185

186

188
188

189

190

4.2.3

4.2.4

4.2.2.2 Step-up
Converter and
Full Power
Converter
4.2.2.3 Grid
Connection
Conditioning
System
Rotor Connected
Power Conditioner for
Variable Speed Wind
Turbines
4.2.3.1 Slip Power
Dissipation
4.2.3.2 Single Doubly
Fed Induction
Machine
4.2.3.3 Power
Converter in
Wound-rotor
Machines
4.2.3.4 Control of
Wound-rotor
Machines
Grid Connection
Standards for Wind
Farms
4.2.4.1 Voltage Dip
Ride-through
Capability of
Wind Turbines

195

196

198

199

202

203

205

208

208

177



178 Alternative Energy in Power Electronics

4.2.4.2 Power Quality 4.3.5.4 Difference of
Requirements the Capacitor
for Grid- Voltages Control 217
connected 4.3.5.5 Modulation 218
Wind Turbines 210 4.3.6 Application Example 218
4.3 Multilevel Converter for Very 4.4 Electrical System of a Wind
High Power Wind Turbines 211 Farm 220
4.3.1 Multilevel Topologies 211 4.4.1 Electrical Schematic of
4.3.2 Diode Clamp a Wind Farm 220
Converter (DCC) 211 4.4.2 Protection System 222
4.3.3 Full Converter for 4.4.3 Electrical System
Wind Turbine Based Safety: Hazards and
on Multilevel Topology 213 Safeguards 222
4.3.4 Modeling 214 4.5 Future Trends 222
4.3.5 Control 216 4.5.1 Semiconductors 222
4.3.5.1 Rectifier Control 216 4.5.2 Power Converters 224
4.3.5.2 Inverter Control 217 4.5.3 Control Algorithms 224
4.3.5.3 Sum of the 4.5.4 Offshore and Onshore
Capacitor Wind Turbines 225
Voltages Control 217 Nomenclature 225
References 228

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 energy will 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 (>7 m/s), but there is a trend
to elevate this ratio above 2.5 m?/kW for certain locations of medium and low
potential. In this case, the technical limits are the high tangential speed at the tip

Low speed shaft High speed shaft
Gearbox

Hub Nacelle
r’d

Turbine blades

D

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 50 Hz 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 back with a DC current by rectifying part of the electricity
generated. Another kind of generator recently used is the permanent magnet [5].
This type of machine does not need an excitation system, and it is used mainly 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
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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:

N,:Nl-(l—s)=¥.(1—s) @.1)

where N, is the generator speed (rpm), Nj is the generator synchronous speed, s
is the induction generator slip, p is the pole pair number, and f7 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 fi. 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 poles which 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]:

_60-/;
p

The only way to control the speed is by changing the number of pole pairs or
by supplying frequency into the machine, fi. Therefore, wide range or discrete
steps are permitted. The synchronous machine will always be controlled in a

N, =N; “4.2)
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wide range of the rotor speed, w,. 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 synchronous machine can be controlled in a wide range of rotor speeds w,. 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 P,, in the low speed shaft can be expressed as a function
of the available power in the wind P,, by the Eq. (4.3):

Py =Cy(X,B)-Py 4.3)

where C,, (X, B) is the power coefficient, which is a function of the blade angle
and the dimensionless variable A = wyR/v,, (where oy, is the angular speed on
the low speed shaft, R is the turbine radius, and v,, the wind speed). In Fig. 4.3
an analytical approximation of the power coefficient Cj(A, B) is shown.

In Fig. 4.4 the power characteristic of a wind turbine Py, is shown.

The power of the wind can be expressed by the following equations [1,2]:

Py = L pr R 4.4
w 5107[ VW ( . )
where p is the air density.
Substitution of Eq. (4.4) in Eq. (4.3) and including X in such expression, the
following can be obtained:

C
O = ﬁansa)i (4.5)
where Qy is the torque in the low speed shaft that the wind turbine draws from
the wind.
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FIGURE 4.3 Analytical approximation of C,(A,p) characteristic (blade pitch angle B as
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FIGURE 4.4 Power characteristic of the wind turbine.

This Eq. (4.5) is represented in Fig. 4.5.
Neglecting mechanical losses, the total torque on the high speed shaft, Q; is
equal to the torque in the low speed shaft, O, divided by the gearbox ratio, G.

0= % (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.

dw,
dt

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 P,, obtained
by multiplying the electrical torque Q. by the rotor speed w, and the electrical
performance 7.

Or—Qe=J 4.7)

4.1.3 Control of Wind Turbines

Many horizontal axes, grid-connected, and medium- 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]:

e 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.

e 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.

e 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].

e 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 the most 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

e 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
Q. and the pitch angle g control the wind turbine. The control system acquires
the actual generated electric power P, and the generator speed, ,, and calculates
the reference generator torque Q;ef and the reference pitch angle 7%, using two
control loops [14].

In low winds it is possible to maximize the energy captured by following
a constant tip speed ratio A 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 Nyin shown in Fig. 4.8. On the other hand, in high wind speed, it is
necessary to limit the torque Q4 or power P,y of the generator to a constant
value.

The control parameters are: the minimum speed w;”i”, the maximum speed
in constant tip speed ratio mode w/"**, the nominal steady-state operating speed
@™ and the parameter K, which defines the constant tip speed ratio line Q, =

ro

K;w?- K; is given by (4.8):

7pR>Cp (1, B)
20363
When the generator torque demand is set to K Aa)f where o, is the measured

generator speed, this ensures that in the steady state the turbine will maintain the

tip speed ratio A, and the corresponding maximum power coefficient C, (A, B).

Figure 4.9 shows the simplified control loops used to generate pitch and
torque demands. When operating below rated power, the torque controller is

) = (4.8)
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FIGURE 4.7 Block control diagram of the variable speed pitch regulated wind turbine.
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FIGURE 4.9 Pitch regulated variable speed control loops.

active, and the pitch demand loop is active when operating above rated power.
Below rated, the speed set-point, a)rQef , s 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 Q. and the pitch angle controller
is achieving the reference nominal speed a)gef . 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
decisive when 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
3-25kHz, 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

[
[
[
e 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 V.. The control
strategy for the connection to the grid will be described in Section 4.2.3.

€Y ¢S [ KFLE
Sty orolfoyiy o

ree—
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 required with optimal tip speed
ratio, Aep, to allow maximum captured wind energy from low speed winds.
The generator speed is adjusted to the optimal tip speed ratio A,y by setting
areference 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, a)rQEf, has been obtained from the control strategy used in
order to achieve optimal speed ratio working conditions of the wind turbine to
capture the maximum energy from the wind. In Fig. 4.11, the calculation block to

obtain a)rQef is shown, that is fed by the actual rotor speed, w,, and the electrical

power generated, P,, by the asynchronous generator. Using this a)rQef and the
actual rotor speed, w,, which is measured by the machine, the reference for the
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FIGURE 4.11 Schematic of the rotor flux-oriented of a squirrel cage induction generator used in
a variable speed wind turbine.
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electric torque, QZef, 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, ulrg, ugesf, urTeSf, 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, |i,, |, that has also been used to calculate the
electromagnetic torque, Q, as shown in Fig. 4.11, using the Eq. (4.9).

3 [2
Q=" p- =" il -ig 4.9)
e 2P L ml * lgse

The speed controller provides the reference of the torque, Qgef , and the torque
controller gives the reference value of the quadrature-axis stator current in the
rotor flux-oriented reference frame z(rﬁfe
In Fig. 4.11 the field weakening block, used to obtain the reference value of
~ref
m

the modulus of the rotor magnetizing current space phasor ‘i ‘, is rotor speed-

dependent. This reference signal is then compared with the actual value of the
rotor magnetizing current, |i,, |, and the error generated is used as input to the flux
controller. The output of this controller is the direct-axis stator current reference
ef

. . T
expressed in the rotor-flux-oriented reference frame i, .

The difference in values of the direct and quadrature-axis stator current
references (i(r;];, i;ife) and their actual values (igse, igse) 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 (u;?;, u(r,?;) After this they are transformed

into the steady reference frame (ug{ , um{ ), using the e /" transformation. This
is followed by the 2 — 3 block and finally, the reference values of the three
phase stator voltage (u;eesf, ugif, u;if ) 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, a)rQef, and the measured rotor speed, w,, 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, Qzef , is obtained. Dividing the reference
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FIGURE 4.12 Block diagram of a field-oriented control of a salient-pole synchronous machine
used in wind turbine applications.
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FIGURE 4.13 Schematic of the cycloconverter synchronous generator used in variable speed wind
turbines.

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

Using a characteristic function of the magnetizing flux reference and the
byl ‘ Below

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

reference, Af,ff ; above base speed, this flux is reduced. The magnetizing flux
controller, |A,,|, is introduced and compared with the estimated magnetizing

flux of the synchronous machine, ‘)\;ff ‘, 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, zZi{ is obtained.

The value of the reference magnetizing stator current, ig{., 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.

actual rotor speed, w,, the magnetizing flux reference is obtained,
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The stator current components (i;i{,, if,?;) are first transformed into the stator

current components established in the rotor reference frame (igi‘,fr, i(rgr). 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 6,. The obtained two-axis stator
current references (irQE{, ig{ ), are transformed into the three phase stator current

references (i, zgef, i/) 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 iy 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
Cc. The inductors on the AC-side of the inverter have the inductance Lsc. The
three-phase voltage system of the grid has phase voltages eg, es, and er and
the phase currents are denoted as igg, isg, and izg. The DC-link voltage value is
denoted as V.

’“““D”#; FeT ey
I | Vee e
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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 w, 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 V; 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 @™ and the rated value of the rotor speed a)g"e. Outside this

range, the stator voltage is saturated to V" or V"*_ For rotor speeds w; in the
range between " and !¢, the control is carried out using an inductor current
i4c proportional to the shaft torque of the generator. Above the rated rotor speed,

this current is proportional to the power because the stator voltage Vj, 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 V. with a reference voltage V;if . Subtracting the actual

capacitor array voltage V;if from the reference voltage V;if , 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 e,g, ey, and e, into the «—f orthogonal
coordinates is given by the following expression:

2 |1 —1/2 —1/2 €rg
[ea} - \/j : / 2 esg (4.10)

es] V3 [0 V32 3] |0
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.

ref

|l 10 o

iwd z\/; —1/2 J3)2 [_ez iﬂ} .[l;ref} @411
i —12 =G ET

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 Pg, Eq. (4.12). This is the so-called “slip power” Py;p.

Pgip =5+ Ps 4.12)
The slip power can be handled as follows:

e It can be dissipated in a resistor (Fig. 4.17).

e Using a single doubly fed scheme, the slip power is returned to the electrical
grid or to the machine stator (Fig. 4.18).

e 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).

Short-circuit bar Variable
resistor

FIGURE 4.17  Slip power dissipation in a resistor.
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e 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 energy within 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 4.20 Brushless doubly fed induction machine.
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FIGURE 4.21 Variable resistor using a power converter.
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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 Pg, the mechanical power (1 — s) - Pg, and the slip
power and power converter s - Pg 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. hypersynchronous mode 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.

. POWER
P 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

JUT e

Transformer

......................................

N
Bl
_’l\

FIGURE 4.25  Single doubly fed induction machine with a force-commutated converter connected
to a line-commutated converter.
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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):

dis
=Rs - ig+ — 4.13
us s s+ o (4.13)
d)’
u.=n> R, -i + dt’—j-w,.)\’, (4.14)
)LSZLs-is—}—n'Lm-ilr (4.15)
A=n®Ls-i.4n-Ly-is (4.16)
3.p .
Qe:i'i'lm{)\’"j} (4.17)
3 )
Ps = 3 ‘R, {MS . lf} (4.18)
3 )
Qs = 3 o {us - 1§} (4.19)

In the induction machine model, rotor magnitudes, the rotor voltage u,, the
rotor flux A,, and the rotor current i, are referred to the stator, and so, the rotor
voltage u)., the rotor flux A), and the rotor current 7. are defined as:

A=n-h el (4.21)
e
=" (4.22)
n

The stator magnetizing current iy, is defined as:

AS Ls /
im = = cig+1i 4.23
m n-L, n-L, S r ( )
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 . by changing the rotor voltage u,..

The control of the stator cu
converter power is kept lowe
voltage generates a rotating

rrent via the rotor current makes sense only if the
r than the rated power of the machine. The AC stator
magnetic field with angular frequency w,.. 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. Activi

e 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 6, relative

to the stator. In these axes i,

m = 0 as shown in Fig. 4.29.

Equations of the rotor and stator voltage become:

. dis
MSZRS'lS‘F?‘}‘]'Q)e')\S (4.24)
dx’
W, =n"-Re-i,+ - (we — o) -k (4.25)
do,
We = — (4.26)

dr
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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 = jwers 4.27)
U, = jos1A, (4.28)
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The flux is determined from the stator voltage ug and the angular frequency
., of the AC system. Since both are constant, the flux linkage and magnetizing
current are constant too.

i = As M (4.29)
nlL,, JjwenLy,

As iy, 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 u
is zero due to the quadrature component of the stator magnetizing current iy,
is zero and so, the active and reactive power can be obtained by the following
equations:

30

Ps = 5 Wdstdsm (4.30)
3.

Os = Euqslqsm 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

4.24.1 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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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 150 ms: 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
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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. [EC-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 50 Hz. 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 50 Hz 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 S; and
S, are switched on, the phase is connected to the highest voltage in the DC-link,
and when the transistors Sy 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.

FIGURE 4.34 Three-level DCC.

TABLE 4.1 Switching Configurations for the Three-level DCC

State S, S, S3 Sy Phase-O voltage
0 Off Off On On —Vpc/2
1 Off On On Off 0

2 On On Off Off Vipc/2
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Figure 4.35 shows the diagram of high power wind 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):

Vsrl ] dir1/dr] 1 2 -1 -1 Vrl
vego | =Ly | dip/dt |+ | -1 2 —1 V2 (4.32)
Vsr3 | di3/dt ] -1 -1 2 Vr3
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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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Vsil dij /dt 1 2 -1 —1 Vil
vsio | = —L;i |dip/dt | +=]—-1 2 —1 Vi2 (4.33)
Vsi3 diz/dt -1 -1 2 |]vs
And the next ones for capacitors voltages dynamics Eq. (4.34):
dxi . . . . . .
ZCE = (8r1ir1 + 822 + 813ir3) — (Sindin + iniio + i3ii3)
Vel +Ve2
=0
dx (4.34)
2 . . . . . .
ZCE = (8311r1 + 6500 + 533lr3) - (5,2111'1 + 8%in + 5,~231i3)
= Ve2 = Vel
T2

where, x; and x» 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 a8y -coordinates
because after the transformation appears the y 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
affy-coordinates, an invariant power transformation has been used. The voltages
and currents, which are vectors originally in abc-coordinates, are transformed
into oy -coordinates according to the following matrix transformation shown
in Eq. (4.35):

1 =12 —=1,2
T:@ 0 V32 =32 (4.35)
1/V2 12 142

The transformed equations are:

diyy
dt Vsra Ora
L = —
" dirﬂ [Vsrﬂj| XI |:8rﬂj|
dt
8%(1 - 83/3 25ra5ry
—x V6 V3 (4.36)
_\/gﬁm&lg + \%Srﬂ&y
diia
dt Vsio Sia
L; = —
"\ diig [Vsiﬂ} T [ Sip }

dt
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8 — 51'2,3 28ia8iy
NGO NG (4.37)
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w

3

lra ) ) lig
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irg iig

«dip + %51'/331')/

dx> _ 2 lro
2CE == ﬁ [5}’0( Srﬂ] I:lrﬂ 6}’}/

2 2
+ M — 23 5 ira
\/6 s 3 raOrf irﬂ
2 i
-2l sl

8 — 83 2 ;.
— | ———, —+/ =6iudi 1 4.38
|: % 3 ia9ip I:liﬂj| ( )

In these final equations, it is important to point out the relation between the
y 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
i, 8 ifx 4 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 x| can be achieved
using the normalized voltage references 6;/3 or 5;/6, and x, can be controlled

using &), or 5;. 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 ¥ component of the normalized
voltage is imposed to be equal to zero 8}, = 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 x> 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 § from the equation of the difference of the
capacitor voltages in Eq. (4.38), expression (4.39) is obtained:

dxy .
— =K P’ - 8! 4.
o ref Oy (4.39)
V! v 50 Hz % 4
a—bc> 3/2 aB= Resonant b
Filter 0
Pf
f r r
LN P Vo 't T Qer = Vap 1Y Ia’i&, ef Tt 3260
aQr 2 PI 2/3
ref VOﬁB P
r

" 1" log

abc ofy

—» 32
FIGURE 4.37 Control diagram of the rectifier.
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FIGURE 4.38 Inverter control scheme for the sum of the capacitors voltages.
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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 y 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 8;/3y and 8(’;”3),, 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)

0.8 p-----

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: 3 MW, switching frequency: 2.5 kHz, DC-link
nominal voltage: 5kV, and utility grid line voltage: 2.6kV. 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.

b RS S5SSeSEL,
N e
(b) 2 2.5 3 3.5 4 4.5 5

I S e
(C) 1.9 1.92 1.94 1.96 1.98 2 2.02 2.04 2.06 2.08 2.1
(d) 25 3 3.5 4 4.5 5

Voltage (kV)
N

Power (kW)

) ' Time (5)
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 the medium voltage to a higher voltage level. A typical voltage lev-
els in Europe could be 20kV/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.

5§

FIGURE 4.42 Typical branch composed by several wind turbines.
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FIGURE 4.43 Schematic diagram of a typical wind farm substation.
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FIGURE 4.44 Schematic diagram of a wind—diesel generation system.
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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 the medium-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
(6kV-1.2kA), 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 the GTO into a modern high performance component with
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:

e 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.

e 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.

e 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
2400 W per phase. On the other hand, in the case of IGBT, the voltage drop
is higher than IGCTs. For a 1700 V 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, IGBTSs 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:

e 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.

e Operation at a power factor around one with higher-harmonic voltage distor-
tion less than international standards.

e The power quality of the electrical output of the wind farms may 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].

e 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

A variable pitch and speed wind 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, minimum mechanical 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 the main trends in wind 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,
offshore wind turbines will 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.

From a power electronics point of view, offshore wind 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

Cae DC link capacitor.
Cy(A, B) Power coefficient at tip speed ratio A and pitch .
erg, €s5q, €1 Instantaneous values of grid voltages.

ey, ep Grid voltages expressed in an orthogonal reference frame.

N Excitation frequency (the same as the grid frequency) in hertz.

b Frequency of the voltage supplied to the rotor of machine 2 in hertz.

G Gearbox ratio.

ide DC inductor current of the step-up converter.

i;‘;f Desired DC inductor current of the step-up converter.

idse» Igse Instantaneous values of the direct and quadrature-axis stator current compo-
nents, respectively, and expressed in rotor-flux-oriented reference frame.

l:;;fe i;‘;fe 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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IRy 15,0 1T,

iR, IS, IT,
iRy IS IT,
ref .ref .ref
‘R lsg o 1Ty
Lrgs Lsgs lig
ref

Im

im

Ldsm> Lgsm

Stator current components established in the rotor reference frame.

Desired stator current components established in the rotor reference frame.
Instantaneous values of the direct and quadrature-axis stator current compo-
nents, respectively, and expressed in the rotor reference phase.

Instantaneous values of the direct and quadrature-axis stator current compo-
nents, respectively, and expressed in the stator reference frame.

Desired direct and quadrature-axis stator current components expressed in the
stator reference frame.

Synchronous generator excitation current.

Desired synchronous generator excitation current.

Desired stator current.

Rotor current.

Stator current.

Desired stator current.

Public grid phase currents.

Desired magnetizing current.

Magnetizing current.

Instantaneous values of the direct and quadrature-axis magnetizing stator
current components, respectively, and expressed in the magnetizing current-
oriented reference frame.

Total inertia of the system referred to the high speed shaft.

Winding factors of rotor and stator.

Coupled inductance.

Inductance of inductors at the AC side of the inverter.

Stator and rotor windings inductances.

Inductance of the step-up chopper.

Turns ratio of the machine. n = kys - ng/ky - 1y

Number of turns of each rotor and stator phase.

Angular speed of the magnetic field (synchronous speed) expressed in rpm.
Angular speed of the generator rotor expressed in rpm.

Number of pole pairs.

Number of pole pairs of machine number 1 and 2.

Electrical power in the stator of principal machine number 1.

Electrical power in the stator of auxiliary machine number 2.

Electrical generated power.

Mechanical power in the low speed shaft.

Generated maximum power.

Generator rate power.

Active and reactive power through the stator.

Desired active and reactive power through the stator.

Slip power.

Available wind power.

Desired real power and desired reactive power on the grid side.
Electromagnetic torque of the machine.

Desired electromagnetic torque of the machine.

Torque in the low speed shaft.
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Generator rate torque.

Torque in the high speed shaft.

Rotor radius.

Stator and rotor winding resistors.

Slip.

Slips of machine principal number 1.

Slips of machine principal number 2.

Stator and rotor time constants, respectively.

Desired direct and quadrature-axis stator voltage expressed in the rotor-
flux-oriented reference frame.

Desired direct and quadrature-axis stator voltage expressed in the stator
reference frame.

Rotor voltage.

Stator voltage.

Desired stator voltage.

Rotor voltage, current, and flux, respectively, referred to a reference frame
that rotates with the rotor.

Rotor voltage, current, and flux, respectively, referred to a reference frame
fixed with the stator.

Stator voltage, current, and flux, respectively, referred to a reference frame
fixed with the stator.

Direct and quadrature-axis stator voltage expressed in the magnetizing
current reference frame.

Rated wind speed.

Maximum power wind speed.

Start wind speed.

Stop wind speed.

Wind speed.

DC-Link capacitor voltage.

Desired DC-Link capacitor voltage.

Maximum RMS stator voltage of the synchronous generator.
Maximum RMS stator voltage of the synchronous generator.
Pitch angle.

Desired pitch angle.

Load angle.

Tip speed ratio.

Optimal tip speed ratio.

Magnetizing flux linkage vector.

Instantaneous values of the direct and quadrature axis magnetizing flux
linkage components expressed in the rotor reference frame.
Estimated modulus of magnetizing flux linkage vector.

Desired modulus of magnetizing flux linkage vector.

Electrical performance.

Phase angle of the rotor flux linkage space phasor with respect to the direct
axis of the stator reference frame.

Magnetizing current angle.



228

Os1
0,
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Angle corresponding to the angular slip frequency.
Rotor angle.
Air density.

w1 =2nrfi/p1 Angular speed of the rotating magnetic flux produced in the stator of machine

1 relative to the stator.

wy =2mf>/p2  Angular speed of the rotating magnetic flux produced in the rotor of machine

2 relative to the rotor.

wr, Low-speed shaft angular speed.
o Angular speed of the generator rotor.
wfef Reference rotor speed.
" Maximum angular speed of the synchronous generator.
™ Minimum angular speed of the synchronous generator.
rQef Desired angular speed for the torque controller.
w;ff Desired angular speed for the pitch controller.
e Rated value of the rotor speed.
We 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 (DERSs),
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 x 10° 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 (<5kW). 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 de—dc Cuk 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 (Q, and Q) and secondary sides (Qp and Qq) 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 Cuk 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 different modes 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 Q,, Qq
are ON and Qp, Q. are OFF. During this time, the current flowing
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FIGURE 5.2 Schematic of the single-stage dc—ac differential-isolated Cuk inverter [2].
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FIGURE 5.3 Direction of the current flow [2]: (a) and (b) for positive load current and (c) and (d)
for negative load current. (a) Mode 1, when Q,, Qg are ON and Qp, Q. are OFF; (b) Mode 2, when
Qa, Qq are OFF and Qyp, Q. are ON; and (c) and (d) are Modes 3 and 4 corresponding to negative
load current.
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through the input inductor La increases and the inductor stores the
energy. At the same time, the capacitor Ca discharges through Q,, 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 Qg. 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 Q,, Qq are turned OFF, and Qp, Q. 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 Q, Qg4 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 Cuk 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 (Q, = Q4 and Q,, = Q.), while the two switches
in each module have complementary gate signals (Q, = /Qp and Q. = /Qyq).
As we know, the output voltage of an isolated Cuk inverter can be expressed as
follows:

D

Vo=V ———,
TV N-(1-D)

5.1
where D is the duty ratio, N is the transformer turns ratio, and Vj is the input
voltage. Because duty ratios for Modules 1 and 2 are complementary, the output
difference between the two modules is

D 1—D)

N.-1-D)y N-D (5-2)

V(J:VCI_VCZZVi'<

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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FIGURE 5.4 Voltage gain versus D [2] for Modules 1 and 2 (top and bottom), and their difference
(middle).

control signal for the inverter, then its output voltage will be a sine wave with
small distortion.

5.2.3 Design Issues

A 1kW single-stage isolated dc—ac Cuk inverter prototype was designed and
tested to verify its performance for fuel cell application, where stack voltage is
36 V. 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 Cuk inverter. Unlike
dc—dc, the duty ratios of the control PWM signals are not constant but sine-
wave modulated. For a given input voltage (36 V dc, for instance) and output
voltage (110V ac, 60 Hz), the shape and magnitude of duty ratio (D) for dc—ac
Cuk inverter will vary according to transformer turns ratio (N) [2]:

Vo  Vm-sinw) — 2D—1

Vi Vi  N-D-(1-D)

(5.3)
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Solving D, we obtain [2]

(o -sin(wt) —2) £/4 + (o -sin(wt)>  A£B
N 2a - sin(wt) TC

D s (5.4)

where o = Vi, - N/V;. It is a constant value. Vi, 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 4+ 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]

) A+B d(A+B)/d(sin(wt)) 1

D= lim = - =—. (5.5)

sinw)—0  C d(C)/d(sin(wt)) 2

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 corresponding D 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 S and Sg
are triggered using the same gate signals as their corresponding main switches.
The equations to calculate capacitance Cs and inductance Lg are listed as
follows [2]:

- , 2
Co > Li- ( Vin - D(WD) ) , (5.6)
S+ (Ve max(Wt) — N - Vo (wt) - Le)
2 . .
(1/N)>-La-Lb .

e=——
La+Lb- (I/N)?



(5.8)
(5.9)

)+ /2wt — 1]

wt)
Vin

1

VC max (Wt)

D2 (wt)

r(wt)

f2 - Cs - [ar cos(— x

s =
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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

2228 +H
La - Liks
Ca Ds1 —l T1
Qa — 4 N
<+> _|:}
Vi j— °
L[]
Q; n—} ‘
_|.._
] LsZ DsQ’
]
Lo T2

Lc [ Ce - D52$‘
L~ +H

FIGURE 5.6 The single-stage Cuk 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, V,(wt) is the sine wave
output, V¢ max 1s the maximal clamped voltage, and Le is the effective inductance.
With reference to Fig. 5.6, when the switch Q, turns OFF, the clamp circuit will
create an alternate path formed by diode Dg; and capacitor Cy; to divert the turn-
off current from the primary switch Q,. After switch Q, and Sq; are turned ON,
the energy stored in capacitor Cg; 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 >500 V. 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.

...........zmec. HFInverter ACIAG __ Filter
Zero ripple
[ fiter i
m 3 Lo
A ' " ! o fout
H ' i ! )Y .
Fuel | 1 _Lacf ! il
cell | 3 3 | 3 i
stack | ! ' : :
: L ; " ; P o
i
T
@
0.5V
Vpn
0.5NVi
Vao
(c)

FIGURE 5.7 Schematic of the ripple-mitigating inverter [3]. The source can PV/battery/rectified
wind as well.
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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 (Ipc + i = i1) and the APF minimizes the low-frequency ripple from
the source current (Ipc + iac = iin). Ipc is the dc supplied by the source, i is
the HF ac supplied by the series combination of identical capacitors C; and Cy
(in Fig. 5.7), and i, is the low-frequency ac supplied by the APF storage reactor
L. For effective reduction of the HF current from the source output, the value
of the capacitors C; and C; 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 i,c. Therefore, for a chosen value of capacitor, the values
of the following expression hold true [3]:

Ci=C,=2C, (5.10a)
1

_ , 5.10b

SfHF 77e ( )
1

= , 5.10c

fLF JiLc ( )

where fyr is the switching frequency of the converter and fir is the lowest
frequency component in iyc.

Assuming the switching frequency is approximately 20 times the lowest
frequency component, the value of ZRF passive components L, and L, can be
determined as follows [3]:

Sur = 20fLF, (5.10d)
Coupled Inductor Half-Bridge Active Power Filter Zero Ripple Filter
e i Iec iy Iec li+hy

|_2 Tcz

(b) ()

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 10
> , 5.10e
L,C ~ JL.C ( )
L. > 100L,. (5.10f)

Therefore, the value of L, should be small in order to limit the value of L;
and also to minimize the phase shift in the injected low-frequency current 7.

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 C; 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 C and C; is large and that of L, 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 ijyr and iryr are, respectively, the primary and the secondary ac
shown in Fig. 5.9:

di di
vic = (L1 + Ln) (‘;F +nLM%, (5.11a)
di di
ve = (L1 + L) :;F + (Lo + nLy) ;;‘F , (5.11b)
N L
n=2zx= |2 (5.110)
Ny Ly
B e Nigpe  lopF N’\-{zy\

FIGURE 5.9 Ac model for the coupled inductor shown in Fig. 5.8a [3].
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where L is the self inductance of the primary winding with Ny turns. Solving

(Egs. 5.11a) and (5.11b), the expressions for di('i‘:F and d’é’;F are obtained using

dijurp (L2 + nlm)vec — nlyve

dr (L1 + Lm) Lo
L —
_ _ VKC nLy (VEC Vc)’ (5.122)
(L1 + Lm) (L1 + Lm)La
di —
fhr _ YFC Ve (5.12b)

dr L,
By substituting Eq. (5.12a) in Eq. (5.12b), we obtain the following
expression:
dijgr (L2 + nlm)vec — nlmve
dr (Ly + Lm) Lo

_ v nLy  dbpr
(L1 +Lv) (L + Ly df

(5.12¢)

To reduce the ac component of the source current to zero, the following
condition should hold:

dijnr _ dioHF
dr dr
Therefore, using the above condition and Eq. (5.12c), one obtains [3]

(5.13)

di %
IIHF VFC _ Vic (5.14)

dt L |:1+ (l—ril—n)k:| Let

The denominator of Eq. (5.14) is the effective inductance L offered by the
coupled-inductor structure of the hybrid filter. The effective inductance depends
on the turns ratio 7, the coupling coefficient k, and the self inductance L;; 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 L. on 2 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 Ly, is small enough to
prevent significant variations in the voltage across capacitors C; and C,. 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]

Voutlout VOUIIOll[

Idc + Iac = 05(0) -

dc dc

cos Qwt —0), (5.15)

where, Vo are inverter output voltage

Iy are inverter output current
Ve 1s the average value of voltage across the series capacitors C; and C;
6 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 L; of the APF is expressed as

Va 1
Vab = Va — TC = Vi (Sa - E) s (5-16)
where S, is the modulating signal. The reactor current i; is
Ve (Sa - %)

=/ 5.17
i oLy (5.17)

o0
where, $;=0.5+ }_ Bysin(n(wr +@)) and i=33B, sin(n (w1 +¢ —3))
n=1

(Considering only the fundamental component.)
The current injected by the APF is

1
fac = (Sa - Eir>, (5.18a)
. Va . . 7T
e = a)_LCrBi sin(wt + ) sin (a)t to— 5), (5.18b)
. Vie T T
lac = 2erBn [cos(2> — cos <2a)t+ 2¢ — > )] . (5.18¢c)

In order to reduce the second harmonic in the input current to zero, i;c =

Iyc [3]
Vdc
2wl

Vol
B2 cos (Za)t +26 — %) = ‘;’d: coswi — 6). (5.192)

iac =
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This yields
V2wL VoI,
B, = &, (5.19b)
Vdc
T 0
=———. 5.19
¢ i (5.19¢)

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 Qp and Q3, and Q3 and Qg 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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FIGURE 5.11 (a) and (b) Schematic waveforms [3] for the HF dc—ac converter on the primary

side of the transformer and the ac—ac converter on the secondary side of the transformer. (c) Overall
control scheme for the two-stage HF inverter.
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FIGURE5.12  Circuit diagrams [ 1] of the proposed fuel-cell inverter for (a) 120 V/60 Hz ac outputs
and (b) 240 V/50 Hz ac outputs. A single-pole-double-throw (SPDT) switch enables adaptive tapping
of the transformer.
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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 60/50 Hz.
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—-60 V
(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 Qg, 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 42 V (N = 6.5) remains the same.
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FIGURE 5.13 (a) and (b) Schematics for converter operation [1], respectively, at 120 V ac and
60 Hz and 240V ac and 50 Hz. (c) and (d) Control schemes of the inverter in grid-parallel and grid-
connected modes.

Mode 1 (Fig. 5.14a): During this mode, switches Q; and Q; of the HF inverter
are ON, and the transformer primary current /1 and I is positive. The
load current splits equally between the two cycloconverter modules.
For the top cycloconverter module, the load current Iy, /2 is positive
and flows through the switches pair S; and S ’, the output filter Ly and
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FIGURE 5.14 Modes of operation [1] for 120V ac for input voltage in the range of 42-60 V
(N = 4.3): (a—e) topologies corresponding to the five operating modes of the overall dc—ac converter
for positive primary current and for power flow from the input to the load. (f) Schematic waveforms
show the operating modes of the HF inverter when primary currents are positive. The modes of
operation of less than 42V (i.e., N = 6.5) remain the same.
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operating modes of the dc—ac converter when primary currents are positive. The modes of operation
of less than 42 V (corresponding to N = 6.5) remain the same.
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Mode 2

Mode 3

Mode 4

Mode 5

Cr1, switches Sy and S;’, and the transformer secondary. Similarly,
for the bottom cycloconverter module, the load current 0.5 X oy is
positive and flows through the switches pair S5 and Ss’, the output
filter Lf> and Cpp, switches S¢ and S¢’, and the transformer secondary.
(Fig. 5.14b): At the beginning of this interval, the gate voltage of the
switch Qp undergoes a high-to-low transition. As a result, the output
capacitance of Q; 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 I,; and > and the load current Zoy
continue to flow in the same direction. This mode ends when the switch
Qg is completely turned OFF and its output capacitance is charged
to Vpc.

(Fig. 5.14¢): This mode initiates when Q turns OFF. The transformer
primary currents /1 and Iy 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 Q.

(Fig. 5.14d): At the beginning of this interval, the gate voltage of Q;
undergoes a high-to-low transition. As a result, the output capacitance
of Q; 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 Q; and the discharging current of Q3 together
add up to the primary currents Ip; and I;. 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 S; and S’ and S; and S»” to S3 and S3”° and S4
and S4°, and during this process Ioy/2 splits between the two legs of
the cycloconverter modules as shown in Fig. 5.14d. Mode 4 ends when
the switch Q, is completely turned OFF, and its output capacitance is
charged to Vpc. At this point, it is necessary to note that because S;
and S, are OFF simultaneously, each of them support a voltage of Vpc.
(Fig. 5.14e): This mode starts when Q5 is completely turned OFF. The
primary currents /p; and I 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 (L) will reduce
the duty cycle (d). This duty-ratio loss is given by [1]
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FIGURE 5.16 Transformer primary-side voltage and current waveforms [1].

N . Vout T
1k

where N is the transformer turns ratio, Lg; is the output filter inductance, iy
is the filter current, vy is the output voltage, and T is the switching period.
Assuming that Ly 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 Lji.
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 2 uH are shown. Figure 5.17 shows
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FIGURE 5.17  Variation of duty-ratio loss as a function of Ljx over half-a-line cycle [1].
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that, for a Lk of 2 pH, 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 (fLinecycle) is given by [1]

, (4 1 1/2
Vi | =Coss + =C
t7vs D) . 1 de <3 oss T ) T)
s 2 e [ L 2R3 .62
ILineCycle s 4 loutle

where Coss 1S 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 0.7 uH. Clearly, as the leakage inductance of the HF
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FIGURE 5.18 ZVS range of the dc—ac converter with variation in output power [1].
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FIGURE 5.19 Variation of the total switch loss of the dc—ac converter with the leakage inductance
of the HF transformer [1].

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 390 V nominal voltage when input ramps
to the high end (60 V), 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 MOSFETsS during ;[urn-off [11]. The frequency of this oscillation is

determined using fiing = P T where Ceq is the equivalent capacitance
1k “eq

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 3042V, 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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FIGURE 5.20 Drain-to-source voltage [1] across one of the ac—ac converter power MOSFETs.

source voltage that was observed in experiments. For an input voltage of more
than 42V, N equals 4.3, and hence the same 500 V 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 Vgcmax - N - (1 +80%) = 60 - 6.5 - 1.8 = 702 V. 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., Rop BV23, where BV is the breakdown voltage) indicates
that, in general, higher-voltage-rating power MOSFETSs will have higher Ry, 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 Ef