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Preface

This book is about the switching function, a technique employed to analyse power
electronic circuits. The mathematical models of generic circuits of power electronics
are derived by applying a procedure suggested in this book. The analysis that follows
gives expressions for the voltage and current at any point of the circuit; usually the
output voltage, output current and input current are derived. In ac to dc converters
the input current is distorted. This method of analysis gives frequency spectra, power
factor and distortion figures, usually displayed for a range of operating conditions
such as the firing angle. In dc to dc converters the output ripple voltage might be
of some interest and the expression derived in this book is used to calculate its rms
value. Frequency changers are also analysed and the current in each semiconductor
switch is derived together with the ripple current at the input. The latter is useful
in order to choose the appropriate capacitor which might be taking this current as
is the case of a dc link inverter. The complexity of the matrix converter makes the
application of this technique for their analysis very attractive. The current at each
branch is clearly defined as a function of time by introducing appropriate switching
functions for each switch. The ability of this technique to give exact expressions of
the current in each semiconductor device in the circuit enables the circuit designer to
collect all the relevant data to set the ratings of the device such as rms, average and
peak values of voltage and current. The order of the voltage and current harmonics
at any point in the circuit is derived with simple arithmetic.

The validity of this method is also tested when very well-known expressions of
the output voltage of ac to dc and dc to dc converters are derived rather elegantly.

The application of the switching function technique is based on the simple real-
isation that amplitude modulation takes place in most power electronic circuits.
The switching function is modulating the power frequency. According to amplitude
modulation theory the modulated signal, the output, is equal to the input times the
modulating signal.

The application of the technique is perhaps obvious and relatively simple when
the switched network is directly connected to a voltage source with negligible source
impedance feeding an RL load. In this case the output voltage is equal to the input
times the switching function. The input current is a reflection of the output current to
the input. Again we have amplitude modulation with the same or similar switching
function acting on the output current.
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The presence of capacitors in the load and other parts of the circuit and non-
zero source impedance make the application of the switching function technique less
obvious and more interesting. Capacitors store energy between successive switching
cycles, as are the cases of the ac to dc converter with capacitive load, the dc to dc
converter with smoothing capacitors and the active filters. The action of the switches
reflects this voltage to the input and other points in the circuit. In order to apply
standard circuit analysis techniques, as is the application of the Kirchoff’s laws, the
voltage across the switched part of the network has to be expressed by a continuous
time expression valid at all times and not only within a mode. This demands the
application of the superposition theorem for the switched part of the circuit in a way
suggested in this book. A complete procedure is suggested for the application of the
switching function technique in power electronic circuits in Chapter 1.

This book is arranged into five parts.

Part 1 deals with the switching function itself in three chapters. The switching
function is defined and its properties presented in the first chapter together with a
procedure for the application of the switching function technique in power electronic
circuits. In the second chapter the voltage and current relationships of basic switched
circuits are presented with reference to the Kirchoff’s laws and the superposition
theorem. In the third chapter the switching function technique is applied to construct
PWM signals representing sine waves or composite modulating signals.

Part 2 consists of five chapters on ac to dc converters. Two single phase and two
three-phase circuits are analysed together with overlap. In Part 3, of five chapters, the
switching function technique is applied on the standard types of dc to dc conversion.
Part 4 deals with frequency changers. There are four chapters on the matrix converter,
the dc to ac inverter and the envelope cyclo-converter. Active filters are presented in
Part 5 in four chapters: the reactor static VAR controller, the switched capacitor, the
inverter filter and the active line current shaping circuits.

All circuits are analysed using the switching function technique by applying the
procedure outlined in Chapter 1. For every circuit, voltage and current expressions are
derived together with frequency spectrums. Mathcad (R) is successfully employed
to represent all the expressions developed in the book and a web link is included
http://www.iee.org/Publish/Books/Cds/index.cfm?book=CS%20017

The sample mathematics in this book generated from Mathcad (R) software
are courtesy of Mathsoft Engineering & Education, Inc., http://www.mathcad.com.
Mathcad is a registered trademark of Mathsoft Engineering & Education, Inc.

The switching function technique is rather new and the presentation of its appli-
cation for the analysis of a wide range of power electronic circuits in this book in
a systematic way will help to appreciate its potential and limitations. One of the
limitations, at the moment, is that it is only applied for the steady state.

Alternatively you can find the Mathcad examples by searching the IEE website using ‘The Switching Function’ as the
keyword.
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Part 1

The switching function

This book is about the systematic application of the switching function technique for
the analysis of power electronic circuits. The switching function method of analysis is
based on the derivation of the voltage—current expressions of a switched circuit cover-
ing all modes into a single expression, a ‘unified expression’. A ‘unified expression’
is the result of applying the superposition theorem in order to combine the expressions
of all modes of the circuit into one expression with time varying parameters.

Once this is done the Kirchoff’s laws can be applied. In applying this technique
a procedure has evolved together with a number of properties of the switching func-
tion itself. These are reported in Chapter 1. The application of Kirchoff’s laws and
the Superposition Theorem in these circuits is discussed in Chapter 2 together with
voltage—current relationships of switched-electric elements. Chapter 3 is a presen-
tation of the application of the switching function technique to produce pulse width
modulation (PWM) signals. A sine-wave, a rectified sine and a composite waveform
are presented.

The switching function is bidirectional. State 1 (or —1) implies that the input is
connected to the output and current can flow in either direction. Hence care must be
taken in cases where the actual circuit cannot allow this bidirectional flow of current as
is the case of single thyristors and diodes. The switching function mathematical model
must be a true picture of the operation of the circuit. Hence the switching function
must always be derived from the actual input and output voltage and currents and not
from the driving signals.

Here we have the question of the Switching Function Algebra. A procedure is
suggested and applied in this book for the application of the switching function and
a number of rules are identified. Nevertheless, the author of this book believes that
not enough work is done yet for the Switching Function Algebra to be presented as
a single entity.

The switching function method of analysis gives the steady state response of a
switched circuit. When the parameters of the switching function are changed, the new



2 The switching function

steady state can be defined but it does not tell us how it goes there and how long it
takes. Hence at the moment the switching function technique is limited to the steady
state.

The switching function has been referred to also as ‘existence’ and ‘modulation’
function[1,2,11]. The term ‘switching’ function [3,4] is perhaps more appropriate and
is adopted here; it describes the switching action of the ideal semiconductor switch,
hence the word switching seems more appropriate.



Chapter 1

The switching function:
Application and properties

1.1 Introduction

This type of analysis is applicable for the steady state of a circuit. Transient response
is not investigated yet. A procedure is set up for the application of the technique for
the steady state and a list of rules is suggested to follow. The derived list of rules is
based on the study of the behaviour of many very well-known circuit configurations
and some ‘newer’ circuits, the active filters.

The standard approach to derive the mathematical model of a power electronic
converter is usually done in terms of its modes or states. Because of its switching
nature the circuit changes states-configurations. These are the modes of the circuit
and a set of differential equations describing the circuit in each mode is derived. The
linking parameter between modes is usually a variable, that is, a voltage or a current
or both. These equations are solved for each state and then linked together: the final
value of a variable within a mode is the initial value in the next mode. The solution
is repeated until the initial and final value is the same within a mode. This is the
steady state of the circuit and it might take many cycles until steady state is reached.
One might speed up things by setting appropriate non-zero values for certain key
variables. The switching function technique is applied in a different way. It attempts
to derive analytical expressions that represent the voltages and currents at all times
and for the circuit as a whole. At the moment the effort is concentrated for the steady
state but the transient response cannot be excluded in the future.

1.2 Application of the switching function technique
For the application of the switching function technique, a switching function is

defined. It is a signal which takes the value of zero or one thus representing the on and
off state of a semiconductor switch. A semiconductor switch operating in a regular
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manner, is acting as an amplitude modulator. Its switching action is defined by a
mathematical expression F(¢) which is a series of pulses representing the periods
that the switch is on and off. This is the ‘unipolar’ switching function and it can be
used to derive other switching functions for more complex switching patterns such
as the one operating on the bridge configuration, the ‘bipolar’ switching function or
PWM signals.

The switching function is a statement of the time instances that both the input and
output of a switch or a switch configuration are the same; the input is reflected to the
output. The switching function relates the input to the output in a similar way that the
transfer function relates input to output in control systems. Hence:

OUTPUT(¢) = INPUT(¢) F(¢) (1.1

The bridge configuration is very popular in power electronic circuits. The input
voltage of a bridge is reflected to the output by the bridge switching function, the ‘bipo-
lar’ switching function. The bipolar switching function is derived from the unipolar
switching function and it is a quasi-square wave signal, which takes the values of 1, 0
and —1. When it has no dead periods, that is, when it oscillates directly from 1 to —1,
it takes the form of a square wave signal and the output is given by Expression (1.1).
Also the following applies:

INPUT(t) = OUTPUT(¢) F(¢)

We refer to it as a ‘transparent’ switching function. A transparent switching function
has no dead periods. Reference to the transparent switching function is made in
Chapters 5 and 20.

1.2.1 Procedure for the application of the switching function technique

The suggested procedure for the application of the switching function technique is in
two major parts: mathematical modelling and analysis. In the first part the mathemat-
ical model is derived and in the second part the model is used to perform the analysis
of the circuit. Alternatively the model can be simulated by matlab.

In developing the mathematical model, the modes of the circuit are first derived
and for each mode the expressions for voltage and current at key points are stated.
Each mode exists for a specific period of time, the ‘existence’ period. Hence the
associated expressions of voltages and currents are valid only for that slot of time,
the existence period. The existence period is the on period of a switching function for
which these expressions are valid. It is also the existence period of the mode.

In applying this technique, the switching function for each mode must be defined;
its on-period is the existence period of the mode. In other words a switching function
is attached to each mode. Therefore more than one switching function might exist for
the same circuit. A single mode might be repeated more than once within a circuit
period. Hence the sequence of the modes must be established. The ‘period’ of the
circuit is easily identified as that period of time over which the sequence of modes
is completed; the addition of all the ‘existence’ periods makes up the ‘period’ of the
circuit. It usually corresponds to the input power frequency or the switching frequency,
depending on the circuit. In the same way that the ‘existence’ period of a mode is
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the ON period (magnitude 1) of the switching function, the OFF period of the same
switching function is the rest of the time interval of the ‘period’ of the circuit. Once
the sequence is established, the unified voltage—current expressions for the circuit as
a whole can be derived. These unified expressions of voltage and current at a point
are made up from the contribution of voltage or current from all modes at that point.
This is an application of the superposition theorem. These unified expressions are
functions of the appropriate switching functions.

Usually power electronic circuits have a rather simple topology with a few nodes.
It is easy to see the common points of the modes: there are points in the circuit where
more than one mode contributes voltage and/or current. These are the key parameters
in the circuit, which need to be defined. It is advised that the unified expressions
include these ‘key’ parameters.

Once the unified expressions of voltage and current are derived, the mathemat-
ical model can be built using the elements of Table 1.1. Matlab—simulink could be
employed at this stage to simulate the circuit and investigate its behaviour. Alter-
natively, the expressions that make up the mathematical model are combined and
expanded to derive compact expressions for the output voltage, output current, input
current and the current and voltage of the semiconductor switches. Consequently
expressions for power factor, distortion factor and frequency spectrums are derived
as necessary.

The suggested procedure for the application of the switching function might be
as follows:

A. Mathematical modelling

1. Derive the modes of the circuit and write the voltage—current expressions
for each mode.

2. Identify the appropriate switching function for each mode. During state 1 of
the switching function the expressions of the mode are valid. Take note of
the state of the switching function, 1, 0 or —1.

3. Establish the mode sequence and hence the period of the circuit: make sure
that all instances of the period of the circuit are represented by a switching
function.

4. Derive unified expressions by employing the switching functions and
applying the superposition theorem.

5. Build a simple mathematical model to represent the operation of the circuit
based on the unified expressions of step 4.

B. Analysis

6. Combine and expand the unified expressions derived in step 4 and use the
mathematical model (step 5) as a guide in order to derive voltage and currents
at each point of the circuit.

The recommended symbols for the mathematical model are given in Table 1.1. The
mathematical model is a block functional diagram that represents the operation of
the circuit. Simple symbols are employed. The mathematical model could be used to
simulate the circuit with matlab or other similar software.
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Table 1.1  The recommended symbols for the mathematical model

+or—

+or—

o

l

d

;

Z(wn) —>

Amplitude modulator: Two inputs and an output.
The output is the product of the two inputs
(amplitude modulation).

Summer: Two inputs and an output. The output is the
algebraic sum of the two inputs.

Operator: One input and one output, the impedance
is acting on the input to give the output, Ohm’s Law.

Calculation box: Only one output. The quantity
shown in the box (and its output) is calculated in
the box and supplied to the model.

Splitter: One input, two outputs. The input is split
into two components usually the dc and ac
component. It applies to both voltage and current.

The output quantity shown in the oval circle — and its
output — is calculated already elsewhere in the model.

1.3 Properties of the switching function

1.3.1 Definition of the unipolar switching function

The switching function is that signal that will give the output when it is multiplied
by the input voltage (or current). Consider the simple circuit below where a voltage
source, V (¢) is connected on the LHS of the semiconductor switch (Fig. 1.1). The
output voltage, the voltage on the right of the switch will take the value of the input
voltage when the switch is closed for the period #;—,. When the switch is open for the
period #,—t3, the output voltage is zero. If the state of the closed switch is attributed
the logic value of 1 and the state of the open switch the logic value of 0 then a function

of time, F'(t), can be defined as:

F(t) = 1 switchclosed for # <t <, and Vap(t) = V()

F(¢) = 0 switch open for

th <t <tz and Vag(t) =0
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F()

@D Vas(®

Figure 1.1 Definition of the switching function

0

O

@i
<4+

26 1

A
v

Figure 1.2 The basic switching function

Then the period of the switching function is #3 — #; and the switching frequency,

f57 iS
1
13 — 11

fs=

F(¢) is a pulse-function as shown in Fig. 1.2 and it can be expressed by a sum of
sinusoids according to the Fourier series as

F(t) = Ko +2 ) K, cos(not — fxn) (1.2)

n=1

where

n is an integer number

K, is the duty cycle of the switch

K, = (sin(n§))/mn

d is half the on period of the switch

ws = switching frequency, 27 f;

0 is the phase angle of the switching function relative to a reference.

This switching function is termed ‘unipolar’ because it takes only positive values.
It is a series of pulses of unit magnitude and pulse width 24, at a switching frequency
ws phase displaced by 6 relative to a reference, Fig. 1.2. It describes the basic repet-
itive action of the semiconductor switch. As it will be shown later, a more complex
switching function can be derived from the unipolar switching function. Its frequency
spectrum is displayed in Fig. 1.3.
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Figure 1.3 Frequency spectrum of the unipolar switching function
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Figure 1.4  (a) The unipolar switching function and (b) its inverse
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1.3.2 The inverse of the unipolar switching function, F(t)

By definition the inverse of the unipolar switching function, F () is a new function
that represents its off periods. In other words, the function F (¢) takes the magnitude
one when F'(t) is zero. With reference to Fig. 1.4 this function is 1 — F'(¢)

FO)=1-F@) (1.3)

1.3.3  Negative pulse unipolar switching function

o0
Fy(@) =—K,— ZZ K, cos(nwt — 0xn)

n=1

The negative pulse unipolar switching function is shown in Fig. 1.5.

1.3.4 Phase displacement

The phase displacement of the switching function is set by 6; it is changed by either
adding or subtracting to 6. Figure 1.6 is an example of a switching function which is
phase delayed by 7 radians.

1.3.5 The bipolar switching function — bridge configuration

In a bridge configuration, Fig. 1.7, S is operated with S4 and S, with S3. Each group
is operated in an anti-parallel fashion. Definitely there are no overlaps but there might
be dead periods. Each group is operated by a unipolar switching function: S; and S4
are operated by F14(t), Fig. 1.8(a), and S, and S3 are operated by F»3(¢), Fig. 1.8(b).

The two unipolar switching functions are of the same pulse width but phase
displaced by 180°, Fig. 1.8. In order to derive the input—output voltage relationship,
the modes of the circuit are derived.

A
v

0+

A
[\o]
=2}
\ 4
_
—

v

A
v

T

Figure 1.6  Phase displacement of the unipolar switching function
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Figure 1.7  The circuit diagram of the bridge configuration
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Figure 1.8 The switching functions of the bridge

Switches S1 and S4 are on when switching function F14(¢) is at state 1. The output
voltage is given by Vcp () = F14(t) Vap(2). This is the contribution of Mode I to the

output voltage (Fig. 1.9(a)).

Switches S; and S3 are on when switching function F»3(t) is at state 1. The output

voltage is given by

Vep (1) = —Fa3(t) Vas(2).

The output is reversed. This is the contribution of Mode II to the output voltage

(Fig. 1.9(b)).

There is a third mode where none of the four switches is conducting, Fig. 1.9(c).
None of the switches is on and both switching functions are at the zero state,

Fy3(t) = Fiu(t) =0

The output voltage is zero. There is no contribution of Mode III to the output voltage.

Vep () =0
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Figure 1.9  Bridge configuration: (a) Mode I, (b) Mode II and (c) Mode II1I

Superposition theorem applies and Vcp(¢) is given from the contribution of the
two modes I and II; the third does not contribute anything. Hence the reflection of
VaB(?) on the DC terminals, Vcp(¢) is given by

Vep (1) = Fi(t) Vas(t) — F2(1) Vag(?)

Vep (1) = [Fi(1) — F2(6)1VaB(1)
and

Vep (1) = Fe(1)Vas(1)
where

Fg(1) = [Fi(t) — F2(1)]

Vag(t) is the input voltage, Vi, (¢); Vep (¢) is the output voltage, V, (7). Hence for the
bridge configuration

Vo(t) = FB(1) Vin (1) (1.4)
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Expression (1.4) is in accordance with Expression (1.1) where the switching
function Fg(#) is relating the input voltage Vap(f) to the output voltage Vcp(¢)
in a switched circuit. Both expressions represent an amplitude modulation where the
switching function is acting on the input voltage to give the output voltage.

The bridge switching function Fg(¢) is simplified to Expression (1.5):

Fg(r) = [F1(1) — F2(1)]

o0
Fa(t) = Ko +2) _ K, cos(not — fxn)

n=1
o0
— |:Ko +2 Z K, cos(nwt — 0xn — nrr):|
n=1

After expansion and simplification, it reduces to the compact form:

o0
Fa(t) =4) Kycos(nwt —0xn)  n=13,5...

n=1

The compact form of Fg(¢) is valid only for odd values of n. This is achieved by
including the absolute value of the term sin(nmw /2)

Fa(t) = 4%1{,, cos(nwt — Oxn) ‘sin (%)‘ (1.5)
n=1

As it appears from Fig. 1.8, Fp(¢) — the bridge switching function — is a quasi-
square signal of the same frequency and pulse width as the other two unipolar
switching functions. The output voltage Vcp(¢) is pushing an output current I,(¢)
through the load impedance according to Ohm’s Law. This current is reflected to the
input.

During Mode I  Ij (t) = I,(¢) Fia(t) =1
During Mode I i (1) = —1,(¢) () =1
Hence
Tin (1) = Io(1) F14(1) — Io(1) F23(1)
This is simplified to
lin (1) = F1() Io(t) — F2(1)16(7)
lin (1) = [F1(t) — F2(D)]1o(1)
Iin (1) = FB(1)1o(1) (1.6)

Therefore the input current is a reflection of the output current to the input. The input
and output voltage with the switching function are shown in Fig. 1.10. The frequency
spectrum of the bipolar switching function is shown in Fig. 1.11.
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Figure 1.10  Time waveforms of the reflected voltage or current in a bridge
configuration: (a) Vag(t) input voltage and (b) Vcp (t) output voltage
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Figure 1.11  The frequency spectrum of the bipolar switching function

1.3.6 The square of the ‘unipolar’ switching function

The square of the “unipolar’ switching function is given by raising every point of the
waveform of Fig. 1.2 to the square. It is obvious from the same graph that if every
point of F(¢) is raised to the square, it will give exactly the same shape, hence:

F()> = F(r) (1.7)

1.3.7 The square of the ‘bipolar’ switching function

A bipolar switching function is displayed in Fig. 1.12(a) with period 7', phase delay 6
and half-pulse width §. The square of this switching function is derived graphically by
raising every point of this signal, Fig. 1.12(a), to the square. The resultant is a unipolar
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Figure 1.12  The square of the ‘bipolar’ switching function

switching function, Fig. 1.12(b) with twice the frequency of the original signal with
period T3, phase delay 6y and half-pulse width &y.

Fa(t)? = Fi(r)

K_48
° T o

The parameters of the two switching functions are related by 71 = 7 /2, 61 = 26
when measured in radians (ff = 6 when measured in seconds) and §; = 2§ when
measured in radians (6; = § when measured in seconds).
Therefore the new switching function is written as
o0
Fi(t) = Ko +2 ) K, cos(2not — 02+n) (1.8)

n=1

1.3.8 Transparent switching function, Fr(t)

A transparent switching function is a special case of switching function that has no
dead periods; a dead period is allowed if during the dead period both input and output
are zero. A square wave bipolar switching function is a typical case of a transparent
switching function as it has no dead periods. In this case both Expressions (1.1)
and (1.9) apply.

OUTPUT(¢) = INPUT(z) F () (1.1

INPUT(t) = OUTPUT(t) Fr(t) (1.9)

1.3.9 Harmonic impedance

The harmonic impedance refers to the impedance as a function of the order of the
harmonics of the applied voltage. The output voltage of a switched network is usu-
ally forcing current through an impedance. The output voltage contains a frequency



The switching function 15

spectrum determined by the frequency of the input voltage and the switching function
itself. Such complex voltage waveforms are applied to complex impedances such as
resistance—inductance or resistance—capacitance. The frequency content of the resul-
tant current is the same as the frequency content of the voltage that is creating it.
Hence each frequency component of the applied voltage is forcing current through
an impedance of the same frequency order. Therefore a simple inductance which
normally has an impedance of wL at a single frequency w, has a harmonic impedance
of nwL when it is supplied from a complex voltage waveform of nw components.
A more detailed account of harmonic impedances is given below.

(a) Single component such as an inductance L
nmw
XL (wn) = nwlL Q= 5

(b) A series R—L impedance
L
Z(wn) =/ (nw)? + R? ¢ = —tan”! <m; )

(c) A parallel R—C impedance is presented after simplification
R

V(@nCR)? +1

The variable n accounts for the impedance at the nth harmonic component of the
applied voltage.

Z(wn) = ¢ = —tan" ! (nwC)






Chapter 2

Voltage—current relations in switched circuits

In applying of the Kirchoff’s laws of current and voltage in switched circuits, the
modulating action of the switches must be taken into account.

It is common in power electronics circuits for a number of switched paths to feed
a junction as is the case of a three phase half-wave controlled rectifier or a single
inductive path feeding two switched paths as is the case of a dc to dc boost converter.
In this case the current is ‘diverted’ from branch to branch. Hence the outgoing
branches carry the current entering the junction for part of the time. The switching
function will allow a unified expression of time for the current to be derived in each
branch according to superposition theorem and then the Kirchoff’s Law of current
can be applied. In order to achieve this, the modes must be derived and an appropriate
switching function for each mode must be defined. It is absolutely necessary that all
instances of the ‘period’ of the circuit are represented by a switching function. The
period of the circuit was defined in the previous chapter as the time it takes for a
single sequence of the modes to be completed.

It is also common in power electronic circuits for the voltage across two points
to be a composite waveform where more than one circuit loop is contributing to it
‘at different times’ due to the action of the switches. The voltage is then described
by different expressions for different periods of time and an appropriate switching
function is defined. The switching function will allow a unified expression of time for
the voltage across these points to be derived according to the superposition theorem
and then the Kirchoff’s Law of voltage can be applied. Again it is absolutely nec-
essary that all instances of the ‘period’ of the circuit are represented by a switching
function.

In this chapter voltage and current relations across a switch, combination
of switches and switched electric elements are derived. The Kirchoff’s laws
and Superposition are also examined in the light of the switching nature of
circuits.
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A F (t) B

Va(®)

Vax(® Vex(®

Figure2.1 Single switch

2.1 Single switch

The voltage source, Vax(?) is connected on the LHS of the switch and the output
is collected on the RHS, Fig. 2.1. The voltage on the RHS of the switch will take
the value of the input voltage when the switch is closed and it will be zero when the
switch is open.

Vex(t) = Vax(t) for F(t) =1 Model
Vex(t) =0 for F(r) =0 Mode II
The output voltage, Vpx(¢) is given by the contribution of both modes:
VBx (1) = Vax (1) F(1)
VBx (¢) is the output voltage and Vax (¢) is the input
Vo(t) = Vin () F (1) (2.1)

Expression (2.1) is in accordance to Expression (1.1) of Chapter 1.

Perhaps it is important to note that Vax () # Vpx(f) F(¢) and that Vax(t) =
VBx (#)/ F(t) is not permitted because it encounters division by zero.

The voltage across the switch, Vag(?), is derived by applying Kirchoff’s Second
Law around the loop

Vax(t) = Vag(t) + Vex (1)
Re-arranging
Vag(t) = Vax () — Vex (1)
Substituting Vix (¢) from Expression (2.1)
Vag(t) = Vax(t) — Vax (1) F (1)
and
Va(t) = Vax ([l — F(1)] (2.2)

Expression (2.2) gives the voltage across the switch.
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@ J@l | 1

Figure 2.2 Time waveforms of the basic switching function acting on a single switch
connecting points A and B: (a) Vax(t), input voltage, (b) Vx (t), output
voltage and (c) Vag(t), voltage across the switch

The current, which will flow in the presence of a load:
VBx (1)
Zpx (nw)
The current entering a switch is the same as the current leaving it.
Ia(t) = I3(1)

Figure 2.2 displays the three voltages associated with the single switch and the
switching function.

Ig(t) =

2.2 Parallel switches

The voltage source, Vax () is connected on the LHS of the parallel switches and the
output is collected on the RHS, Fig. 2.3. The voltage on the right of the switch will
take the value of the input voltage when any one of the switches is closed and it will
be zero when none of the switches is closed.

With no overlap of the switching functions,

N
PNACES!
n=1

The loop equation is given by
Vax () = Vag(?) + Vex (1)

The output voltage is made up from the contributions of all switched branches
(modes).

N
Vex (t) = Vax(t) Y Fu(t) (23)

n=1
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Fi(
Fy(®)
F3(1)
A CFy i B
Vag(®
Vax(®)
A Vex(®)
X

Figure 2.3  Combination of parallel switches

And the voltage across the switch combination

VaB(t) = Vax(t) — VBx()

N
VaB(t) = {1 - ZFn<t>}vAx(r)

n=1
2.3 Parallel switched-resistors

The source Vax(t) is feeding a number of parallel resistor — switch branches giving
a current /(¢) (Fig 2.4). No overlap between the switching functions,

N
PNAGES!

n=1

Applied voltages across the nth resistor
VRn () = Fu () Vax ()

Current through the nth resistor

Fu(t)V ax (1)
R,

The total current is the sum of the currents in all branches

Irn(?) =

N
1) =) Ira(0) (24)
n=1
In the event of an overlap of the switching functions, the switching function technique
is applied by deriving the modes of the circuit and applying the procedure outlined in
Chapter 1.
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Figure 2.4 Combination of parallel switched-resistors
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Figure2.5 Parallel-switched inductors

2.4 Switched-inductors

2.4.1 Parallel switched-inductors

21

The source Vax () is feeding a number of parallel inductor — switch branches giving a
total current I (¢) (Fig. 2.5). A charged inductor must always remain in a closed circuit.
This implies that the series switch will not open unless the current through the inductor
is zero. Switched-inductors are examined in Chapter 18 where single thyristors are
used in each branch. The charged inductor will keep a thyristor conducting as long as
there is current flowing. Overlap is also taking place in order to improve the current

waveform.
Applied voltages across the nth inductor

Vi (1) = Fo (1) Vax (1)
Current through the nth inductor

F,(t)Vax(t)

Iy (1) = X (wn)
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I Ne(t)
\S1
V(t) IL(t)
Vi) L

Figure2.5(a)  Single-switched inductors

The total current is the sum of all branches

N
16 =Y I
n=1

In the event of an overlap of the switching functions, the switching function technique
is applied by deriving the modes of the circuit and applying the procedure outlined
in Chapter 1. This is done in Chapter 18.

2.4.2 Single-switched inductor

In order to investigate the properties of the single switched inductor the circuit of
Fig. 2.5(a) is suggested, where switch S; is modulating the applied voltage to the
inductor and S; secures a closed path for the inductor current when S is open. The
two switches are working in anti-parallel because the current through a charged induc-
tor can not be interrupted. The switching function for S is F;(¢) and the switching
function for S is F»(¢).
Therefore
oo
Fi(t) = Ky +2 Z K, cos(nmwt — 64n)

n=1
@) =1-Fi@)

Vi) = F1()V (1)
Let V(t) = Vpsinwt

V(1) = KoV, sin(ot) + Z K, {[sin[(nm + Dt — no]

n=1

—sin[(nm — 1wt — On]}
The current in an inductor in the steady state is given by

V(1)

I; (1) =
L) il
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Fy(t)

V(1)
Fundamental
component of line
| current

Time

Figure2.5(b) Voltage and current waveforms for the single switched inductor

1. =222 ginor - 90°)+Z WK ol + Dot — @ +90°)n]
= s1n ——  sin
L w L( T 1) nm w n
= VoKn o .
=Y —22 _sin[(nm — Dot — (6 + 90°)n]
— wL(n—1)
or
KoVp . . , .
Ip(t) = 2 sin(wt — 90°) + Higher Harmonics

The current supplied by the source,

K3Vo . - :
I(t) =IL(HF(t) = 7 sin(wt — 90°) + Higher Harmonics
w

The equivalent inductor impedance at fundamental frequency, X ()

x wL
(w) = K2
where wL is the “static” impedance of the inductor.
Figure 2.5(b) is a display of the voltage and currents in the inductor circuit.
Figure 2.5(c) is a display of the impedance of the switched inductor against the
duty-cycle of the switch.
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Figure2.5(c) The equivalent reactance of the single switched inductor at the
fundamental frequency

2.5 Parallel switched-capacitors

A current source on the left, /(¢) is feeding a number of parallel capacitor-switch
branches, Fig. 2.6. In practice the current source is a voltage source with a large
inductance in series.

First we consider a single branch, Fig. 2.6(a). The current through the nth capacitor

Icn(t) = Fu(t)1(1)

The voltage across the nth capacitor

1
Veul) = = f Fa(0)1 (1) dt
The reflection of the nth capacitor voltage across AB

Vagn (1) = F, (1)* Ve (t)

1
Vamn(0) = Fa () f Fy() (1) dr

The associated waveforms related to a single branch are shown in Fig. 2.7.
Now we consider the N branches, Fig. 2.6(b). The switching functions have no
overlap and no dead periods

N
Z F,(t) =1
n=1

Contribution of the N capacitors to the voltage across AB, Vap(?)

~ 1
Vap() =Y Fa() = [ Fa()1(1) dt 2.5)
n=1
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Figure 2.6  Parallel switched-capacitors: (a) single branch and (b) N-parallel
switched-capacitors

1(¢), current

F 1(t), sw1tch1ng functlon

Vc(?), capacitor voltage

Vag(?), reflection of
capacitor voltage
across AB

Figure2.7 The associated waveforms related to a single branch switched capacitor
circuit

Expression (2.5) gives the voltage which is reflected back to the input from a current
fed network of switched capacitors. Usually an inductor is connected between the
voltage source and the network [3]. Figure 2.8 displays the associated voltage, current
and switching function waveforms for three parallel switched capacitors.
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I(¢), the current
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Figure 2.8 Parallel switched capacitors: time waveforms (a) the switching func-
tions, (b) currents through the switched capacitors, (c) voltages
across the switched capacitors, (d) reflected voltage from the switched
capacitors to the terminals AB and (e) total reflected voltage across AB
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2.6 Kirchoff’s First Law (current law)

The textbook definition of the Kirchoff’s First Law or the junction theorem, states
that ‘the sum of the currents into a specific junction in the circuit equals the sum of the
currents out of the same junction. Electric charge is conserved: it does not suddenly
appear or disappear’.

For a switched circuit Fig. 2.9(a) with a current source on the LHS, the junction
theorem is applied in the following way. The modes of the switched circuit give the
current with the associated switching functions. The mode sequence also must be
established making sure that all instances of the ‘period’ of the circuit are represented
by a switching function. ‘Period’ of the circuit is the time taken for one mode sequence
to be completed.

The modes of this simple circuit are:

L=I()  for Fy(t)=1 Mode I o, hQ
L=16)  for Fy(t)=1 Mode TI 1, )
L=1()  for Fy(t)= 1 Mode TII AU )
10)=I1()  for F,(t)= 1 Mode n U Rl

Therefore the current flowing away from the junction in the nth path is given by
I,(t) = I(t) F, (1) (2.6)

The total current flowing into the junction for a simple sequence where one switch is
closed once per cycle with no overlaps

N
HOEDINIGIAG! 2.7)

n=1
Condition Zflvzl F, () = 1, that is, no overlap and no dead periods.

Expressions (2.6) and (2.7) give the current relationships in a junction of a
switched network. In the event of an overlap of the switching functions, the switching
function technique is applied by deriving the modes of the circuit and applying the
procedure outlined in Chapter 1. Figure 2.9(b) is a display of the associated switching
functions and the currents at the various points for a 3-switch system.

2.7 Kirchoff’s Second Law (voltage)

The second rule, the loop equation, states that ‘around each loop in an electric circuit
the sum of the emf’s (electromotive forces, or voltages, of energy sources such as
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Figure2.9 Kirchoff's Law: (a) circuit diagram and (b) time waveforms

batteries and generators) is equal to the sum of the potential drops, or voltages across

each of

Kirchoff’s Second Law is applied in the first instance in switched circuits in the

the impedances, in the same loop’.

same way that it is applied in non-switched circuits.

The

loop equation of Fig. 2.10 gives

Vin(1) = (1) Z(wn) + Vsw (1)

The challenge is to express the voltage across the switched circuit, Vsw (7) in a single
expression which is valid at all times. This voltage is shaped by the action of the
switches in that network; the procedure outlined in the first section of Chapter 1 is to

be applied in order to derive that single expression.
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Switched network

Figure2.10  Kirchoff's Law of voltage
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Figure2.11  Superposition theorem

For the application of the Kirchoff’s Second Law (voltage) around a loop with
switched parts, the voltage across the switched part must be expressed by an
expression that gives that voltage at all times.

2.8 Superposition theorem in switched circuits

The superposition theorem is already applied many times in this chapter; here it is
introduced to the switched circuits in a more formal way. Consider the circuit in
Fig. 2.11 where N voltage sources are supplying a single load connected across AB.
The switching functions do not overlap, thus implying that no two switches are closed
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Figure2.12  Superposition theorem as it applies in switched circuits.

at the same time, hence

N
PNAGES!
n=1

Every voltage source contributes to the output voltage, Vap(¢), during the period that
the series switch is closed according to Expression (1.2) of Chapter 1.

VaBn (1) = Fu(1)Vu (1)

Hence the contributions of all the voltage sources make up the output voltage, Vap (¢).
This is also demonstrated graphically in Fig. 2.12.

Vap(t) = Fi())Vi(t) + F2()Va(t) + -+ Fn (@) VN (1)

N
VaB(1) = Y Fy()Va (1) (2.8)

n=1

The condition Zf:’:l F,(t) < 1 implies no overlap. Overlap means violation of
Kirchoff’s laws in the absence of source impedance. In the presence of source
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impedance overlap is allowed. More than one switch can be closed during the over-
lap period. In that event, the mode of the circuit under overlap is derived and the
appropriate overlap switching function is set, Chapter 8.

2.9 Current sharing in a parallel RC switched network

In many power electronic circuits, the output stage is represented by Fig. 2.13. The
current /(¢) is diverted from the switch to the diode branch as the switch closes
and opens at a high frequency. The procedure recommended in Chapter 1 for the
application of the switching function is used here to show that the current through the
capacitor is given by:

Ic(t) = Ip(t) — ldco

I4co 1s the dc component of the current through the diode when it is conducting. The
expression is valid on the assumption that the output current through the load resistor
can be approximated to its average value, 4co.

Three modes are identified:

Mode I with switch on /(#) > 0, diode is not conducting, Fig. 2.14(a)
Mode II with switch off 7(¢) > 0, diode is conducting, Fig. 2.14(b)
Mode III with switch off /(¢) = 0, diode is not conducting, Fig. 2.14(c)

1) D

N ' | In(9)
A @(0)] I(0)
o a0
— (Vae)
Figure2.13  Parallel RC switched network
(@ 10 (b)  1(t)=1Ip( © I»=0

—>— _
v 1c® (Io(t) Io(0) I[ t]o(t) ][ 1 010(0

Figure2.14 (a) Mode I, (b) Mode II and (c) Mode 111
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| Mode I | Mode IT | Mode III |

Figure2.15 Mode sequence

The mode sequence is shown in Fig. 2.15. The switching function F (¢) is attached
to Mode I, F,(t) is attached to Mode II and F3(¢) is attached to Mode III. The three
switching functions are not overlapping and there are no dead periods

Fi(n)+ F2(0) + F3() =1

In Modes III and I, the capacitor is discharging and this action must be considered
in the mathematical model. The sequence of the modes, Fig. 2.15 is such that Mode I1I
is succeeded by Mode I, therefore their effect can be considered together. During
Modes I and III the capacitor is discharging with current, Igiscy (f). The discharging
current, Igisch (7), during these modes is approximated to the output current, /3co =
Vaco/ R. Hence the contribution of Modes I and III to the capacitor current is given by:

Ic(t) = —lacoll — F2(1)].

During Mode I1 it is charging with a current /.y, (7). This current is the diode current
Ip (1), less the current which flows in the load. The load current is rightly approximated
to the dc component /4., in the presence of a large smoothing capacitor. Hence the
contribution of Mode II to the capacitor current is given by:

ICcharging(t) = [Ip(t) — lacol F2(2)

Hence, by considering the sequence of modes and their contribution to the capacitor
current, the capacitor current is given by

Ic(t) = —ldcol1 — F2(1)] + [Ip(#) — ldcol F2(7)
The diode current, according to Expression (2.6) is given by
In(t) = 1(1) F2(2)
Substituting expression for the diode current
Ic(t) = —lacol1 — F2(O)] + [ (1) F2(1) — laco] F2(1)
Simplifying
Ic(t) = —Igeol 1 = F2(1)] + 1) Fa(t)* = Iaco Fa (1)
F>(t) is a unipolar switching function, and F; (z‘)2 = F>(t), Chapter 1.
Ic(t) = —laco[1 — F2(O)] + 1(t) F2(1) — Igeo F2(2)
Simplifying
Ic(r) = I(t) F2(1) — Igco
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The product () F>(¢) is the diode current, hence
Ic(t) = Ip(t) — lco (2.9)

In a more rigorous approach, the accuracy of Expression (2.9) can be improved by
considering the ripple current through the load resistance R as well. In other words,
the diode current /(¢) F>(¢) is shared by the load resistance R and the smoothing
capacitor C as indicated by Expression (2.10). The dc component, I4.,, is taken
by the load because the capacitor is not taking any dc current under steady-state
conditions.

X(wn)
X(wn)+ R
Expressions (2.9) and (2.10) could also be derived in a simpler way from the distri-
bution of currents at the diode—capacitor—resistor junction. The current going into the
junction is the diode current; the resistance takes its dc component as the capacitor

is taking no dc under steady-state conditions. The capacitor and the resistance share
the remainder, the ac components.

Ic(t) = F()1() — Igco (2.10)







Chapter 3

Pulse width modulation

Pulse width modulation is a form of pulse coding where the modulated signal contains
a chosen frequency or band of frequencies as the main components plus harmonics of
very high order that can be easily filtered. Even though PWM originated in telecom-
munication systems, it is now very common in power electronic circuits: dc to dc
converters, dc to ac and wave-shaping circuits. In its simplest form we have a single
frequency coded on the PWM signal known as sinusoidal Pulse Width Modulation.
In the standard way, the reference signal is compared with a triangular signal in order
to generate the PWM signal. The reference or modulating signal bears the charac-
teristics — amplitude, frequency and phase — of the desired voltage or current to be
produced. The triangular signal — called the carrier — has a much higher frequency
fe, compared with the frequency, fn, of the modulating signal. The ‘frequency mod-
ulation ratio’ m is the ratio of the two frequencies, m = f./ fm [5]. The spectral
content of the PWM signal is very important to be known. The order of the produced
high frequency unwanted harmonics is standard for a single frequency modulating fre-
quency. The magnitude of the produced frequency components is derived by computer
simulation and/or the Bessel functions or other methods [6].

The switching function is employed in this work to construct pulse width mod-
ulated unipolar and bipolar signals. The modulating signal is used as a reference to
produce a series of pulses; the width of each pulse is set according to the amplitude
of the modulating signal at that instant. This is achieved by splitting the cycle of the
modulating signal into m number of sectors, Fig. 3.1. At the centre of each sector a
pulse of unit amplitude is produced. The width of the pulse is set in such a way that
its area is proportional to the area under the signal for that sector. More accurately
stated, ‘the area of the kth pulse Pa (k) is proportional to the area under the reference
signal of the kth sector Sa (k)’.

Pa (k) = Sa(k) 3.1

Since there are m sectors, the switching frequency is m times the modulating fre-
quency. This is more widely known as the frequency modulation ratio. It will be
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Figure 3.1 Unipolar PWM waveform with 16 pulses (m = 16)

shown later that for certain applications with periodic symmetry and symmetry about
the 90° axis, m is a number divisible by two or four.

In this chapter a number of signals are pulse width modulated: a unipolar signal for
a sine wave a unipolar signal for a rectified sine wave, a composite signal consisting
of a rectified sine wave and its derivative, and a bipolar signal for a sine wave. For
each signal a ‘component switching function’ is derived which gives a single pulse;
the width of the pulse is set according to its position. The PWM signal is the sum of
m such component switching functions. Some of the derived signals are used in the
next chapters.

3.1 Sinusoidally modulated PWM signal — unipolar

Figure 3.1 shows a Unipolar Sinusoidal PWM signal with 16 pulses, m = 16. The
switching function technique is employed here to produce such a signal. The switch-
ing frequency is mw where m is an integer number and w is the frequency of the
signal to be produced. As demonstrated in Fig 3.1, a unipolar PWM modulated sig-
nal exhibits periodic symmetry and symmetry about the 90° axis. The symmetry
about the 90° axis implies that the k™" pulse is of the same width as the [m /2 — k]
pulse; the periodic symmetry implies that these pulses appear inverted with the same
spacing in the negative half-cycle, 180° later. A ‘component switching function’,
Feomp (), is introduced to contain this information, Expression (3.2) and displayed in
Fig. 3.2.

Feomp(t) =4 Z K, [cos(nwt — nby) — cos(nwt — nb)] 3.2)

n=1
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Figure 3.2 Component switching function, second

where

n = odd integer

01 = Tk — (T /2), the phase displacement of the first pulse

0 = Tk — (T /2) + =, the phase displacement of the second pulse

K, = (sin(né))/nn

8 = half the width of the kth pulse (Expression (3.5))

m = fo/fm, frequency modulation ratio, an integer number; f; is the carrier
frequency and fy, is the modulating frequency

T = 27 /m, period of the PWM switching function

K = m/4, number of component switching functions necessary to construct the
PWM signal

k = integer number indicating the kth component switching function 1,2,3,... K.

The Expression (3.2) is simplified to

o0
Feomp(t) = 8 K, sin(nf)) sin(not) (3.3)
n=1
Expression (3.3) is valid for odd values of n. The ‘component switching function’,
Feomp(?), is a quasi-square signal, Fig. 3.2, and it has to be repeated m /4 times
to make up the PWM signal. Therefore the complete Unipolar PWM switching
function, FpwmU (¢) is the summation of m /4 such component switching functions,
Expression (3.3).

K oo
FowmU(t) =8 Y K, sin(nf)) sin(not) (3.4)
k=1 n=1

m
K=—
4
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The half-pulse-width § is derived from Expression (3.1). As stated earlier, the area of
the kth pulse, Pa (k) is equal to the area under the sine wave for the kth sector, Sa (k).
The modulating signal is

Vinod (1) = D sin wt

where D is the amplitude and it can vary from 0 to 1; this is usually known as the
modulation ratio.

T

Area of the kth sector, Sa (k) = / V mod (t) dwt
k=T

T

= / D sin(wt) dwt
k—D)T

= [cos(k — 1)T — cos(kT)]D

The area of the kth pulse, Pa (k), is the product of its width and its height. By definition
the width of the pulse is 28, where § is half-pulse-width. The height of the switching
function pulse is by definition 1.

Pa(k) =26

Hence the § parameter of the switching function is given by substituting the
expressions of both S (k) and Pa (k) into (3.1):

8 := 1cos[(k — 1)T] — cos(kT)10.5D (3.5)

The order and magnitude of each harmonic is derived directly from Expression (3.4)
by setting the appropriate value of n. It appears that all the harmonics from the fun-
damental to infinity are present but this is not true. The magnitude of each frequency
component is made up from the contributions of all pulses. As it happens, all the
harmonics except the fundamental are practically of zero magnitude at the lower end
of the frequency spectrum, even for low switching frequencies (m > 12). Figure 3.3
is a display of the frequency spectrums for the unipolar PWM signal at a switching
frequency of 52 times the fundamental (2.6 kHz for a 50 Hz fundamental). The first
harmonics to appear of significant magnitude are near the switching frequency, m +1.
The components at m + 2 are at much lower magnitude; the switching frequency is
absent. This is repeated for 2m + 1 and 2m =+ 2.

Low order harmonics such as the third harmonic are insignificant even at low
switching frequencies. For a switching frequency of 600 Hz (m = 12) the third
harmonic is noticeable but down to 0.25% of the fundamental.

In order to preserve both the periodic symmetry and the symmetry about the
90° axis, the switching frequency must be a number, which can be divided by four.
If this symmetry is not respected, low-order harmonics manifest themselves in the
PWM signal. This is more acute for low switching frequencies and it is demonstrated
in Fig. 3.4 where the magnitude of the harmonics is displaced against the switching
frequency ratio, m. As shownatm = 4, 8,12, 16, . . ., the harmonic level is the lowest
if not zero.
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Figure 3.3  The frequency spectrum of a sinusoidal PWM signal (unipolar)

3.2 The rectified sine-wave PWM signal

A rectified sine-wave is pulse width modulated by the same method as we did for the
sine-wave. Naturally the pulse width, § is derived in the same way, Expression (3.5).



40  The switching function

Magnitude of first three harmonics

24

Switching frequency ratio, m

Figure 3.4 Magnitude of low-order harmonics against the switching frequency
ratio, m (unipolar)

Hence,
§ = %[cos[(k — 1)T] —cos(kT)|D

T is the switching period and & is an integer number giving the order of the com-
ponent switching function. The PWM signal for the rectified sine though, does
not display the same symmetry as the sine signal. It is symmetrical about the 90°
axis and the 180° axis, hence the four pulses of the component switching function,
FeompR(?), are arranged as follows: the first two are symmetrical about the 90°
and the other two are symmetrical about the 270° vertical axis, Fig. 3.5. The com-
ponent switching function is easily derived below where each term represents one
pulse.

FeompR(t) = Ko +2 Z K,{cos(nwt — npBy) + cos[nwt — n(mw — B1)]

n=1

+ cos[nwt — n(mw + B1)] + cos[nwt — n(2r — B1)]}

B1 =Tk d
' 2
where K, is the average value of the switching function.
425
K, = 40
2

K, and m are defined in the usual way, Expression (3.2).
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Figure 3.5 The component switching function for the rectified sine-wave

The component switching function is simplified to

o0
FeompR(t) = Ko + 8 Z K, cos(nwt) cos(nfy)

n=1

cos %‘ (3.6)

where 7 is an even integer. The term {cos(nm /2)} is included to take care of that.
The PWM switching function for the rectified sine-wave, Fpwm R(?), is given by
considering all the component switching functions, K.

K oo

FpwMmR(t) = KpwMm + 8 Z Z K, cos(nwt) cos(nfB)| cos ﬂ‘ 3.7
2
k=1n=1
where
2D
Kpwm = —
T

K = m/4 and m is the number of pulses in one cycle of the PWM signal.

Figure 3.6 displays the PWM switching function for the rectified sine-wave,
FpwMmR (¢). Its frequency spectrum is displayed in Fig. 3.7(a). The modulating signal,
which is the rectified sine is displayed in Fig. 3.7(b). As shown, the PWM signal
contains all the frequency components that make up the rectified sine plus higher
order harmonics. There is no evident mathematical justification for the order of the
harmonics of the PWM signal but they seem to obey a simple rule: they are of the
order xm = 2y plus the switching frequency m, where x and y are positive integers.
Large values of y might suggest low order harmonics near the useful bandwidth of the
rectified sine. As y and x are increasing though, the magnitude of these harmonics
diminishes, Fig. 3.7(a). For m = 40 there is a ‘safe’ distance between the useful
bandwidth of the rectified sine and the high-frequency components centred around .
This ‘safe’ distance, increases with m.
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Figure 3.8 The modulating composite signal

3.3 The PWM signal of a composite function

The signal to be coded in this section, M (¢), is a composite signal consisting partly
of a sine and partly a cosine wave. It is described by Expression (3.8) in the specified
period 7 and it is repeated for 27, 37, etc.

M(t) =sinwt — Dycoswt for0 < wt < (3.9)

It is chosen to present the modulating signal over a period of w, Fig. 3.8. D1 and D,
are the amplitudes of the two ac components. The dc component, K, is the average
value of the two ac components and in this case it is reduced to the average of the
first term since the second term, being a cosine from 0 to &, has a zero average
value.

Area under the curve for the period k — 1 to k, Sa (k)

kT
Sak) = / [D; sinwt — Dy cos wt] dwt
*k=DT

= [cos(k — 1)T — cos(kT)]|D1 — Dy[sin(kT) —sin {(k — 1)T}]

Area of the kth pulse of the switching function, Pa (k) = 2§.
The area under the curve is equal to the area of the pulse, Expression (3.1). The
half-pulse-width, §, is

8 = {[cos(k — 1)T — cos(kT)]D1 + Dy[sin(k — )T — sin(kT)]}/2

The switching function is constructed on the basis of the period of one complete cycle
of w, Expression (3.8). It exhibits periodic symmetry: for every pulse in the first half-
cycle there is a similar one (same width) in the second half-cycle at 7 later. Hence
the component switching function is a switching function with two similar pulses
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Figure3.9 The component switching function of the composite signal

separated by 180° with a switching frequency w, the power frequency, Fig. 3.9.

Feompc(t) = Ko1 +2 ) Ky{cos(not — npy) + coslnot — n(x — p1)1}

n=1

B1 =Tk d
P 2
For the construction of the switching function with m pulses per mains cycle, m /2
component switching functions are required, hence K = m/2. Hence the PWM
switching function of the composite signal, Fpwwmc (¢) is given by Expression (3.9)

K oo
Fewmc(t) = Ko +2) Y Kufcos(not — npi) + coslnwt — n(x — p1)l}
k=1 n=1

k
1
Ko=—) ¢ 3.9
D (39)

The display of the PWM composite waveform in Fig. 3.10 seems to be a unipolar
signal. This is misleading; if the switching frequency is increased to the point that the
switching period is small enough to accommodate the period for which the signal is
negative, the PWM composite waveform will display negative pulses. This implies
that the actual switching must be done by bridge configuration; it is the only one which
produces inversion of the input quantity, voltage or current. Nevertheless it will be
shown in Chapter 21 that a single switch is used to implement it. A single switch
cannot perform the inversion implied by the negative pulses of the PWM switching
function. In the particular case D; >> D; and the error introduced is apparently small.
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Figure 3.10  The composite rectified PWM signal

3.4 PWDM sine-wave — bipolar square wave modulation

A bipolar switching function oscillates between two values: 1 and —1. The negative
state implies that the output is reversed with respect to the input and the circuit
associated with this inversion is the bridge. The principle adopted to produce the
bipolar PWM signal is that of a high frequency carrier in the form of a bipolar square
wave whose width is modulated according to the area of the modulating signal within
the half-period period of the bipolar square wave.

The half-pulse width of a unipolar switching function modulated by a sine-wave
modulating signal with amplitude D is found earlier in Expression (3.5) as:

8= %[cos[(k — 1)T] —cos(kT)1D

It can be used for this application as well with a small difference. T is the period of
the switching frequency and & is an integer number indicating the kth pulse. In this
application the modulating signal needs to take only half of its maximum amplitude
that is, D = 0.5. This is because the un-modulated pulse width of the square wave is
already at its half value before any modulation is applied. D will be allowed to take
the full range from zero to one in this application by introducing a factor of 0.5 in
Expression (3.10).

The half-width of the pulse of the carrier is 7 /4 and it will be modulated by §.
The half-width of the modulated pulse of the carrier will be

8§ = %{cos[(k — 1)T] —cos(kT)}0.5D + % (3.10)

where T /4 is the un-modulated half-width of the carrier.
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The component switching function will be a signal with a single pulse per
modulating signal cycle, hence K, the number of component switching functions is m.

00
Foomp(t) = Ko +2 Z K, cos[nwt — no]

n=1
6 = Tk — (T /2) is the position of the pulse relative to reference signal.

25
Ko=—
b

The unipolar switching function is given by all K component switching functions

K 00
Funip (1) = Z Ko +2 ZK" cos[nwt — no]
k=1 n=1

In order to convert the unipolar switching function into a bipolar one, the following
operation is performed:

FpwmB(t) = 2Fynie(?) — 1

It is easily shown that Zle K, = 0.5 and the bipolar switching function is:

m o0
FewmB(t) =4 Y " Kn cos[nwt — nd] (3.11)
k=1 n=1

The bipolar sinusoidaly modulated PWM signal, FpwmB(¢) described by
Expression (3.11), is displayed in Fig. 3.11 for a switching frequency mw 50 times
higher than the fundamental, m = 50 and an amplitude modulation ratio, D = 0.7.
Expression (3.11) can be employed to give a single component, V() by setting
the appropriate value of n. Hence for individual values of n, Expression (3.11) is
reduced to

Va(t) =4 K cos |:na)t —n <9 — %)} (3.12)

k=1
m=16 D=0.15
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Figure3.11  The bipolar PWM switching function of a sine wave
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Figure3.13 The fundamental of the bipolar PWM signal against the depth of
modulation D

Both the magnitude and the phase of the single component are made up from the
contributions of the m pulses of the signal. In order to extract the magnitude,
Expression (3.12) is expanded into an in-phase and a quadrature component and
then Pythagoras’ theorem is used to give the actual magnitude. This result is used
to display the frequency spectrum of the sinusoidally modulated pulse width signal
as shown in Fig. 3.12. As shown the harmonic components are concentrated around
the switching frequency and its multiples: mw, 2mw, 3mw etc. The more important
component is the fundamental. It is the useful part of the signal. A simple relationship
seems to exist between the amplitude modulation ratio D and the magnitude of the
fundamental of the PWM signal as shown in Fig. 3.13. Simply the amplitude mod-
ulation ratio is equal to the p.u. value of the fundamental component of the bipolar
PWM sine wave signal.



Part 2

AC to DC conversion







Chapter 4

Analysis of the single phase ac to dc phase
controlled converter with R-L load

4.1 Introduction

In the normal operation of a full-wave single phase converter the four thyristors
conduct in two pairs: one from the upper group and one from the lower group.
Thyristors TH1 and TH4 form the first group and TH3 and TH2 the other group
(Fig. 4.1).

The analysis of this circuit is straightforward and the application of the switching
function presents no special problems. Expressions for the output voltage, output
current and input current are derived for continuous conduction and displayed. The
analysis is extended to discontinuous conduction as well. The line current expression
is further expanded by introducing a new variable, p, which represents the order
of the harmonic. In this way the Total Harmonic Distortion factor, the Distortion
factor, the frequency spectrum and the power factor are derived and displayed. The
average and RMS values of the current through the semiconductor switches are readily
available.

4.2 Mathematical modelling

In this section the mathematical model of the single phase ac to dc phase controlled
converter with inductive load is derived. A procedure is suggested in Chapter 1 for the
application of the switching function technique for the analysis of power electronic
circuits. This demands the derivation of the modes of the circuit and many other
things. Such a procedure is more applicable to more complicated circuits such as the
dc to dc converters and the ac to dc converters with RC load. The analysis of this
simple circuit does not demand the application of this procedure.

The input—output voltage relationship together for a bridge configuration with
the input—output current relationship are derived in Chapter 1 and are given by
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Figure4.1 Single phase, phase controlled ac to dc converter with R—L load
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Figure4.2 Simple mathematical model of the single phase, phase-controlled ac to
dc converter

Expressions (1.4) and (1.6). These are re-represented here
Vo(t) = Fg(1) Vin(1) (4.1)

Iin(t) = Fg(t) 1, (1) 4.2)

4.2.1 The mathematical model

The output voltage, V,(¢) is the result of an amplitude modulation of the input supply
voltage and the appropriate switching function, Fg(¢). The output voltage forces the
output current, /,(7), through the ‘harmonic impedance’, Z(wn). The input current
is a reflection of the output current to the input. It is the result of an amplitude
modulation of the output current, /,(¢), with the same switching function, Fg(¢). The
mathematical model is shown in Fig. 4.2.

In the simple model of Fig. 4.2 two modulation processes are shown. M1 modu-
lates the input voltage to give the output voltage and M2 modulates the output current
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to give the input current. In both cases the carrier is the switching function Fg(¢). The
load and the firing delay angle of the thyristors dictate the output voltage and current.

4.2.2 The switching function for continuous and discontinuous conduction

The modulating signal, Fg(¢) is the bipolar switching function presented in Chapter 1
in Part 1 and reproduced in Expression (4.3). This expression applies for both contin-
uous and discontinuous conduction. For continuous conduction the on period of the
conducting thyristors and consequently the pulse width of the pulse of the switching
function is 180°; for discontinuous conduction it is less and it is determined by the
extinction angle, 8. Hence the switching function is a square wave for continuous
conduction and a quasi-square for discontinuous conduction. The pulse width of the
quasi-square signal must be pre-calculated before the application of the technique by
considering the firing angle « and the load.

For a circuit with very well-known behaviour deriving the switching function
parameters is an easy task. Reference is made to Fig. 4.3 where the output voltage
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Figure4.3 Voltage and current waveforms for the single phase ac to dc converter
with inductive load (a) input voltage and current and (b) output voltage
and current. The dotted line in (a) is the fundamental component of the
line current
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and current are displayed together with the line current for continuous conduction
case. The conduction of the thyristors persists into the next half-cycle because of
the inductive load. The switching function is that signal which when multiplied with
the input voltage will give us the output voltage. A close examination of Fig. 4.3
reveals that the required switching function is a square wave of unit magnitude with its
positive pulse starting at the firing instant & and finishing 7 radians later; the negative
pulse of the switching function starts at the firing instant of the mains negative half-
cycle m + « and finishes 7 radians later, Fig. 4.3(b). So the conduction period is 7
and the switching function is expressed in (4.3).

The ac to dc converter of Fig. 4.2 can enter discontinuous current conduction,
depending on the relative amount of inductance in the circuit. Then we observe dead
periods between the two half half-cycles. The positive pulse of current ends at some
point just after = and before thyristors TH2 and TH3 connect the negative half-cycle
to the load. This is the extinction angle, 8, and must be calculated beforehand. Hence
there is a dead period, which must be accounted for by the switching function. The
positive pulse of the switching function starts at the firing instant o and finishes at
7 + B. The negative pulse starts at the firing instant 7 + « and finishes at 27 + .
This is a quasi-square switching function as described in Chapter 1.

Modelling for discontinuous conduction does not differ from the one presented
already. The switching function is a bipolar quasi-square signal defined above,
Expression (4.3); the on-period differs and consequently the phase 6 of the switching
function. For the calculation of the K, coefficients, the half-width, §, of the on period
of the switching function is required; this is

s=P-°
2
where S is the extinction angle and « the firing angle. The delay angle 6 is given by
B—a
0 =——
2 e

The extinction angle must be calculated using standard methods such as the Laplace
transforms.

an=4§:mwmmm—e*m (4.3)

n=1
where

n is an odd number

K, =sin(né)/mn

8 = m /2, for continuous conduction

8 = (B — a)/2, for discontinuous conduction

0 = « + 4, the phase of the switching function relative to supply voltage for
continuous conduction

0 = (B —a)/2 + «a, for discontinuous conduction

a = delay firing angle.
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4.3 Analysis

The model of Fig. 4.2 is employed for the analysis of this circuit.

4.3.1 Output voltage
In accordance with the model of Fig. 4.2 the output voltage is given as:

Vo(t) = Vpsin(wt) F(t)

o0
Vo(t) = ZZVpKn{sin[(n + Dot —nb] —sin[(n — Dot — nél} (4.4)
n=1
The output voltage, displayed in Fig. 4.3, is free from odd harmonics because 7 is an
odd integer.

4.3.2 Output dc voltage

The output dc voltage (zero frequency) is created when n takes the value of one in
Expression (4.4)

Vo(t)ne1 = 2V, K\ {sin[21 — 6] + sin(6))

The dc component is located in the second term, sin(0); the first term sin[2wt — 6]
is dropped as it represents an ac component at twice the mains frequency. Hence the
dc component, Vy, is given by:

Viae =2VpK1sin6 4.5)
Expression (4.5) gives the output dc voltage for both continuous and discontinuous

conduction; in each case K| and 6 are derived. For continuous conduction it is further
simplified here by substituting, 6 = (o + 7/2).

i 2 1
K=o

sinf = sin(a + 7/2) = cosa and
Therefore for continuous conduction
1
Vic = 2Vp—cosa (4.52)
g

Expression (4.5a) is recognised as the same found by conventional methods. For
discontinuous conduction K; and 6 of Expression (4.5) must be derived from
Expression (4.3).

4.3.3 Output current

The output voltage pushes through the ‘harmonic impedance’ of the load the output
current. The harmonic impedance is the impedance presented to the output voltage
as explained in Chapter 1. The dc component of the output voltage will give rise to a
dc current, which is only limited by the resistance in the load. Therefore the output
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current consists of this dc component and the harmonics, which are limited by the
complex ‘harmonic impedance’ of inductance and resistance, Z(wn). The complex
harmonic impedance is given by two expressions, one for each component of the
output voltage, Expression (4.4), Z,,+1 and Z,,_1.

Zns1 = VR + (@(n+DL)? @1 =tan”! (W) (4.6a)
and
Zn1=vVR2+ (@ —1L)? ¢, =tan"! (@) (4.6b)

The output current is given by simple application of Ohm’s Law, Expression (4.7).

Vo(2)
Io(t) = ——~
o(?) Z o)
o0
VoK, .
I,(1) = Zz P22 sin[(n + Dt — nb — @pp1] 4.7)
n=1 Zn+1
VoK,
-2 sin[(n — Dwt — nb — ¢,_1]
Zn—l

The output current and voltage are displayed in Fig. 4.3.

Selecting the appropriate value of n in Expression (4.7) derives the dc component
of'the output current. This is the value of n that will give zero value to the coefficient of
w. This happens in the second term forn = 1. The impedance Z,,_ 1, Expression (4.6b)
is reduced to R.

VoK1
laco = 2 PR

sin() (4.8)

In the same way the various harmonic components of the output current are derived
from Expression (4.7). For example, the second harmonic is derived for n = 1 in the
first term of Expression (4.7) and for n = 3 in the second term of Expression (4.7)

VpKl . VpK3 .
In(t) =2 sin[2wt — 6—¢@p] —2 — sin[2wt — 30—, ]
Zy V4)

4.3.4 Line current

The line current is a ‘reflection’ of the output current to the input and it is
given by Expression (4.2) in accordance with the mathematical model of Fig. 4.2.
Expression (4.2) is reproduced here:

Iin (1) = Lo(1) F(1)
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The output current /,(¢) is given by Expression (4.7) and the switching function Fg(7)
by Expression (4.3). Substituting in (4.2)

. VoK
Iin(t) = { 2 ZP “{sin[(n + Dt —nb—n@y41]
=1 n+1
o0
—sin[(n — Dot —nb — mpn_l]}}4 > Ky cos(nwt — 0 xn)
n=1

After expansion it yields

In(@) = i XN: 4 Vp(sin(nd) /nm)(sin(md) /mm)
VR +[w(n +1)L)?

n=1m=1

x sin |:(n +m + Dot — (n +m)y — atan [w(n J;I)LH

N N . .
+ Z Z 4 Vp(sin(nd) /nm)(sin(mé) /mir)
VR + [wn + DL

n=1m=1

X sin |:(n —m+ Dot — (n —m)y — atan |:w(n -l;el)LiH

N N

B Z Z 4 Vp (sin(nd) /nm) (sin(md) /mir)
VR? +[w(n — 1)L)2

n=1m=1

. (n—1)L
X sin |:(n +m — )wt — (n +m)y — atan [wT:H

~ i i 4 Vo(sin(a) /n ) (sin(md) /mn)
VR? + [w(n — 1)L)?

n=1m=1

) (n—1L
x sin |:(n —m — Dot — (n —m)y — atan [a)TH 4.9)

Expression (4.9) gives the input line current and is given in the form as used in a
Mathcad program. Note that y = 6 where 6 is defined in Expression (4.3). The
counter variable n appears twice so it is replaced once by m. The line current is given
by Expression (4.9) and is displayed in Fig. 4.3.

4.3.4.1 Fundamental line current

Expression (4.9) gives the frequency of each component of the input current in terms
of the two counter variables m and n as n £ m £ 1. The line fundamental current is
given for those combinations of m and n that give 1 in the expression below

ntm=+l==1
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In this way five terms are derived to form Expression (4.10), the expression of the
fundamental line current, 7 (z).

N

V, (sin(né) /nm)(sin(nd)/nm)
L =) 4/ -2
1o Z [ VR + [w(n + 1)L

n=1

oo sl
X sin | wt — atan| w————
R

N XN: 4[ Vp(sin(nd) /n7)(sin[(n + 2)81/(n + 2)7)
el VR +[w(m + L]

X sin [ —wt — (—2y) — atan[w%}ﬂ

Vp(sin(8) /7)) (sin(8)/m) .
—4 R si

n(wt — 2y)

B i 4 Vp(sin(nd) /nm)(sin(nd) /nm)
VR? + [w(n — 1)L?

n=1

R e |
X sin | — wt — atan| o ——
R

B 2N34Vp(sin(n8)/nﬂ)(sin[(n —2)81/(n — 2)m)
o VR + [0 — DL

. (n—1L
X sin |:a)t -2y — atan[wTH (4.10)

Note that y = 0 where 6 is defined in Expression (4.3).

4.3.5 Identification of frequency components of the input current

This is necessary in order to display the frequency spectrum of the input current. The
frequency components of the line current can be extracted from Expression (4.9). In
this Expression there are four terms and the frequency is given by the two counter
variables m and n.

ntm=*l

A new counter variable is introduced; P represents the frequency of a single
component

P=n+tm=1
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There are four combinations for P

P=n+4+m+1 for the first term of Expression (4.9)

P=n—-m+1 for the second term of Expression (4.9) for n > m
P=n+m-1 for the third term of Expression (4.9)
P=n—-m-1 for the fourth term of Expression (4.9) forn > m

But P can be either positive or negative depending on the relative magnitudes of m
and n; it is positive for n > m and it is negative for m > n. In this way there are two
more terms to accommodate the negative values of P; an extra term is created for
the second term of Expression (4.9) and another one for the fourth term of the same
expression.

The six combinations for m including the cases where m > n are listed:

—P=n—m+1 for the second term of Expression (4.9) for m > n
—P=n—-m-—1 for the fourth term of Expression (4.9) for m > n

From these values of P, the variable m is expressed in terms of » and P as

m=P—-n-—1
m=P—-—n+1
m=—-P+n+1
(4.11)
m=P+n+1
m=—P+n-—1
m=P+n-1

Expression (4.11) for m can be substituted in Expression (4.9) in its four terms accord-
ingly. Two more are created forn —m + 1 and n — m — 1 to account for m > n. In
this way the order of a single frequency component is easily identified. The counter
variable P represents the frequency of a single component and n accounts for the
contributions to that component from all the inter-modulations.

Expression (4.12), taken from a Mathcad program, is an example of the first term
of the line current where m is replaced by m = P — n — 1. In the same way the rest
of the terms of (4.11) are replaced in (4.9). Note that y = 6 where 0 is defined in
Expression (4.3).

N N . _
Py =Y Y 4 pCm/nm)Gnl(P —n - DOVE —n = D7)
=1 P=n+2 VR + o0 + )LD

X sin |:Pa)t —[n+(P—n—1)]y —atan [w(n —;1)LH

(4.12)

The line current is then expressed as a function of P and n. In this way individual
harmonics can be plotted against time, Fig. 4.4.
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Harmonics

Fy(0)

Figure 4.4 Individual line current harmonics

For large values of L where the output current is smoothed to an almost dc, /4, the
input current is given by Expression (4.13). In this case the phase of the fundamental
and the harmonics have a fixed relationship with the firing angle .

Io(t) = Idc
From (4.2)
Iin(t) = F(t) l4c

> (4.13)
Iin (1) = 4lg4c Z K, cos(nwt — 6 % n)

n=1

Hence the magnitude of any frequency component of [j,(¢#) for large values of
inductance is simply given by

414. K, (4.14)

And the phase angle of the nth frequency component of Ij,(#) for large values of
inductance is simply given by 6 * n. The phase angle between the fundamental com-
ponent of current and the mains voltage is therefore 6. The fundamental is expressed
as a cosine, Expression (4.13).

I1(t) =414 K1 cos(wt — )

The phase difference between /;(¢) and the supply voltage can be shown from this
expression to be «. Hence the Displacement Power Factor is given by:

Displacement Power Factor = cos(«) (4.15)



Analysis of the single phase ac to dc phase controlled converter with R-L load 61

1 -
Firing |angle =40° Fundamental =45/03 1A

t~
Il
o

0.67 + 1 .05 R=5

Magnitude

033 1

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Order of harmonics, P

Figure4.5 The frequency spectrum of the line current

The firing angle o alone sets the magnitude of the harmonic since 0 is a function of «.
The frequency spectrum, the displacement power factor, the distortion factor and the
total harmonic distortion are displayed in Figs 4.5-4.7 for large value of L.

4.3.6 Frequency spectrum of line current harmonics

The frequency spectrum of the line current is displayed in Fig. 4.5 for a load of
L =0.05H, R =5 and o = 40° securing a good quality dc current at the output.
The magnitude of each frequency component is divided by the magnitude of the
fundamental component of current.

4.3.7 Distortion

This is quantified by two factors: the Total Harmonic Distortion, %THD and the
Distortion Factor. The %THD is defined as the ratio of the rms value of the distortion
current divided by the rms value of the fundamental current. The Distortion Factor is
the ratio of the rms value of the fundamental current divided by the rms value of the
total current. The Total Harmonic Distortion is given by Expression (4.16) where K
sets the highest harmonic to be considered.

JYK e
%THD = varsIth o (4.16)

I
I (P) is the rms magnitude of the Pth harmonic component; its order is set by P. I is
the rms value of the fundamental component. % THD for the ac to dc phase controlled
converter is displayed in Fig. 4.6.
The Distortion Factor is given by Expression (4.17).

I
Distortion factor = ———+ 4.17)

V Y b1 I(P)
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THD for ac to dc with RL load

100
R=5 £=0.03
80
60
40+ — ——
|
20 ~_

0 10 20 30 40 50 60 70 80 90

Firing angle in degrees

Figure4.6 The total harmonic distortion
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Figure4.7 Displacement, power and distortion factors

I (P) is the rms magnitude of the Pth harmonic component; its order is set by P. I is
the rms value of the fundamental component.

4.3.8 Power factor

The Power factor (PF) in power electronic systems is given by the product of the Dis-
tortion Factor and the Displacement Power Factor. The Displacement Power Factor
is the cosine of the phase angle between the fundamental component of current and
the mains voltage, Expression (4.15).

PF = cos(0) ——1 (4.18)

Vb I(P)

The Distortion factor, Displacement factor and the Power factor for the ac to dc
phase controlled converter are all displayed in Fig. 4.7.
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Figure 4.8 The current through the thyristors

4.3.9 Semiconductor current ratings

The required data for the current rating of the semiconductor devices of the circuit is
readily available. The current through thyristors (Fig. 4.8) is given by

Itz () = Fizs(®)1o(t) and  Itapa(t) = Foa(t) 1o (1) 4.19)

The switching functions Fi3(¢) and F4(¢) are unipolar functions with on periods
equal to 7 for continuous conduction and switching frequency equal to the power
frequency with /2 phase delay. From Expressions (4.19) the rms, average, peak
values and duty cycles for each group of thyristors are found.

200

Fi3(t) .= % +2 Z (sin(n8)> (cos(nwt —ny))
n=1

ni

1 & [sin(n)
Fau(t) = 5 +2 > ( - ) (cos(nwt — ny — nm))
n=1

113(2) := Fi3()lo(t)  14(t) == Fa4(t) [,(1)

1 T
AVE 1Iy3 := ?/0 Ii3(t)dt  AVE_I;3 =9.373

1 T
RMS_I]3 = ‘l ?[ 113(l)2dt RMS_113 = 13.577.
0

The average and rms values are derived for R = 1022,/ = 0.05, o = 30°.






Chapter 5

The single phase full-wave
diode rectifier — RC load

5.1 Introduction

The analysis of the rectifier with capacitive load is a classical case of a ‘circuit
determined’ switching function. The switching instances are circuit determined and
they must be known before the application of the technique.

The analysis is based on the input loop equation. The voltage at the input of the
bridge is made up from two components each at a different time slot: the input supply
voltage and the ‘reflection’ of the output dc voltage. For this purpose two switching
functions are introduced, both circuit determined (Fig. 5.1).

The output voltage ripple is ignored when the line current is calculated; it makes
the derivation simpler. This is justified for a practical system where large capacitors
are used. The output ripple voltage itself is later calculated in terms of the output
ripple current. The line current is derived as a function of the parameters of the two
switching functions, the output dc voltage and the other circuit parameters.

The output dc voltage is calculated from the expression of the line current by
considering the two points in time where it is zero.

5.2 Mathematical modelling

The mathematical modelling of this circuit is a good candidate for the procedure
outlined in Chapter 1 for the application of the switching function technique. The
analysis of this circuit is based on the input loop voltage expression. The input loop
comprises the input voltage Vi, (¢), the voltage across the source impedance, Vi ()
and the voltage across the input of the bridge, Vap(#). These voltages must be math-
ematically described for one period of the driving frequency (mains frequency) in
order to apply the Kirchoff’s Law of voltages. The expression for the voltage at
the input of the diode bridge, Vap(¢), though is fragmented. It is made up from the
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Figure 5.1 AC to DC diode converter: capacitive load

contributions of both the input voltage, Vi, (¢), when no diode conducts and the output
voltage, V,(t) when the diodes conduct. This demands the appropriate definitions of
two switching functions, Fg(f) and F(¢). The input loop voltage equation is finally
solved for Vi (f) and the line current /(¢) is derived by integrating Vi (). Solution
of the input loop voltage equation demands knowledge of the output dc voltage. The
dc value of the output voltage is calculated from the input loop equation by setting
the input current to zero at #; or fp, the instants at which this current is zero. The
switching instances, ¢; and ¢, must be known for the analysis; they are provided from
a real circuit, a simulation or by iteration.

Even though the contribution of the output voltage harmonics to the input current
is neglected, considering the capacitor current derives the output voltage harmonics.

5.2.1 Operation and modes

The circuit undergoes three modes, Fig. 5.2. Two switching functions are required
to describe the switching action of the circuit and the transfer from one mode to
the other. A bipolar switching function, Fg(¢), describes the action of the bridge.
A second unipolar switching function F'(¢) represents the off periods of the bipolar
switching function; it takes the value of one only, when Fg(t) = 0. This is in order
to satisfy the basic requirement of the switching function method of analysis that all
instances of the period of the circuit are represented by a switching function. The
period of the circuit is discussed in Chapter 1 and in this circuit it is the period of the
mains frequency.

During Mode I, Fig. 5.2(a) diodes D1 and D4 are conducting and the input current
is flowing to the output. Hence, Fg(t) = 1 and F(t) = 0. The voltage appearing
across the bridge input terminals Vag(¢) is the output voltage, V,(¢). The current at
the output of the bridge, 1,(¢) is the input current, [;, (¢). The output current is shared
between the load resistance R and the smoothing capacitor C. Actually it is the ac
component of the output current which is shared between R and C. The dc component
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Figure5.2 The modes of the rectifier with RC load

is flowing through R.
Fg(t)=1 and F(@)=0
VaB(t) = Vo(1)
Io(1) = Iin(2)

Ic(t) = Icharging ()

(a) Mode I: Diodes 1 & 4 are

conducting.

Fg(®)=1and F(1)=0

Vag®=Vo(0)
Ly =12

R

Ic(=Iopc() =
\ R+ X (wn)

(b) Mode II: No diodes are

conducting.

Fp(®=0 and F(f)= 1

Vap®=Vin(9)
Iin()=0
1,(0)=0

1c(t)=discharging current

through R

(c) Mode III:

Diodes 2 and 3 are conducting.

Fy()=—1 and F(t)=0

Vap(®) ==V,
lin()==15(5)

Io()=Ioac®

R

A\ R2+Xc(a)n)2
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During Mode I1, Fig. 5.2(b) no diode is conducting so Fg(#) = 0 therefore F(t) = 1.
The current at the output of the bridge, I,(¢) is zero together with the input cur-
rent, Iin(¢). The capacitor current is the discharging current through R. The voltage
appearing across the bridge input terminals Vo (¢) is the supply input voltage, Vi, (¢).

Fe)=0 and F(1) =1
VaB(1) = Vin(1)

I,(t) =0

lin(1) =0

Ic(t) = ldischarging ()

During Mode III, Fig. 5.2(c) diodes D2 and D3 are conducting and the input current
is flowing to the output but inverted. Hence Fg(f) = —1 and F(¢r) = V. The ac
component of the output current is shared between the load resistance R and the
smoothing capacitor C as in Mode 1. The voltage appearing across the bridge input
terminals Vg (?) is the output voltage, V,(¢) inverted.

Fg(t)=—1 and F(@)=0
Vag(1) = = Vo (1)
Io(t) = —Iin (1)
Ic(#) = Icharging (¥)
There are two contributions of voltage at the input of the bridge.

(a) The output voltage V,(¢) appears at the input of the bridge when the diodes are
conducting, that is, during the on periods of Fg(f), Modes I and III.

(b) The input voltage Vi, (¢) appears at the input of the bridge when the diodes are
not conducting, that is, during F'(¢), Mode II.

Therefore

VaB(t) = Vo(1) Fa(1) + Vin (1) F (1) (CRY
In the same way, there are two contributions to the capacitor current

Ic(t) = Icharging (1) FB(t) + Idischarging (t) F (¢) (5.2)

The output current is a reflection of the input current via the transparent switching
function Fg(t)

Io(t) = Lin (1) FB(1) (5.3)
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Figure 5.3 The mathematical model

This current is the current at the output of the bridge, I, (¢) and it has a dc component,
I4¢ and an ac component I, pple (1)

Io(t) = lyc + Loac(?) (5.3a)

5.2.2 The mathematical model

The input loop voltage equation can now be written as
Vin(t) = VL(t) + VaB(?) (5.4)

In the mathematical model (Fig. 5.3) the adder S1 represents Expression (5.4).
The inductor voltage Vi () acts on the inductor reactance, X (wn) to give the line
current, [;, (7).

VL)

Iin(1) = Xe(wn)

(5.5)

The input current is reflected to the output via Fg(r) (Modulator M1) according to
Expression (5.3). The load represented by R and the smoothing capacitor, C, shares
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the ripple output current; the dc component, /4., flows through the resistance R.

R
charging (1) = loac () R? + Xc(wn)?

The discharging current can be approximated to the dc value of the output current.

R
Ic(t) = Ioac () ———=FB() + Lsc F (1)

VR? 4+ Xc(wn)?

This Expression is shown to be simplified in Chapter 2 to
Ic(t) = Loac(?) — lac (5.6)
The dc component is given by

Vd
I = ?“ (5.7)

V4. is the output dc voltage.

5.2.3 Definition of the switching functions

The action of the semiconductor switches (diodes) of the bridge rectifier of Fig. 5.1 is
described by the bipolar switching function Fg(¢) as shown in Fig. 5.4(a). The circuit
itself dictates the switching instances, #; and #;. One pair of diodes switch-on at #;
when the input voltage is higher than the output dc voltage; this is the instant that
they are forward biased. The diodes will switch-off at r, when the input voltage is
lower than the output voltage. The other pair of diodes operates half a period later.

T
_ |« »
4 26
(a) 1 4] Iy ~
3 t '
@y
T
2 et

(b)

(c)’—L o — — r — _

Figure 5.4 The switching function: (a) Fg(t), (b) F1(t) and (c) F(t)

v

v
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The switching function Fg(¢) describes the action of the diode bridge and it reflects
input and output quantities to the other side. In this analysis it is used to reflect the
output voltage to the input of the bridge and Ij, (¢) to its output; it is a transparent
switching function as far as the current on both sides of the converter is concerned
because its dead periods coincide with the dead periods of the current, Fig. 5.5.
The bipolar switching function Fg(¢) is given by Expression (5.8)

Fg(t) = 421(,1 cos(nwt — nay) (5.8)

n=1
where

n = odd integer

K, = sin(né)/nn

o = phase displacement of F)(¢) relative to the supply voltage
8 = half the on period of the diodes.

The on and off instances are dictated by the instantaneous values of input and output
voltages. The switch on instant takes place when Vi, (f) > V,(¢) and the switch off
instant takes place when Vi, (f) < V,(¢). Hence it is a hidden switching function
instead of a forced one.

When the diodes are not conducting, the input voltage appears at the input of
the bridge since no current flows through the source impedance. This component is
derived by considering a second switching function, F(¢). This switching function is
unipolar, it has only positive values, zero or one. It takes the value of one when Fg(¢)
is zero. In order to derive F'(¢) an intermediate switching function is defined, Fi(z)
that takes the value of one when Fg(f) is ‘not’ zero, Fig. 5.4(b). Fi(¢) is therefore
the inverse of F(¢) and the two switching functions are related by Expression (1.3)
in Chapter 1.

F(t)=1-F()

The intermediate switching function Fi(¢) is derived graphically, Fig. 5.4 by raising
every point of Fg(t) to the square.

Fi(t) = F3(1)

It is shown in Chapter 1 that the square of a bipolar switching function is given by
Expression (1.8) which is repeated here.

o0
Fi(t) = My +2 Z M, cos(Qmat — may) (1.8)

m=1
where

m = an integer 1,2,3, ...
h = sin(né;)/nw
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ay = 2ap the phase displacement of the switching function relative to
the supply voltage (in radians)

81 = 24 half the on period of the diodes (in radians)
My = 261/2m.

The wanted switching function, F (¢) is the inverse of the intermediate switching
function Fi(t).

Ft)=1- F(@) (5.9)

5.3 Analysis
Expression (5.9) is substituted in Expression (5.1)
VaB(t) = Vo () FB(1) + Vin (1)[1 — F1(1)]
Substituting in (5.4)
Vin(t) = VL () + Vo () FB (1) + Vin ()[1 — F1(1)]

The output voltage which appears across the capacitor has a dc component V4. and
an ac component Voac ()

Vo(1) = Vge + Voac(t)
Substituting for V,(¢)

Vin(t) = VL) + [Vae + Voac®1FB (1) + Vin (D[] — F1(1)]
Re-arranging and simplifying

Vin(0) F1(1) = VL(t) + Vac FB(1) + Voac () FB(?)
The term Vyac(f) can be ignored for the derivation of the line current. It is too small
compared with the dc value, V. In this way the effect of the output voltage harmonics
on the input current is ignored. Though the output ripple voltage is not ignored, it

is derived later. Ignoring at the moment Voac(#) leads to a simpler and quicker
solution.

Vin(1) F (1) = VL(t) + Vac FB (1)
Solve for the source inductance voltage, Vi (f)

VL) = Vin() F(1) — Vac FB(7)
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And replacing with the expressions for Fi(t) and Fg(?), (5.8), (1.8)

o0
VL(1) = V, sin(wr) |:Mo +2) " M, cosmot — motz)j|

m=1

o
— Vicd Z K, cos(nwt — nay)

n=1

Expanding
[e¢)
VL(t) = Vpsinot Mo + Vp Y {My, sin((2m + Dot — may)
m=1

[o,0]
— My, sin((2m — Dot — man)} — Va4 Y Ky cos(not — nay)
n=1

(5.10)

5.3.1 Input line current

The input current, i, (¢), is also the current through the series (source) inductance.
This current is derived from V1 (¢) according to Expression (5.5)

M, > 1
Iin(t) = — EVP coswt — mez_l mMm cos((2m + 1wt — may)
- 1
+ Vpn; LG =) M cosl@m — Dot —mas)]

o
1
— Vaed 2; ——Ka sin(nwt — nay) (5.11)
n=

5.3.2  Output dc voltage Vg4

The current through the inductance, Ii,(¢), Expression (5.11) is zero at four points
in time during one mains cycle, at 71, fp, 3 and #4, Fig. 5.5. Hence by setting
Expression (5.11) to zero for t = #1, Vy. is calculated. This is done by using Mathcad.
Of course, t] or t; or 13 or t4 must be known.

5.3.3 Fundamental line current

The line current contains the fundamental as well. The first element is clearly fun-
damental, the second has no fundamental, the third and fourth give a fundamental
component for m = 1 and n = 1, correspondingly.

M 1 1
L) = —w—ZVp cos wt + pr—LMl cos[wt — ap] — Vdc4w—LK1 sin(wt — o)
(5.12)
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5.3.4 Output current
The output current is given by Expression (5.3). Substituting for Fg(¢) and [;,(¢)
gives:

Iy(t) = — %VPZ Z K,[cos((n + 1wt — nay) + cos((n — )wt — nay)]

n=1

o o
1
— ZVPZ ZMmKnm[COS((Zm +n+ )wt —moy —nay)

m=1n=1

4+ cos(2m — n + Dwt — moy + noey)]

o oo
1
+ 2Vp Z Z Kanm[cos((Zm +n— l)a)t —maoy —i’lOll)

m=1n=1

4+ cos(2m —n — wt — moy + neey)]

o o0
1 .
— Va8 Z Z m[KxKn sin((x + n)wt — xa1 — nay)

x=1n=1
—sin((x — n)wt — xo + nay)] (5.13)
K, = sin(x§)
X7

where x is an odd integer.

5.3.5 DC component at the output, 14,

A dc component manifests itself in the expression for the output current for those
terms for which the frequency is zero. In each term we look for this condition. In
all terms this condition is satisfied in their second part. In the first term we have a
dc component when n = 1, in the second term when 2m — n + 1 = 0, in the third
term when 2m — n — 1 = 0. The fourth term gives no dc component because when
m — n = 0, the magnitude of the term is zero as well.

M,
lge = — —Vp2Ky[cos(—ay)] forn =1
oL
> 1
-2V M, K _
p; mBmtl T 2m + 1)
X [cos(—may + 2m + 1)ay)] forn =2m +1
> 1
2V, Ky 1My ——
+ pz 2m—1 me(zm_ 1

m=1

X [cos(—may + 2m — 1)ay)] forn =2m — 1 (5.14)
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The dc output current is also found by dividing the dc output voltage with R. The
result for the dc component given by (5.14) can be compared with this value.

5.3.6 Output ripple voltage

The capacitor current is given by Expression (5.6) for a large value of C. Hence the
output ripple voltage, Voac(?) is given by

1
\% t)y=Ic(t)—— 5.15
oaC(?) c( )a)pCZ—90° ( )

where p is the order of the harmonic current.

5.3.7 Identification of line current harmonics

For the display of the input current frequency spectrum and the derivation of
%THD and distortion factor the magnitude of each individual harmonic is evalu-
ated. This is done by introducing a new counter variable, p as we have done in
Chapter 4.

P=2m+1 givingm= (P —1)/2
and
P=2m—1 givingm= (P +1)/2

This new variable, P represents the order of each component and replaces the
coefficients of w in the expression for the line current (5.11). The first term of
Expression (5.11) is a fundamental component and no replacement is done. The
second term contains 2m + 1 and it is replaced by P; m is replaced by (P — 1)/2.
The third term contains 2m — 1 and it is replaced by P; m is replaced by (P + 1)/2.
The fourth term contains n and it is simply replaced by P. The resulting expression
is (5.16). The first and third terms produce fundamental and all the odd harmon-
ics, the second term does not produce a fundamental component but all the odd
harmonics starting from the third. The fourth term produces only a fundamental
component. Each component is expanded to sine and cosine components, all sine
and cosine components of all terms are collected together separately and the mag-
nitude is found by Pythagoras for each harmonic. Based on that, the frequency
spectrum and the distortion factors are derived. The input current expressed as a
function of P is given as IrNg(#), Expression (5.16); it is an extract from a Mathcad
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program.

sin (P —1)/2)61) 1
(P-1)/2)r  wPL

My N
ILNne(®) = — HVP cos(wt) — Vp Z
P=3

G
x cos | wPt — 2 o)

N .
+V, Z sin (((P + 1)/2)é1)
P=1

(P+1)/2)m

1 P+1
X cos | wPt — o
wPL 2

N .
sin(P35)
—4Vae

Pr
P=1

1
X (wPL sin(wPt — Poz1)> (5.16)

where P is an odd integer and N is the number of harmonics, theoretically co.

5.3.8 Displacement power factor

This is the phase delay, ¢ of the fundamental component. Expression (5.12) of the fun-
damental line current is expanded and from the in-phase and quadrature components
the delay phase angle is found.

¢ = atan[((4 Vg /wL)(sin(8)/m) sin(a )
+ (sin(81)/wLm)V, cos(az) — (Mo/wL)Vp)]
x [((sin(81)/w L)V} sin(az)
— (4V4e/wL)(sin(d) /m) cos(a))] ! (5.17)

5.3.9 Input current distortion

The total harmonic distortion and the distortion factor are both derived in the same
way as in Chapter 4 and for source inductance 4 mH, C = 10,000 «F and R = 40 Q:

%THD = 0.609

Distortion factor = 0.621

5.3.10 Display of waveforms

The input current and voltage of a single phase rectifier with capacitive load are
displayed in Fig. 5.5 together with the bipolar switching function — Fp(¢) —associated
with this circuit. The current is discontinuous and it contains all the odd harmonics as
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Figure5.5 Input voltage and current and the bipolar switching function (lower
trace)

indicated by the frequency spectrum, Fig. 5.6. Therefore the current can be described
by the general Expression (5.18). The parameters of this expression — 6k, ¢, Iy, I} —
can be derived tediously from Expressions (5.11).

1(t) = I sin(wt — ¢) + Z I cos(kawt — ;) (5.18)
3

where [ is the peak value of the fundamental, ¢ is the phase difference between the
mains voltage and the fundamental component of the current, /; is the peak value of
the kth component of harmonic current, 6 is the phase delay of the kth component
of harmonic current and k is an odd integer.

As indicated in Fig. 5.6, the most prominent harmonic is the third which is about
60% of the fundamental. This can lead to serious problems in three phase systems as
explained in the next section. Figure 5.7 is a display of the current at the output of
the bridge, the output voltage and the input line current.

5.4 Neutral current in three phase systems

5.4.1 Introduction

The current in the neutral wire in an electrical installation, where there are no power
electronic converters, can be made to be zero by balancing the loads per phase. This is
not always possible when a power electronics converter processes the power before
it is supplied to the load. So we can expect high neutral conductor currents. As it
happens, the geometry of the distorted phase currents is such as to cancel out the
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Figure 5.6 The frequency spectrum of the input current
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Figure 5.7 Output voltage (top trace), output current and input voltage

fundamental and the non-triplen harmonics if the loads are ‘balanced’. The triplen
harmonics — third, ninth etc. — are not cancelled out, they add up. The strongest
harmonic of the line current is the third and we can expect the current of this harmonic
to be three times in the neutral wire. This is a fact that cannot be ignored. Fires are
reported due to overloading of the neutral conductor in computer loads. Typical loads
of this type are computer loads where the power supply consists of a simple rectifier
and a large smoothing capacitor; a circuit which is adequately represented by Fig. 5.1.

5.4.2 Analysis

The line current of a computer load, is shown in the previous section to be in the form

I1(t) = Iy sin(t — ) + Y _ I cos(kart — 6;) (5.18)
3
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It is possible to have a lot of computer loads in large buildings distributed among
the three phases in a star configuration. In this case the three line currents are
given by:

o0
Ir(t) = I sin(wt — gr) + Y _ Iy cos(kwt — )
3

o
Iy(t) = Iy sin(wt — gy — 120°) + Y _ I cos(kwt — Oyx — 120%k)
3

o0
Is(r) = Lpsin(or — gp — 240°) + Y _ I cos(kat — O — 240°%)  (5.19)
3

5.4.3 Neutral current

The neutral current is the vectorial addition of the three phase currents.

IN(t) = Ir(t) + Iy (t) + Ig(¢)

In order to minimise the current through the neutral line the phase loads are usually
balanced. For a balanced load we have

[Ir| = Iyl = [Ig] and ¢r =@y =¢B (5.20)

It will be shown now that it is possible to eliminate the fundamental and non-
triplen harmonics from the neutral; the third, ninth and the other triplen harmonics
unfortunately add up.

5.4.4 Fundamental current in the neutral wire

The fundamental current in the neutral is given by

IIN(t) = Iir sin(wt — @r) + 1y sin(wt — gy — 120°)
+ I sin(wt — ¢p — 240°)
The three vectors of neutral current are shown in Fig. 5.8. For a balanced load
Expression (5.20) applies. The three vectors are equal in magnitude and phase dis-

placed by 120°. The resultant is zero. Hence no fundamental (50 Hz) current flows
in the neutral.

Iin@) =0
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Figure 5.8 Fundamental current in the neutral wire: resultant is zero

5.4.5 Harmonic current in the neutral line

The harmonic current in the neutral line is derived from Expression (5.19)

0 o0
In(t) = Z I cos(kwt — Ori) + Z I cos(kwt — Oy — 120%k)
3 3

o0
+ Y I cos(kat — Op — 240°k)
3

A careful study of the above expression reveals that for k = 3,9, 15,21, ... all the
three components are in phase and they add up to give a neutral harmonic current
at three times the phase current. The most serious problem is the third harmonic
because as it is shown in the previous section, its value is more than half the
fundamental. This means that for a 100 A load, the neutral current can be more
than 150 A.

5.4.5.1 Third harmonic neutral current, 150 Hz

Iin(t) = I3 cos(Bwt — Or3) + I3 cos(Bwt — Oyz — 120° x 3)
+ I3 cos(Bwt — 63 — 240° x 3)

Iin(t) = I3 cos(Bwt — Or3) + I3 cos(Bwt — Oyz — 360°)
+ I3 cos(3wt — Ogy — 720°)

Iy (t) = I3 cos(Bwt) + I3 cos(3wt — By3) + I3 cos(3wt — Op3)

For a balanced load

©y3 =0Op3 —120°x3 and Op3 = O3 —240° x 3
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Figure 5.9 Third harmonic current in the neutral conductor

The three add up to give three times the line third harmonic current in the neutral
(Fig. 5.9).

Iy () = 313 cos(Bwt)

5.4.6 Discussion

The switching function technique was applied to analyse the diode rectifier with RC
load. The switching instances of the diodes were known from other sources and the
technique was applied in a straightforward manner. When the switching instances
are not known, something to be expected, a simulation or a real circuit might be
used. Alternatively the analysis presented here can be extended in the following way.
Certain parameters of the circuit such as the dc output voltage and the dc output current
are derived from different starting points and different data but they are related by
Ohm’s Law. Hence it might be possible to start from a set of switching instances and
change them until the calculated values of the dc voltage and current converge.

The various expressions for voltage and currents presented in this chapter are
tested and used to derive the various waveforms, (see CD with this book). The reader
must be careful to use ‘n” as an odd integer and ‘m’ as integer.






Chapter 6

The three-phase half-wave phase controlled
converter

6.1 Introduction

Two cases are examined here: resistive load and inductive load. In the latter case
continuous and discontinuous conduction, with and without a free-wheeling diode
are considered. Triggering of the thyristor is effected by supplying a positive train
of pulses to their gates. Only one thyristor is conducting at a time and it remains
conducting until the voltage across it is reversed or the current through it becomes
zero. The effect of overlap for the three-phase half-wave phase controlled converter
is not examined. Overlap is examined in the next chapter for the full wave system.
Its findings can easily be adopted for the half-wave converter.

The delay-firing angle « for the red phase is measured in the usual way from the
point of the first crossing of the blue and red phases; hence a fixed delay of 30° always
exists for o with reference to the red line. The delay angle for the other two phases is
measured in a similar way. The switching function of these circuits is a single pulse,
which is repeated for every mains cycle. There are three switching functions, one for
each phase, displaced by 120°.

6.2 Mathematical modelling of the three-phase half-wave phase
controlled converter

The circuit diagram of a half-wave three-phase controlled rectifier with resistive
or inductive load is shown in Fig. 6.1. There is one mathematical model valid for
continuous and discontinuous conduction including the presence of a free wheeling
diode. In each case though the parameters of the switching function, half-pulse width &
and phase angle 6, are different. It will be shown in the next chapter that the same
mathematical model applies for the full-wave thyristor controlled rectifier; again it is
the parameters of the switching function that change.
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Vr(t) TH2

O»or

Figure 6.1 The three-phase half-wave phase controlled converter

The modes of the circuit are three for continuous conduction and four for discon-
tinuous conduction. Continuous conduction takes place if the firing angle « is <30°
irrespective of the load. Discontinuous conduction might take place for o« >30° if the
inductance is not adequate to sustain the current until the next thyristor is fired.

The presence of the free wheeling diode limits the conduction period of the line
current from the firing point to the end of the half-cycle. In this case the modes
are four.

The derivation of the modes leads to the definition of the time intervals over
which each mode exists. This is useful data in order to set the parameters of the
switching function, half pulse width § and phase angle 6, in each case. Furthermore,
the mathematical model is derived from the study of the modes.

The mathematical model dictates the analysis of the circuit. Expressions of the
output voltage and current are derived. In the mathematical model it is shown that
the line current, is a reflection of the output current to the input and implies simple
multiplication with the appropriate switching function. The presence of a large load
inductance almost eliminates the output current harmonics and the output current
smooths almost to its dc value. This makes the calculation for the line current, the
power factor and the total harmonic distortion simpler.

In each case though the parameters of the switching function (half-pulse width &
and phase angle 6) are different. It will be shown in the next chapter that the same
mathematical model applies for the full-wave thyristor controlled rectifier; again it is
the parameters of the switching function that change.

6.2.1 The modes and operation of the circuit

The three-phase half-wave phase controlled converter is shown in Fig. 6.1. Thyristor
TH1 is forward biased at the instant that the blue and red phases first cross, 30°
from the reference point. It remains forward biased for the next 150° unless TH2
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Figure 6.2 The modes of the three-phase half-wave controlled rectifier: (a) Mode I:
thyristor TH1 is connecting the red line to the load, (b) Mode II: thyris-
tor TH2 is connecting the yellow line to the load, (c) Mode III: thyristor
TH3 is connecting the blue line to the load, (d) Mode I/II: discontinuous
conduction with, R—L load with inadequate inductance or purely resis-
tive load, no free-wheeling diode and (e) Mode I/IID: R-L load with
[free-wheeling diode

is fired at 120° or later. If it is fired within that period it will conduct. With TH1
conducting, the circuit enters Mode I, as shown in Fig. 6.2(a). During Mode I the
input voltage V;(¢) appears at the output, hence

Vo(t) = Vi (1)

The relation of the output and input voltage of a single switch operated by a switching
function is given by Expressions (2.1), Chapter 2. A switching function F;(¢) is
introduced which describes the operation of thyristor TH1.

Vo(t) = Fr(t)vr(t)

Thyristor TH2 is forward biased at 150° and it will conduct if it is fired. It will be
fired though only with the same delay as TH1 was fired at wt = «, measured from
the first crossing of red and yellow phase voltages. The delay-firing angle « for the
red phase is measured from the point of the first crossing of the blue and red phases,
hence a fixed delay of 30° always exists with reference to the red line. In the same
way for the yellow phase the delay-firing angle « is measured from the first crossing
of the red and yellow. Once TH2 is fired, Mode II is entered, Fig. 6.2(b). During
Mode 1II the input voltage Vy (¢) appears at the output, hence

Vo(t) = Vy(t)

The relation of the output and input voltage of a single switch operated by a switching
function is given by Expressions (2.1), Chapter 2. A switching function Fy () is
introduced.

Vo (1) = Fy(n)Vy (1)
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Before TH2 is fired though, the current might become zero and the circuit enters
Mode I/I1, Fig. 6.2(d), which is the discontinuous mode. Mode I/II takes place for a
resistive load if @ > 30°. In this case the conducting thyristor (TH1) will be reverse
biased by its own voltage V;(¢) at 180° and it will commutate. Hence a dead period
exists between 180° and 150° + «. Discontinuous conduction is also possible if the
inductance is not adequate to maintain the current for the above period. In this case
the extinction angle § has to be calculated in order to define the switching function.
During Mode I/II the no input voltage appears at the output, hence

Vo) =0

During Mode II the voltage of the yellow phase, Vy (¢) is transferred to the cathodes
of both TH1 and TH3 thus reverse biasing them. TH3 will be forward biased at 270°
and it will be fired at 270° + «. This is Mode III, Fig. 6.2(c), and V4 (¢) is transferred
at the cathodes of TH1 and TH2, thus keeping them reverse biased.

During Mode III the input voltage V4, (¢) appears at the output, hence

Vo (1) = W (1)

The relation of the output and input voltage of a single switch operated by a switching
function is given by Expressions (2.1), Chapter 2. A switching function Fy(¢) is
introduced

Vo (1) = Fo (1) Vo (1)

Before TH3 is fired, the circuit might enter the discontinuous mode, Mode I/II again
for a resistive load or not adequate inductance. For a resistive load, this mode will
last from 300° to 270° 4+ «. In this case the conducting thyristor (TH2) will be reverse
biased by its own voltage Vy () at 300° and it will commutate (switch-off). Hence a
dead period exists between 300° and 270° 4+ «. TH3 is conducting from 270° + «
until 420° for a resistive load and « larger than 30°. For an inductive load with
adequate inductance for continuous conduction it will carry on until TH1 is fired. If
the inductance is not adequate to sustain the current until the next thyristor is fired,
the current will be extinct before the next thyristor is fired. This is the discontinuous
operation of the circuit. The extinction angle, 8 has to be calculated in order to define
the switching function.

Table 6.1 contains the relevant timing information for continuous conduction; that
includes both resistive load at « < 30° and resistive-inductive load with adequate
inductance. Table 6.2 contains the timing information for a purely resistive load and
Table 6.3 contains the relevant timing information for discontinuous conduction due
to inadequate inductance in the load. The circuit will operate with discontinuous
current if the conduction period is less than 120°.

A free wheeling diode is sometimes included across the load. This will limit the
conduction of the thyristors up to the end of each positive phase half-cycle. A new
Mode is now entered, Mode I/II/D to replace Mode I/II, Fig. 6.2(e) and Table 6.4
contains the relevant timing information which is the same as for the resistive load.
The output voltage, V, () during Mode I/II/D is zero since the output is short-circuit
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Table 6.1 Continuous conduction

Conducting thyristor Mode Conduction

THI red phase I 30° + o to 150° + o
TH2 yellow phase 1T 150° + o t0 270° + «
TH3 blue phase m 270° + o t0 390° + «

Table 6.2 Discontinuous conduction resistive load
with firing angle o higher than 30°

Conducting thyristor Mode Conduction

THI red phase I 30° 4 « to 180°
None /1L 180° to 150° + «
TH2 yellow phase I 150° + « to 300°
None /1L 300° to 270° 4 «
TH3 blue phase I 270° 4 « to 420°
None /1L 420° t0 390° + «

Table 6.3 Discontinuous conduction, RL load with
inadequate inductance (o« > 30°)

Conducting thyristor Mode Conduction

THI red phase I 30° + o to 180° + B

None /i 180° + B to 150° + «
TH2 yellow phase I 150° + « to 300° + B
None I/ 300° + B t0270° + «
TH3 blue phase I 270° 4+ o to 420° + B
None v 420° + B t0 390° + «

B is the current extinction angle.

by the free-wheeling diode.
Vo) =0

The parameters of the switching functions F;(t), Fy(t) and Fy,(¢) are modified for
free-wheeling operation as shown in Table 6.4.
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Table 6.4 RL load with free-wheeling diode

Conducting thyristor Mode Conduction

THI red phase I 30° 4 « to 180°
Diode /1L 180° to 150° + «
TH2 yellow phase II 150° + « to 300°
Diode I 300° to 270° + «
TH3 blue phase 1 270° 4 « to 420°
Diode 1 420° to 390° + «
Mode I Mode /Il or | Mode II Mode /I or | Mode III Mode I/II or
Mode I/IID Mode I/IID Mode I/IID

Figure 6.3 Mode sequence for the three-phase half-wave phase controlled converter

The information of these four tables is directly related to the appropriate switching
functions.

6.2.2 Mode sequence

Figure 6.3 shows the mode sequence for the three-phase half-wave phase controlled
converter. Mode I/II or Mode I/IID are omitted for continuous conduction, Mode I/II
replaces Mode I/IID for discontinuous conduction and Mode I/IID replaces Mode /I
for free-wheeling action.

6.2.3 The mathematical model

It follows from the four modes of the circuit that:

(i) The output voltage is made up from the contributions of the three phases. Each
contribution is time displaced as described by the Tables 6.1-6.4. Appropriate
switching functions must be defined.

(ii)) The output current is the result of the output voltage acting on the load.
(iii) The output current is diverted from line to line. Appropriate switching functions
must be defined.

These facts are represented in the model of Fig. 6.4. The circuit topology suggests
that the output voltage is made up from the contributions of all three phases. This
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Figure 6.4  The steady-state mathematical model

is an application of the superposition theorem in switched circuits as discussed in
Chapter 2, Expression (2.8). The voltage at the output is given by

N
VaB(1) = Y Fu(t)Va() (6.1)

n=1

There are three branches, hence N = 3. V, (¢) represents the three phase voltages,
Vi (1), Vy(t) and V;,(¢). We need to define the three switching functions F (1), Fy (1)
and Fy(¢). The three modulation processes and the summation of their output are
represented by the modulators M1, M2 and M3 and the adder S, Fig. 6.4.

Hence the output voltage is derived from Expression (6.1) as

Vo) = Vi) Fr(t) + Vy (1) Fy (1) + V(1) F (1) (6.2)
The output voltage V,,(¢), is pushing a current /,(¢), into the load.

Vo (1)

Iy(1) = Z(wn)

(6.3)

The output current is reflected back to the input and the current in each of the three
input lines is the result of amplitude modulation (modulators M4, M5 and M6) with
the appropriate switching functions. This is in accordance to the Kirchoff’s law of
current as applied to switched circuits, Chapter 2, Expression (2.6).

L(t) = Fr(0)1o(t) Iy(t) = Fy(O) (1)  Iv(r) = Fo(1)1o(1) (6.4)
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6.2.4 The switching functions

In order to describe mathematically any switching function, we need four pieces of
information.

(1) The type of the switching function, unipolar type or bipolar type.
(ii)) The switching frequency.
(iii)) The pulse duration, §.
(iv) The phase angle, 6.

All the information needed to express the switching functions mathematically is found
in Tables 6.1-6.4. The switching functions are of the “unipolar’ type as no inversion
of the input voltage takes place at the output. The switching frequency is the same
as the mains frequency and its timing details are derived from the tables. Hence the
general form of the switching functions is:

oo
F(t)=K,+2 Z K, cos(nwt — 0 xn) (6.5)

n=1
where

n is an integer number

K, = duty cycle of the switch

K, = sin(né)/mn

8 = half the on period of the switch

6 = the phase angle of the switching function relative to the red phase.

The phase angle 6 is the sum of the inherent 30° delay of the three-phase system, the
firing angle « and §. This is true for all four cases: for both resistive and inductive
loads, continuous and discontinuous conduction, with and without a free-wheeling
diode

6 =30°+a+35 (6.6)

The half-width 6 has to be defined for each of the four cases of continuous and
discontinuous conduction. For continuous conduction, the duration of the on period
of the switching function is 120° hence

3 =60°

For discontinuous conduction due to resistive load and firing angle o higher than 30°,
the duration of the on period of the switching function is 120° — « hence

§ = (120° —a)/2

For discontinuous conduction with extinction angle 8 due to inadequate inductance
in the load and firing angle o higher than 30°, the duration of the on period of the
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F(t), switching
function for TH1
red phase

F(), switching
...................................................................... function for TH2
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Fy(1), switching

................ function for TH3
blue phase

Figure 6.5 The switching functions

switching function is 120° — o + 8 hence
8§ =(120°—a + B)/2

For the circuit with the free-wheeling diode, the conduction period is the same as
for the resistive load. Furthermore there is 120° phase difference between the three
phases (Fig. 6.5) in all cases.

o
Fr(t) = Ko +2 ) Ky cos(nwt — n) (6.7a)
n=1
o
Fy(t) = Ko +2 Z K, cos(nwt — nf — n120°) (6.7b)
n=1
o0
Fo(t) = Ko +2 ) K, cos(nat — nf) — n240°) (6.7¢)
n=1

6.3 Analysis

Two types of loads for the half-wave three-phase-controlled rectifiers are presented
here: the resistive load and the inductive load. The model shown in Fig. 6.5 represents
all cases. The difference lies on the pulse width and the phase displacement of the
switching functions.

The modes for the four cases are the same as well. Mode I/I1 is valid for discon-
tinuous conduction that is, resistive load with « larger than 30°, and RL load where
the inductance is not adequate to maintain continuous conduction.
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6.3.1 The output voltage
From the mathematical model, the output voltage is given by
Vo(t) = Fr(t)Ve(t) + Fy (1) Vy (1) + Fp(1) Vo (1)
where
Vi(t) = Vp sin(wt)
Vy (t) = Vj sin(er — 120°)
Vo(1) = Vj sin(er — 240°)

Vo(t) = Ko Vp sin(wt) + KoV sin(wt — 120°) + KoV, sin(wr — 240°)

(e.¢]
+ Vpsin(@1)2 ) K, cos(nwt — n6)

n=1

o0
+ Vpsin(or — 120°)2 > " K, cos(nwt — nf — n120°)

n=1

o0
+ Vp sin(ewr — 240°)2 > " K, cos(nwt — nf — n240°)

n=1
This is expanded according to the identity,

sin B cos A = 1[sin(A + B) — sin(A — B)],

Vo(t) = Ko Vp sin(wt) 4+ Ko Vp sin(wt — 120°) + K,V sin(wt — 240°)

o0 o0
+Vp > Kysin[(n + Dot —n0] — V, > K, sin[(n — Dot — né)

n=1 n=1

o
+Vp Y Kysinf(n + Dot —nf — (n + 1)120°)

n=1

— Vo Y Kysin[(n — Dot —nf — (n — 1)120°]

n=1

o0
+ Vo Y Ky sin[(n + Dot —nf — (n + 1)240°]

n=1

—V, Z K, sin[(n — Dot —no — (n — 1)240°]

n=1
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The first three terms are equal in magnitude and phase displaced by 120°, hence their
resultant is zero.

Vo(t) =V, Z K, sin[(n + Dot — n] -V, Z K, sin[(n — Dot — né]

n=1 n=1

o0
+V, Z K, sin[(n + Dot —nd — (n + 1)120°]

n=1

— Vo Y Kysin[(n — Dot —nf — (n — 1)120°]

n=1

o
+ Vo Y Ky sin[(n + Dot —nf) — (n + 1)240°]

n=1

— Vo Y Kysin[(n — Dot —nf — (n — 1)240°] (6.8)

n=1

6.3.2 DC component of output voltage

This is derived from Expression (6.8) by selecting the components with zero fre-
quency. This is happening by substituting » = 1 in the second terms containing
n—1.

Voge = VpK1sin(0) + V, Ky sin[0] + V, K sin(6)

Voy, = 3V, K sin(6)

sin §
Ki=——
b4
sind .
Vose = 3Vp7 sin(0) (6.9)

Depending on the type of load, resistive inductive with and without free-wheeling
diode, 0 and § take different values as described in Section 6.1.

6.3.3 Output current

The output voltage, V,(¢), is forcing a current, I,(¢), through the load harmonic
impedance, Z(nw). There are two harmonic impedances forn + 1 and n — 1,

wn + 1)L>

Zpy1 = \/R2 + (@w(n +1)L)? Pn+1 = tan~! ( R
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and

Zy 1 =vVR* + (@n— DL)? @, | =tan"" (w(n - I)L)

R

s1n[(n + Dot —nb — @,41]

L) =V, Z

_VPZ

sm[(n — Dot —nb — ¢,_1]

+VPZ

sm[(n + Dot —nb — (n + 1)120° — ¢,41]

s1n[(n — Dot —nf — (n — 1)120° — ¢, 1]

_VPZ

+VpZ

sm[(n + Dwr —nb — (n + 1)240° — @,41]

sm[(n — Dwt —nb — (n — 1)240° — ¢, 1] (6.10)

_sz

6.3.4 Input current

The input current is a reflection of the output current to the input as demonstrated in
the mathematical model of Fig. 6.4

() = F0)1o(t)  Iy(1) = Fy(0)1o(t)  1h(1) = Fp(1)Io(2) (6.11)
For a highly inductive load the output current is approximated to its dc value, /4.
I(t) = Fr (1) Igc Iy(t) = Fy(t)ldc Ip(t) = Fp(t)1qc (6-12)

Considering the red line current

o0
I:(1) = 14 Ko + 214e Z K, cos(nwt — nb)

n=1
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Extracting and re-arranging the fundamental component in the current expression

o
= I43. Ko + 213 K1 cos(wt — 0) + 214, Z K, cos(nwt — nf)
n=2

Reverting to a sine term for the fundamental current

o
= IgcK, + 21gc K sin(ot — 0 + 90°) + 21ge Y _ K, cos(nat — nf)

n=2
For0 =« + m/2
o0
I:(1) = 14K, + 214. K1 sin(ot — o) + 214e Z K, cos(nwt — nb) (6.13)
n=2

Hence, for a highly inductive load.

(i) There is a dc component circulating in the mains, /4. K,
(ii) There is a fundamental component 274, K| lagging the voltage by o degrees.
The displacement power factor (DPF) is cos(«)

DPF = cos(«) (6.14)
(iii) The distortion current is

o0
214 Z K, cos(nwt — nf)

n=2

6.3.5 Harmonics distortion

Both the total harmonic distortion and the distortion factor are derived for the line
current, assuming a smoothed output dc current
Total harmonic distortion factor, % THD from a Mathcad program

X_ I 2
V2= I (6.15)

I

%THD := 100

where /(n) is the magnitude of each harmonic and /; is the rms magnitude of the
fundamental.

I(n) = 21chn
I =214 K,

x — it is the number of harmonics to be considered, theoretically co.
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a=50  L=0 R=3 V4e=190.528

Figure 6.6  Output voltage and current, resistive load

a=50  L=001 R=3 V4o=180.738

Figure 6.7 Output voltage and current, RL load

Distortion factor, DistF

. I
DistF 1= ———1 (6.16)

Ve 1 ()2

Power factor, PF

PF = DistF x DPF (6.17)
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Figure 6.8 Input voltage and current, resistive load

L=0.01

Figure 6.9 Input voltage and current, inductive load, continuous conduction

—_

Magnitude of harmonic
S O © o 9o o o o 9o
—_ [SS IV E- ) [= RN | o O

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Order of harmonic

Figure 6.10 Frequency spectrum of line current (fully smoothed output current)
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Figure 6.11 Power factor fully smoothed output current

a=50 L=0.01 R

3 V4.=190.528

Figure 6.12  Output voltage and current, inductive load, with free-wheeling diode

6.4 Results

Expressions for the output voltage, output and input current, % THD, Distortion factor
and the PF are derived in the previous section. Furthermore the necessary information
for the frequency spectrum for these quantities is also available. MATHCAD is
employed to produce the waveforms.

The output current of the half-wave three-phase controlled rectifier with resis-
tive load might be continuous or discontinuous depending on the firing angle. It is
continuous as long as the firing angle « is less than 30° and discontinuous for «
larger than 30°. The output voltage and current waveforms are shown in Fig. 6.6 for
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a=50 R=3 L=0.01

Figure 6.13 Input voltage and current, inductive load, with free-wheeling diode

L=2x1073

Figure 6.14  Output voltage and current, inductive load, discontinuous conduction

discontinuous conduction. In this case the parameter § which is half the on period of
the switching function is set to § = (120° — «)/2.

The current might become continuous in the presence of inductance in the load,
even for a firing angle o higher than 30°. Due to the presence of inductance, the
conducting thyristor will not commutate until either the current is zero — discontinuous
conduction — or the next thyristor is fired, continuous conduction. The thyristors will
persist to conduct well into the negative half-cycle as long as the load inductance
keeps the current flowing. The associated time waveforms are shown in Fig. 6.7 for
o =50, R=3Qand L = 0.01 H. In this case the parameter § which is half the on
period of the switching function is 60°.
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a=70 R=2 L=2x107

Figure 6.15 Input voltage and current, inductive load, discontinuous conduction

The input current is a part-sinusoid for a resistive load and it is limited to the
positive half-cycle only, Fig. 6.8. For an inductive load it is a positive pulse, Fig. 6.9.
Conduction in one half-cycle only gives rise to odd and even harmonics, Fig. 6.10,
which shows the frequency spectrum of the input current for a perfectly smoothed
output current. As expected, due to the geometry of the current pulse, the triplen
harmonics are absent. The magnitude of each harmonic is divided by the magnitude
of the fundamental in Fig. 6.10.

The displacement of the fundamental component of the line current of a fully
smoothed output current is shown to be the firing angle «. Hence the displacement
power factor is the cosine of that angle. The power factor is the product of the distortion
factor and the displacement power factor and it is displayed in Fig. 6.11.

The presence of the free-wheeling diode limits the conduction of the thyristors
up to the end of the positive half-cycle. Figure 6.12 displays the output voltage and
current. Figure 6.13 displays the input voltage and current.

Discontinuous conduction is displayed in Fig. 6.14 for the output voltage and
current and in Fig. 6.15 for the input voltage and current.



Chapter 7

The three-phase full-wave phase
controlled rectifier

7.1 Introduction

The three-phase full-wave phase controlled rectifier is analysed in this chapter by con-
sidering an R—L load and continuous conduction. Voltage and current expressions,
frequency spectrum, power and distortion factors are derived using the switching func-
tion. The overlap is dealt with in the next chapter in order to derive expressions for the
output voltage ‘notches’. In both cases the relevant switching functions are identified.

The various modes ofthe circuit are set by the switching action of the six thyristors;
the voltage and current at any point is set by the mode of the circuit. In deriving the
switching functions a careful study of the action of the semiconductor switches is
required. This is done by developing the modes of the circuit, Fig. 7.1. We identify
three switching functions that contribute to the output voltage, one for each line
voltage: Fry(t), Fyp(t) and Fy,;(t). The switching functions are of the quasi-square
shape expressed as a sum of cosines and they are phase displaced between them by
60°. The delay firing angle « is measured in the normal way from the positive going
crossing of the red phase voltage.

7.2 The mathematical modelling of the three-phase full-wave
controlled rectifier circuit

7.2.1 Modes and operation

Six Modes are identified as shown in Fig. 7.2; the overlap is neglected. During any
mode two thyristors are conducting, one from the upper group and one from the lower
group are connecting two phases to the load. Table 7.1 contains all the information
relevant to the timing of the modes. In the first column the mode and the conducting
thyristors are listed; in the second column, the phases connected to the load by
the conducting thyristors are listed and the third column contains the corresponding
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THI1 TH2 TH3
AN AN AN

4 4 4

| TH4 | THS | TH6

Figure 7.1 The three-phase full-wave controlled rectifier circuit
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segments of the mains cycle: the starting and finishing instances for the conducting
thyristors. For each mode a switching function is defined. Three switching functions
are introduced Fry(7), Fyp(t) and Fy, (¢) for the output voltage and three for the input
current, F;(t), Fy(¢) and Fy,(t). The state of these switching functions (1, 0 or —1) is
dictated by the relationship of the ‘input’ and ‘output’. In the current case the ‘input’
is the output current /,(¢) and the ‘output’ is the line current /;(¢), Iy(¢) or Iy(¢). For
the voltage the six modes of the three-phase full-wave controlled rectifier circuit are
presented here.

Mode I: Thyristor TH1 connects red line and thyristor THS connects yellow line
to the load from 30° + o to 90° + . During that period the line voltage Viy(¢) appears
at the output. Hence:

Vo(1) = Viy (1)

A switching function, Fiy(¢) is introduced associated with this mode. Mode I
exists when

Fry(t) =1

During this mode the current is entering the load from the red line and returning
through the yellow line. Hence:

L(t)=1,()  L)=—L@) L) =0

Obviously the state of the switching functions associated with the current during
Mode I is:

F=1 F@H=-1 Fl=0

Mode II: Mode II is taking place 60° after Mode I. Thyristor TH1 connects red line
and thyristor TH6 connects blue line to the load at 90° + « to 150° + «. During that
period the line voltage V4, (f) appears at the output inverted. Hence:

Vo(t) = =V (2)

A switching function Fy, () is introduced associated with Mode II. The output is
inverted during Mode II and Fi,,(f) = —1; this implies that its first pulse is negative.
Hence the phase displacement of Fy,(¢) with reference to Fiy () is 60° to account for
the delay of Mode II plus 180° to account for the inversion.
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During this mode the current is entering the load from the red line and returning
through the blue line. Hence:

I:(1) = I(1) Iy(t) =0 Iy(t) = — 1, (1)

(a) - T_Hl - o -]

. L
40)] T o
V0 g
| TH4 23”'5 | TH6 |
(b) -] m TH3 |
P N :
V(@) I 0
A
V() } D

1TH4 THS TH6
© - | TH3 |
oK :
Vy(d) 0
A
Ve(® > D
d e | TH3 ]
20 2—— L
- 0
a0 A
> D

| TH4 THS TH6

Figure7.2 Continued
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(e) TH1 \ TH? TH3
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Figure 7.2 Three-phase full-wave controlled rectifier: (a) Mode I; (b) Mode II;
(c) Mode I1I; (d) Mode 1IV; (e) Mode V and (f) Mode VI

Table 7.1 Conducting thyristor pairs (three-phase inductive load,
continuous conduction)

Modes and Connected phases Conduction period with
conducting to the load reference to red phase voltage
thyristor

Mode I

THI1-THS5 Red—Yellow a + 30° to @ + 90°
Mode II

TH1-TH6 Red-Blue o +90° to « + 150°
Mode IIT

TH2-TH6 Yellow—Blue o + 150° to o + 210°
Mode IV

TH2-TH4 Yellow—Red a +210° to « + 270°
Mode V

TH3-TH4 Blue—Red a +270° to a + 330°
Mode VI

TH3-THS5 Blue—Yellow o + 330° to o + 390°
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Obviously the state of the switching functions for the current during Mode 11 is:
F@) =1 Fy(t) =0 Fo(t) = —1
Mode III: Thyristor TH2 connects yellow line and thyristor TH6 connects blue line

to the load at 150° + « to 210° + «. During that period we have mode III and the line
voltage Vyy(¢) appears at the output. Hence:

Vo(t) = Vyb(t)
A switching function Fyy(#) is introduced associated with this mode; Mode III exists
when Fyp(f) = 1. Fy(2) is delayed by 120° relative to Fiy () since Mode Il is taking

place 120° after Mode I, Table 7.1. During this mode the current is entering the load
from the yellow line and returning through the blue line. Hence:

L()=0  L@)=1L() L) =—1L)

Obviously the state of the switching functions for the current during Mode III is:
F@® =0 Fy(t) =1 F(t) = —1

Mode IV: Thyristor TH2 connects yellow line and thyristor TH4 connects red line

to the load at 150° + o to 210° + «. During that period the line voltage Viy(¢) appears
at the output, inverted. Hence:

Vo(t) = _Vry(t)

The switching function Fiy(f) already introduced for Mode I is also appropriate for
this mode. It takes the value of —1 to account for the inversion of the output voltage.

Fry(t) = —1

During this mode the current is entering the load from the yellow line and returning
through the red line, the opposite to Mode I. Hence:

I(t) = =1, (1) Iy(t) = I(?) Ip(1) =0
Obviously the state of the switching functions for the current during Mode IV is:
F@)=-1 @) =1 Fo(t) =0

Mode V: Thyristor TH3 connects blue line and thyristor TH4 connects red line to
the load at 270° 4 « to 330° 4 «. During that period the line voltage V4, (#) appears
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at the output, inverted. Hence:
Vo) = — Vi (2)

The switching function Fi(?) already introduced for Mode 11 is also appropriate for
this mode. It takes the value of —1 to account for the inversion of the output voltage.

For (1) = —1

During this mode the current is entering the load from the blue line and returning
through the red line, the opposite to Mode II. Hence:

L(t)=—1L@t) L@)=0 L) =I()
Obviously the state of the switching functions for the current during Mode V is:
F@) =—1 Fy(t) =0 Fo(t) =1

Mode VI: Thyristor TH3 connects the blue line and thyristor TH5 connects the
yellow line to the load at 330° 4+ « to 390° + «. During that period the line voltage
Vyu(?) appears at the output, inverted. Hence:

Vo(r) = =Vyp (1)

The switching function Fyy () already introduced for Mode I1I is also appropriate for
this mode. It takes the value of —1 to account for the inversion of the output voltage.

Fyp(t) = —1

During this mode the current is entering the load from the blue line and returning
through the yellow line, the opposite to Mode III. Hence:

L()=0  Li)=—L() L) =1
Obviously the state of the switching functions for the current during Mode 11 is:

F@) =0 Fy@) = -1 F(t) =1

7.2.2 Mode sequence

All the information concerning the six modes is collected in Table 7.1. The first three
modes are related to the last three in the following way. In both Modes I and IV
phases red and yellow lines are connected to the loads but in Mode IV the connection
is inverted. This suggests a single switching function, Fiy () of the bipolar type for
both modes. This applies for Modes I[I-V and Modes III-VI. The mode sequence is
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(y Mode I | Mode II | Mode III | Mode IV | Mode V | Mode VI

Figure 7.3 Mode sequence for the three-phase full-wave phase controlled rectifier

shown in Fig. 7.3. Each mode contributes to the output voltage according to the state
of the associated switching function. The contribution of Mode I and Mode IV to the
output voltage is given by

Vo(t) = Viy(t) Fry (1)

In the same way, the contribution of Mode II and Mode V to the output voltage is
given by

Vo(t) = Vyp (1) Fyp (1)
And, the contribution of Mode III and Mode VI to the output voltage is given by
Vo (1) = Vor (1) For (1)

According to the superposition theorem as applied to switched circuits, Chapter 1,
the output voltage is made up from the contributions of the three modulations

Vo (1) = Viy (1) Fry (1) + Vyp (1) Fyp (1) + Vor (1) For (1) (7.1)

The relationship between the input and output current is directly derived from the
modes of the circuit as well. The red line current is carrying the output current in the
positive direction during Modes I and IT and in the negative direction during Modes IV
and V. Hence the switching function F; (¢) relates the output current and red line input
current.

I:(t) = () Fr (1) (7.2a)

This switching function is of the bipolar type since current inversion is taking place.
It takes the value of 1 during Modes I and II and the value of —1 during Modes IV
and V. In the same way,

Iy(t) = Io(t)Fy(t) (7.2b)
Iy(t) = Lo(t) Fp(7) (7.2¢)

7.2.3  The mathematical model

The mathematical model for the three-phase full-wave controlled rectifier circuit is
shown in Fig. 7.4. The output voltage appearing across the load is the result of an
amplitude modulation between the input line-to-line mains voltage and appropriate
switching functions. The output voltage is made up from the contributions of the three
modulations (Modulators M1, M2, M3) according to Expression (7.1).
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Fry() Fi(1)
Mi M4
V() L(0)
Fyb(t) Adder F 1(1)
M2 m V(2) I(9) :<< ;MS
Vyb(t) > N o Z(nw) o Iy ®
Fo(®) Fy(f)
M6
Vr(®) M3 I(0)
Amplitude Amplitude
modulators modulators

Figure 7.4 The three-phase full-wave controlled rectifier: block diagram
mathematical model

The output voltage is forcing a current, /,(¢), through the ‘harmonic impedance’
ofthe load. The harmonic impedance refers to the impedance as a function of the order
of the harmonics of the output voltage, as explained in Chapter 1. The line current is
a reflection of the output current to the input, according to Expressions (7.2). It is the
result of amplitude modulation (Modulators M4, M5 and M6) of the output current
and appropriate switching functions: F; (), Fy(t) and Fy(1).

7.2.4  The switching functions

In order to derive the switching functions we need to study the mechanism of opera-
tion of the circuit. This is done by deriving the modes of the circuit the way presented
above. Reference is made to Table 7.1 as well which contains the information con-
cerning the time intervals for each mode. A switching function is associated with
an input quantity and an output quantity. It takes the value of one when the output
quantity takes the value of the input and it takes the value of zero when the output
is zero; if there is an inversion of the output, the switching function takes the value
of —1. This is in accordance with Chapter 1, Expression (1.1). Within a mode we
might have more than one switching function. There are two types of switching func-
tions for the circuit under investigation: the switching functions related to the voltage
Fiy(t), Fyp(t) and Fy(¢) and the switching functions related to the current, Fy(z),
Fy(t) and Fy(2).

7.2.5 Voltage switching functions

Certain parts of the line voltage will appear at the output when certain pairs of
thyristors are conducting. The thyristor pairs listed in Table 7.1 are forward biased
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F yb(t)

Fi br(t)

Time
Figure7.5 The switching functions for the output voltage

in sequence for 60° for each half-cycle. The derivation of the switching function
connecting the red and yellow lines to the load, Fiy(?), is presented in detail now.

It is stated in Table 7.1 and in Mode I that the thyristor pair TH1-THS is forward
biased in the period starting at the positive half-cycle at 30° from the positive going
crossing point of the reference red phase voltage, Mode I. The starting of conduction
is further delayed by the delay firing angle o and conduction will be maintained for
the next 60° for an inductive load. The thyristor pair TH1-THS connects the red and
blue to the load. Hence the switching functions Fiy(f) must have a positive pulse
starting at « + 30° and ending 60° later, Fig. 7.5. During the negative half-cycle of
the red line we have a similar situation. Now the red and yellow lines are connected
to the load by the thyristors TH2 and TH4, Mode IV, and the input voltage appears
inverted at the output. These thyristors are forward biased for 60° of the negative
half-cycle of the r—y line voltage starting 30° from the negative going crossing point
of the reference red phase voltage. The starting of conduction is further delayed by
the delay firing angle o and conduction will be maintained for the next 60° for an
inductive load. That part of the line voltage appears at the output inverted. Hence
the switching function Fyy(¢) must have a negative pulse starting at o 4+ 30° + 180°
and ending 60° later for continuous conduction, Fig. 7.5. Therefore the switching
function that modulates the red—yellow line voltage consists of two ‘unit’ switching
functions separated by 180° having pulse width 60°. The first unit switching function
is phase delayed by 6° relative to reference red phase voltage and the second is further
displaced by 180° with a negative pulse. Hence a single bipolar switching function
can be formed, Fiy(t), as discussed in Chapter 1.

(0.¢]
Fry(t) = 4 Z Kp[cos(nwt — nd)] (7.3a)

n=1
In the same way the other two switching functions for the yellow—blue and blue-red
lines are derived, Fyp(f) and Fy(f). Fyr(?) is delayed by 60° relative to Fiy(¢) but the
first pulse is negative as mentioned above. Hence the phase displacement of Fi,(¢)
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with reference to Fiy(#) is 60° to account for the delay of Mode II plus 180° for the
inversion. The minus sign in (7.3b) accounts for the 180°.

For(t) = =4 _ Kylcos(nat — nf — n60°)] (7.3b)

n=1

The switching function associated with the yellow and blue lines Fyy(#) is taking
place 120° after F1y(¢) since Mode III is taking place 120° after Mode 1.

Fp(t) =4 Z K, [cos(nwt —nf —nl120°)] (7.3¢)

n=1

where

K, = sin(né)/nn

8 = Half the on period of the switch, 30°
0 =a+d§+30°

n is an odd integer number.

The three switching functions modulating the input voltage to give the output voltage
are shown in Fig. 7.5.

7.2.6 Current switching functions

The line current is a reflection of the output current to the input and the appropri-
ate switching functions must be derived. The switching function relating the output
current to the red line current, F;(¢), is derived in the next paragraph.

The red line is conducting for a period of 120° during each half-cycle. It is shown
in Table 7.1 that during the positive half-cycle it conducts for 60° in conjunction with
the yellow line and 60° with the blue line. And this is repeated during the negative
half-cycle. Therefore the switching function for the red line current, F;(¢), is a quasi-
square signal, the on-period is 120° and it is phase displaced by 90° +« with reference
to the red phase voltage.

Fi(t) =4 Kylcos(not — n(a + 90°))] (7.4a)

n=1

In the same way, the other two switching functions are derived.

Fy(t) =4 Kylcos(not — n(a + 90° + 120%))] (7.4b)
n=1

Fo(t) =4 Kylcos(nat — n(a + 90° — 120°)] (7.4c)
n=1

The switching functions for the input current are shown in Fig. 7.6.
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Fy(0)

_\_\—,_17 Fy(0)

Figure 7.6  The switching functions for the input current

7.3 Analysis of three-phase full-wave phase controlled rectifier

In this section, the expressions for the output voltage, the output current and the input
current are derived from the mathematical model of Fig. 7.4. The frequency spectrum,
the power factor, distortion factor and Total Harmonic Distortion are derived from
the line current expression.

7.3.1 The output voltage

The expressions for the line voltages are given below, with reference to the red phase.

Vey (1) = /3 Vpsin (o - %)

Vo (t) = v/3V, sin (a)t — 5%)

g

Vyp(1) = v/3Vpsin (wr — 43)

Expressions (7.3) for the switching functions and the expressions of the line voltages
above are substituted in Expression (7.1) for the output voltage, V,(¢).

Vo(t) =3V, sin (a)t — %) 43" Kulcos(nwt — nf)]
n=1

o
++/3V, sin (a)t - 5%) 43" Kulcos(not —nf — 120°)]
n=1

o
— V3V, sin (a)t — 4%) 43" Kylcos(not —n — 60°)]

n=1



112 The switching function

The above is expanded into Expression (7.5) by simple trigonometry.

N Tsin(nd) [ . w
Vo(t) = Z |: — [sm [(n + Dwt — nbryr + gj|

n=1

— sin |:(n — Dot — nOy; — %:H]

N .
sin(nd) [ . b4
_Z [sm [(n—i— l)wt—n(Gryr+n)+€]

_sin |:(n — Dot — n(Bryr + 1) — %H]

N Isin(ns) n
+ Z p— [sm [(n + Dot — nbyp — gi|
n=1

T T
—sin|(n — Dot — neybr + gilj”

N .
sin(né) | . T
_Z |:s1n |:(n+l)a)t—n(9ybr+n)— E]

mn
n=1"-

—sin | (n — Dot — n(Oyp +7) + %]H

N T'sin(ns)
+ |

n=1

. b4
[sm [(n + Dwt — nbyy — Ej|

T b
— sin (n—l)wt—n@bn—iﬂ]

N _sin(n8)|: . |: ni|
—Z sin | (n + Dot — n(Bpy +7) — =
ot mn 2

—sin | (1 — Dot — n(Byy + 7) + %H] (1.5)

where: Oy = a + 60°, Oypr = Oryr + 60°, Oy = Oy + 60°. Expression (7.5) is an
extract from a Mathcad program. The output voltage is displayed in Fig. 7.7.
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7.3.2  DC output voltage, Vyco

A dc component manifests itself in the expression for the output voltage for those
terms where the frequency is zero. In each term of Expression (7.5), we look for this
condition. In all terms this condition is satisfied in their second part forn = 1.

Vode = —Vpv/3 Sh;(‘s) (sin (—eryr . %)) _ sin® (sin (—eryr—f —n))

T 6
) i (e 7)) - 22 i+ )
) i (- 5)) - 2 o (e + )

Replacing for § = 30°, Oryr = o + 60°, Oybr = Oryr + Oprr + 60° = Oypr + 60° and
simplifying

343
Vode = i Vpcosa (7.6)
b4

This is also the standard textbook expression for the output dc voltage of a three-phase
ac to dc converter with continuous conduction.

7.3.3 The output current

The output current is dictated by the output voltage and the load harmonic impedance,
Z(pw), where p is the order of the output harmonic voltage.

Vo (1)

Io(t) = Z(pa))

(7.7)

There are two terms in the output voltage (n 4+ 1)w and w(n — 1). Hence the harmonic
impedance is given by two expressions for each component of the expression of the
output voltage, Z,,+1 and Z,,_1.

Zu1 = VR + (@@ + DL gyp1 = tan”! (w(n;l)L)
and
Zy1 =VR + @m0 —DL? g1 =tan”! (w(n; 1)L>

The current is found by dividing each term of (7.6) by Z, 41 or Z,_; accordingly.
There are six terms as it is suggested by Expression (7.5) and they are found in
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The three-phase converter
@=20 L=7x107%  R=10 V4 =function [4,=37.302 Output
voltage

Output
current

Red line
voltage and
current

Yellow line
voltage and
current

T Blue line
voltage and
current

Figure 7.7 Phase voltages and line currents for the three-phase converter with
inductive load with the output voltage and current

Appendix A7.1. They are in the form of a short MATHCAD program. The output
current is displayed in Fig. 7.7.

7.3.4 Input line current

Expressions (7.2) give the line currents I;(¢), Iy(t) and Iy(¢). These expressions
for the line currents are not expanded here. They are easily displayed though by
MATHCAD, Fig. 7.7.

7.3.5 Displacement power factor

The displacement power factor is the cosine of the phase delay angle of the funda-
mental component of the line current. In order to extract the fundamental current,
Expressions (7.2) must be expanded. This is a tedious task. In a three-phase
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full-wave rectifier the output current can be approximated to its dc component

if the inductance is adequate, Fig. 7.7. For the sake of simplicity this route is
followed here.

Io(1) = Iqc
Hence the line current in the red line is approximated to:
I:(t) = Lgc Fr (1)

Substituting for F;(¢), the red line current is given by the Mathcad Expression (see
website link in page x)

I(t) == 4IchKn[cos(na)t — n(a + 90°))]

n=1

The magnitude of the frequency components is derived from above I (n) = 414K,
Replacing the K, coefficient

o = 1, 220 a5

The fundamental component is derived from the Expression of /; () above by setting
n=1

sin(28

I (1) =414 ) cos[wt — (a + 90°)]

Simple trigonometry can show that this can be written also as

sin(24)

I;(t) =414 sin[wt — a]

Hence the magnitude of the fundamental is given by

in(28
I = 4l sin(24)

(7.9)

And the phase displacement is simply « giving the displacement power factor as:

Displacement Power Factor = cos(«) (7.10)
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7.3.6 Distortion factor, DistF

The distortion factor is defined as the ratio of the rms value of the fundamental over
the rms of the total current.

h

VIR

where I is the rms value of the fundamental and I; the kth component of current.
Substituting (7.8) and (7.9) in (7.11) gives after simplification.

Distortion Factor, DistF = (7.11)

DF = (sin(82)) /7

N
> ((sin(P82) /7 P) sin( P /2))>
P=1

N, number of harmonics to be used, ideally co. The distortion factor is found to be
0.955 for a perfectly smoothed output current.

7.3.7 Power factor

The power factor is the product of the displacement power factor and the distortion
factor. Both factors are displayed in Fig. 7.8.

7.3.8 Total harmonic distortion

The distortion of current is also measured by the total harmonic distortion factor,

/x—o0 2
h (7.12)

I

THD =

Expressions (7.8) and (7.9) are substituted in (7.12) to give

P=3

\/% ((sin(P82) /7 P) sin(Pm /2))?
THD :=

sin(62) /7

N, number of harmonics, ideally co.
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Figure 7.9 The frequency spectrum of the line current (ratio to the fundamental)

For the case of simplifying the output current to its dc component, this is found to be

0.311 irrespective of the firing angle.

7.3.9 Frequency spectrum of input current

The magnitude of each harmonic including the fundamental is extracted from
Expression (7.8) and displayed in Fig. 7.9. The magnitude of the harmonics is shown
as a ratio to the fundamental. The triplen harmonics are missing due to the geometry

of the fully smoothed current at the output.
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Appendix A7.1 The output current

Tory1(t) := |1 <=0

Y < Oy
fornel...N
sin(nd)
K, <

niw

Z) < VR? + [w(n+ 1)L]?

(n+ 1)L
)

(n — 1)L}

¢1 < atan |:w

R
Zy < /R? + [w(n — 1)L]?

I <~ \/§VPZII(" sin [[(n + Dot —ny —¢1 + %]]

VoK,
2

¢y < atan |:a)

I 3
PEVAL

Il <I1+LHL—-1
II <1

sin [(n — Dot —ny — ¢y — %]

Tory2(t) := |1 <0

Yy < Oy +m
fornel...N
sin(nd)

ni

K, <

Z) < VR? +[w(n+ 1)L)]?

(n + 1)L:|
R

(n — 1)L:|

¢1 < atan [a)

R
Zy < /R? + [w(n — 1)L]?

¢y < atan |:a)

I <~ \/gvpzlfn sin [[(n 4+ Dot —ny — ¢ +%]]

|9:¢
I < /32 "sin[(n—l)wt—ny—qbz—z]
Z> 6

I <I1+LHL—-1
I <1




Loy (1) :=

Toyb1 (2) :=

I <0

Three-phase full-wave phase controlled rectifier

Y (_ber‘l'ﬂ

K, <

¢1 < atan |:a)(

¢ < atan |:a)

fornel...N

sin(nd)

ni

Z) < VR? + [w(n+ 1)L]?

n+ 1)L
e
(n— 1L

e

Zy < R+ [w(n — 1)L)?

I < ﬁVpK,, sin [[(n + Dot —ny — ¢1 — z]]

Z1 6
Vo K
L < /3-2 "sin[(n—l)wt—ny—¢z+z]
Z> 6
I <—~I1+0L—-1
I <1
1 <0
Y < Oyor
fornel...N
Kn(_sin(nS)
nw

¢ < atan [a)

¢y < atan [a)

VoK
L < /3 P nsin[(n—l)wt—ny—¢2+z]
2

Zi < VR +[w(n + 1)L

R

(n—1)L
]

(n+ 1)L:|

Zy < R+ [w(n — 1)L)?

11<—\/§

szll{" sn o1+ Dot —ny — o1 - ]

V4 6
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Iopra () := |1 <=0

Yy < Opr + 7
fornel...N
sin(nd)
n
nrw
Z; < VR? +[w(n+1)L]?
HL
¢1 < atan [wm]
R
|: (n— 1)L]
¢y < atan a)T

Zy < R+ [w(n — 1)L)?

Vo, K
I /3 pZ n sin[[(n+1)a)t—ny—¢1 —%]]
1

VoK
I, < /32"

Zy
I <I1+5L—-1
11 <1

sin [(n — Dot —ny — ¢y + %]

Iobr1(t) == |I <0

y < Oprr

fornel...N
sin(nd)

K, <~

nm
Z1 < VR +[w@m+ 1)L

¢1 < atan [w%]

(n—1)L
]

¢2 < atan |:a)

Zy < /R? + [w(n — 1)L)?

I <~ \/§szll{n sin [[(n + Dot —ny — ¢l — %H

VoK
L < /32 "sinl:(n—l)wt—ny—¢2+£:|
V) 2
I <—I1+1L—1
11 <1

Io(t) = lory1 (t) — Lory2(2) + Loyb1 () — onb2(t) + Lobr1 (1) — Tobr2(?)



Chapter 8

Overlap in ac to dc three-phase converters

8.1 Introduction

In the normal operation of a full-wave three-phase converter with inductive load the
output dc current is diverted from thyristor to thyristor and from phase to phase in a
regular manner. Two thyristors are normally conducting at a time: one from the upper
group and one from the lower group, Fig.7.1. There are six thyristor commutations
per mains cycle where the current is diverted through a thyristor to another phase.
The output current is usually smoothed to its dc value by the load inductance. At the
point of commutation the current does not become zero immediately in the conducting
thyristor and it does not rise immediately from zero to the dc value in the thyristor
which is taking the current because of the source inductance; it will take a finite time
dictated by the value of the dc current, the magnitude of the line voltage and the
value of the source inductance. During this finite time two thyristors are conducting
from the same group and one from the other group. The two thyristors from the same
group in effect constitute a short circuit of two phases via the source impedance; this
is called overlap. No surge of current is observed but the fact that two phases are
shorted reduces the voltage available to the load. More importantly ‘notches’ distort
the line voltage.

The modes are increased from 6 to 12 to account for the commutation instances.
Three new groups of switching functions are introduced in this chapter for the three-
phase full-wave controlled rectifier. They will enable the derivation of an expression
of the output voltage and the derivation of an expression for the line voltage. For the
output voltage, one group of switching functions deals with the contribution of the
modes with no overlap and the other deals with the contribution of the modes during
overlap. For the line voltage the switching function accounts for the reduction of line
voltage during overlap.
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8.2 Operation and modes

There are six commutations per mains cycle. During each commutation there is a brief
short-circuit of two phases, the outgoing and the incoming phase and two thyristors
are conducting from the same group; this is known as overlap. The overlap angle y
is given as [5]

=acos |1 2ac27 [ Ls

where

14, = dc value of output current
L¢ = source inductance

f = mains frequency

Vp = peak value of mains voltage.

The calculated value of y is in radians at 50 Hz.

8.2.1 Calculation of line voltage during overlap

Consider the change from Mode I to Mode II. Red (TH1) and yellow (THS) phases
are conducting (Mode I) and the blue phase (TH6) is coming in to replace the yellow
phase (Mode II), Fig. 8.1. A brief short circuit between the yellow and the blue phase
(THS and TH6) takes place (Mode I/II). The phase voltage under overlap conditions
is half the normal phase voltage and phase advanced by 60° relative to the blue line,
the incoming phase voltage. This is derived below.

Taking three loops of the circuit in Fig. 8.1

Viy(1) = Vi (1) — VsyB (1)
Vsy(1) = Vy (1) + VL(1)
VsyB(1) = Vp (1) — VL(1)
Hence the phase voltage under overlap conditions (yellow—blue shorted) is given by
Veys(1) = 5[y (1) + Vo (1)]
By expanding and simplifying
= 3[Vp sin(wt — 120°) + Vj sin(wr + 120°)]

W .
VsyB(1) = ey sin(wt)

Expression above applies in Mode I/IT and Mode IV/V. In the same way the other two
short-circuit phase voltages are

Vp : o
Vser () = Y sin(wt — 60°)
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Vi(0)

T Veys(9)

Figure 8.1 Mode I/Il: overlap

Expression above applies in Mode II/III and Mode V/VI. In the same way the red and
yellow lines are shortened in the next change over of phases.

The red and blue lines are shorted in the next change over Mode III/IV. And for
mode III/TV

Vp : o
Vsgr(?) = > sin(wt + 60°)

It also applies for Mode VI/I.

8.2.2 Modes

Because of the overlap, the modes of the circuit are increased by six to become twelve;
there are six new modes describing the overlap during the changeover of phases. Every
mode under no overlap condition is followed by a new mode describing the overlap
conditions. These are the Modes I/II, II/III, III/IV, IV/V, V/VI and VI/I. Their time
duration is y, the duration of the overlap. They are preceding the next mode: Mode 11
is preceded by Mode I/II, Mode III is preceded by Mode II/I1I, etc.

The six modes under no overlap condition are described already in Chapter 7:
Modes I, II, III, IV, V and VI. The important difference is that their timing charac-
teristics are slightly modified due to overlap. Their duration, the existence period as
described in Chapter 1, is shorter by y radians and they are also delayed by the same
amount. Hence the contribution of these modes to the output voltage is still given by
Expression (7.1) but the switching functions have to be modified to account for the
overlap on the half-pulse width § and the phase delay 6.

8.2.3 Mode I/Il

8.2.3.1 Output voltage

This mode, Fig. 8.2, takes place when the red and yellow lines (Mode I) are supplying
the load (TH1 and THS, Fig. 7.1) and TH6 is fired so that the blue line takes over
from the yellow; all three thyristors conduct for a period y until the load current is
transferred from the yellow line to the blue line.
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Figure 8.2 Mode I/Il of the three-phase converter with overlap. Lines Y-B are
shorted

The time slot for the transfer from the yellow to blue line is from o + 90° to
a + 90° 4 y. During that period the phase voltage of the shorted lines is reduced
to Vsys(?). A switching function Fyypo(?) is introduced associated with the output
voltage for the period o + 90° to o + 90° + .

The output voltage during Mode /I

Vo) = Vi(t) — VsyB(t) for Frypo(?) =1

8.2.3.2 Reductions on line voltages

The line voltages for this period are derived from Fig. 8.2
Vry (t) = Vi (t) — VsyB(?)
V() =0

VBr(#) = VsyB (1) — V2 (1)
Hence the reductions of the line voltages are:

Reduction on red—yellow line voltage,
Viy ()Reduction = Viy(t) — [Vr(t) — VsyB(D)]
Reduction on yellow—blue line voltage, Vyp (f)Reduction = Vyb(?)
Reduction on blue—red line voltage, Vi (#)Reduction = [Vr(#) — VsyB(£)] — Vi (1)

The associated switching function for the line voltages for this mode is Fyps ()
indicating that yellow—blue lines are shorted, Fyps(#) = 1. This switching function
is going to be used to calculate the reductions on the input line voltages.

8.2.4 Mode Il/III

8.2.4.1 Output voltage

This mode, Fig. 8.3, takes place when the red and blue lines are supplying the load
(TH1 and TH6, Fig. 7.1) and TH2 is fired so that the yellow line takes over from
the red; all three thyristors are conducting for a period y until the load current is
transferred from the red line to the yellow line

The time slot for the transfer from the red to yellow line is from « + 150° to
o + 150° + y. During that period the phase voltage of the shorted lines is reduced
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g»Oor

Figure 8.3 Mode II/II] of the three-phase converter with overlap. Lines R-Y are
shorted

to Very (¢). A switching function Frypo(?) is introduced associated with the output
voltage for the period o + 150° to o + 150° + y.
The output voltage during Mode II/III

Vo(t) = Vp(t) — Vsry(t) and Frypo(?) =1

8.2.4.2 Reduction on input line voltage
Therefore the line voltages for this period are:

VRY(®) =0 Vyg(t) = Vsry(t) — Vu(t) VBR(?) = V(1) — Vsry (?)
for Frypo(?) =1

Hence the reductions of the line voltages are:

Reduction on red—yellow line voltage, Viy (f)Reduction = Viy(?)
Reduction on yellow—blue line voltage,

Vyb (D Reduction = Vyb(f) — [Very (1) — Vb (1)]
Reduction on blue—red line voltage,

Vor (1) Reduction = Vor (1) — [Vb (1) — Vsry ()]

The associated switching function for the line voltages for this mode is Frys(?)
indicating that red and yellow lines are shorted, Frys(¢) = 1. This switching function
is going to be used to calculate the reductions on the input line voltages.

8.2.5 MODE I/IV

8.2.5.1 Output voltage

This mode, Fig. 8.4, takes place when yellow and blue lines are supplying the load
(TH2 and TH6, Fig. 7.1) and TH4 is fired so that the red line takes over from the blue;
all three thyristors are conducting for a period y until the load current is transferred
from the blue line to the red line

The time slot for the transfer from the blue to red line is from o + 210° to
o + 210° + y. During this period the phase voltage of the shorted lines is reduced
to Vsgr(#). A switching function Fryo(?) introduced is associated with the output
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Figure 8.4 Mode III/IV of the three-phase converter with overlap. Lines R—B are
shorted

voltage for the period «+210° to +210°+y . The output voltage during Mode II/I1Tis

Vo(t) = Vy(t) — Vegr(¢) for Frypo(?) =1

8.2.5.2 Reduction on line voltages
Therefore the line voltages for this period are:

VrRy (1) = Vsgr(?) — Vy (1)  VyB(t) = Vy(t) — Vsgr(?) VBr(1) =0
for FryBo(1) =1

Hence the reductions of the line voltages are:

Reduction on red—yellow line voltage,
Vry(t)Reduction = Vry(t) — [Vsgr(?) — Vy(t)]

Reduction on yellow—blue line voltage,

Vyb ()Reduction = Vyb @) — [Vy () — Vspr ()]
Reduction on blue—red line voltage, Vi (f)Reduction = Vor (f)

The associated switching function for the line voltages for this mode is Frps(?)
indicating that red and blue lines are shorted, Fres(#) = 1. This switching function
is going to be used to calculate the reductions on the input line voltages.

8.2.6 ModelV/V

8.2.6.1 Output voltage

This mode, Fig. 8.5, takes place when yellow and red lines are supplying the load
(TH2 and TH4, Fig. 7.1) and THS3 is fired so that the blue line takes over from the
yellow; all three thyristors conduct for a period y until the load current is transferred
from the yellow line to the blue line.

The time slot for the transfer from the yellow to blue line is from o + 270° to
o + 270° + y. During that period the phase voltage of the shorted lines is reduced to
VsyB(?). The switching function Fyypo(¢) introduced in Mode I/II is associated with
the output voltage for the period « +270° to & +270° + y . The output voltage during
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Figure 8.5 Mode IV/V of the three-phase converter with overlap. Lines Y-B are

shorted
Mode IV/V
Vo(t) = Vr(t) - VsYB(t)
FivBo(t) = —1 because the phases are connected to the load in reverse compared

with Mode I/II. Hence the switching function Fyypo(?) is clearly defined from the
two modes I/Il and IV/V as a bipolar function delayed by o + 90° + y/2 and of
duration y Fig. 8.8. Hence § = y /2.

8.2.6.2 Reduction on line voltages
Therefore the line voltages for this period are:
Vry (1) = V(1) — VsyB(1)
Vyg(1) =0
VBr (1) = VsyB (1) — Vi (1)
Hence the reductions of the line voltages are:

Reduction on red—yellow line voltage,
Vry(t)Reduction = Vry(t) — [Vr(®) — Vsy(1)]
Reduction on yellow—blue line voltage, Vyp (f)Reduction = Vyb(?)
Reduction on blue—red line voltage, Vi (f)Reduction = Vor (1) — [VsyB (£) — V:(8)]
The associated switching function for the line voltages for this mode is Fyps(?)
already introduced for Mode I/II . Since it is associted with a reduction and no inver-
sion takes place, Fyps(#) = 1 for this mode. Hence the switching function Fyps(?)

Fig. 8.8 is clearly defined from the two modes I/Il and IV/V as a unipolar function
delayed by o + 90° + y /2 and of duration y, that is, § = y /2.

8.2.7 Mode V/VI

8.2.7.1 Output voltage

This mode, Fig. 8.6, takes place when red and blue lines are supplying the load (TH3
and TH4, Fig. 7.1) and THS is fired so that the yellow line takes over from the red;
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Figure 8.6 Mode V/VI of the three-phase converter with overlap

all three thyristors are conducting for a period y until the load current is transferred
from the red line to the yellow line.

The time slot for the transfer from the red to yellow line is from o + 330° to
a + 330° + y. During that period the phase voltage of the shorted lines is reduced
to Very (). The switching function Frypo(#) already introduced in Mode II/III is
associated with the output voltage for the period o + 330° to @ + 330° + y. The
output voltage during Mode V/VI

Vo(t) = Vp(t) — Very (1) for Fryvbo(t) = —1

8.2.7.2 Reduction on line voltages

Therefore the line voltages for this period are:
Vry (1) =0
Vy(7) = Vsry (1) — Vo (2)
VBR(1) = Vo (1) — Very (1)
Hence the reductions of the line voltages are:
Reduction on red—yellow line voltage, Viy (f)Reduction = Vry (t)
Reduction on yellow—blue line voltage,
Vyb (£)Reduction = Vyb(t) — [Vsry (1) — Vo (1)]
Reduction on blue—red line voltage,
Vor (1) Reduction = Vor (1) — [Vb(1) — Very (1)]

The associated switching function for the line voltages for this mode is Fry ()
indicating that red and blue lines are shorted, Fry (f) = 1.

8.2.8 Mode VI/I

8.2.8.1 Output voltage

This mode, Fig. 8.7, takes place when yellow and blue lines are supplying the load
(TH3 and THS, Fig. 7.1) and TH1 is fired so that the red line takes over from the blue;
all these thyristors are conducting for a period y until the load current is transferred
from the blue line to the red line.
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g» o

Figure 8.7 Mode VI/I of the three-phase converter with overlap

The time slot for the transfer from the blue to red line is from o + 390° to
o 4+ 390° + y. During that period the phase voltage of the shorted lines is reduced
to Vsgr (#). The switching function Frypo(#) introduced in Mode III/IV is associated
with that voltage for the period o + 390° to o 4+ 390° + y. The output voltage during
Mode II/IIT

Vo(t) = Vy(t) — VsBr(t) FryBo(?) = —1

8.2.8.2 Reduction on line voltages
Therefore the line voltages for this period are:

VRy (t) = Ver (1) — Vy (1)
Vyg(t) = Vy(t) — VsBr ()
VBr(7) =0
Hence the reductions of the line voltages are:

Reduction on red—yellow line voltage,
Viy (D) Reduction = Viy () — [VsBr (1) — Vy(2)]
Reduction on yellow—blue line voltage,
Vyb (£)Reduction = Vyb(t) — [Vy(#) — Vsr(?)]
Reduction on blue—red line voltage, Vi, (f)Reduction = Vor (f)
The associated switching function for the line voltages for this mode is Fprs(?),

which indicates that red and blue lines are shorted, Fgrs(¢) = 1.

All information related to the modes and the switching functions is summarised
in Table 8.1.

8.2.9 Switching functions

There are three types of switching functions for the circuit under overlap. Two are
for the output voltage and one is for the line voltage.
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Table 8.1 Three-phase full-wave controlled rectifier. Timing information

Conducting Connected phases to Conduction period with reference to red phase
thyristor the load voltage

TH1-TH5 Red-Yellow a +30° + y to a + 90° (Normal) Mode I
TH1-TH5 + TH6 Red-Yellow + Blue a 4 90° to o + 90° 4 y (Overlap) Mode I/IT
TH1-TH6 Red-Blue o +90° to o + 150° (Normal) Mode IT

THI1 + TH2-TH6 Red + Yellow—Blue a 4 150° to o 4+ 150° + y (Overlap) Mode II/IIT
TH2-TH6 Yellow—Blue a 4 150° to o 4+ 210° (Normal) Mode III
TH2-TH6 + TH4 Yellow-Blue™ + Red a +210° to o 4+ 210° + y (Overlap) Mode III/TV
TH2-TH4 Yellow—Red a 4 210° to o + 270° (Normal) Mode IV

TH2 + TH3-TH4 Yellow' +Blue™ —Red « + 270° to a + 270° 4 y (Overlap) Mode IV/V
TH3-TH4 Blue-Red o +270° to @ + 330° (Normal) Mode V
TH3-TH4 + TH5 Blue-Red™ + Yellow™  « + 330° to « 4+ 330° + y (Overlap) Mode V/VI
TH3-THS Blue—Yellow a + 330° to o + 390° (Normal) Mode VI

TH3 + THI-TH5 Blue + Red—Yellow a 4 390° to a 4+ 390° + y (Overlap) Mode VI/I

8.2.9.1 Switching functions for the periods free from overlap for
the output voltage

These switching functions are exactly the same as those derived in Chapter 7 — Fyy (1),
Fyp(t) and Fy (¢) — but they are delayed by y radians due to overlap hence 6 and §
are modified as shown below

w/3) — T
:% 6i=6+ 2ty +a

« is the delay firing angle in radians.
And the switching functions are shown below (8.1) and displayed in Fig. 8.1.

S

N .
. (hm\ | sin(nd)
Fyo(t) :=4 Z sin [ — cos(nwt — nb)
= ( 2 ) 147

. N . /nm\ | sin(nd) T
Fypo (1) = 4’; sin (7) p— cos (na)t —nb + gn - nn) 8.1)

N .
Foro(t) :=4 Z sin (%) sin(nd) cos (nwt —no — %n — nn)

mn
n=1

These switching functions are displayed in Fig. 8.8.

8.2.9.2 Switching functions for the periods during overlap for
the output voltage

These are the switching functions Frypo (), FryBo(t) and Frypo(?) with a short on-
period of y radians. Fyypo(?), applies for Mode I/Il and Mode IV/V with an inversion
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a=35 Ls=5x107°
[ L Faol
) Fypo®)
”‘ ( Fbr()(t)
I U Frypo(?)
\ [ Frypo(?)
1 n Frypo(®

Figure 8.8 The output voltage with overlap and the associated switching
functions

suggesting that they are bipolar switching functions. In the same way Frypo (¢) applies
for Mode II/IIT and Mode V/V I and Frypo (¢) applies for Mode ITII/IV and Mode VI/I.
The delay angle for the switching functions is 6p.

bo==+L4+14
=—+=-+—-+a
737276
where « is the delay firing angle in radians.
Each switching function is phase delayed by 60° from each other as shown in
Expression (8.1). These switching functions are displayed in Fig. 8.8.

N .
. (nmy | sin(n(y/2))
Fypo(t) =4 Z sin { — )| ————— cos(nwt — nby)
ot ( 2 ) n

Frano® =43 [sin ()] B2 o (1t — (2 )

2 n
n=1

sin (g) sin(n(y /2))

N
F t)=4
RyBO (?) nX_; p—

X COS (na)t — nby + (%) n— nn) (8.2)
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8.2.9.3 Switching functions for the line voltage

There is only one type of switching function for the line voltage, one for each phase.
As is suggested from the mode-pairs I/II-IV/V, I/III-V/VI and III/IV-VI/I these
switching functions are of the unipolar type and they have two pulses per mains
cycle. Their duration is y delayed by o + 90° 4+ y/2 and of duration 6, = y /2.
As usual there is a further delay of 60° between each switching function due to the
three-phase environment.

N .
sin(néy) T r Yy N\
Fprs(t) =Kol +2 Z cos [nwt2 — n2 (Ol + =+ —)]
= o Lt 2 6/1]
. N sin(ndy) T r Y o TTN\T]
ves(t) =Kol +2 cos [nwr2 — n2 (a + 2+ E>] (8.3)
n=1 n - - -
N sin(ndo) 1 T Y T\
Frys() =Kol +2) =2 cos | nwr2 — n2 (a +5+ g5) ]
n=1 B B N

8.3 Analysis

8.3.1 Output voltage

The output voltage is made from the contribution of each mode. This is already done
in Chapter 7 for the circuit without overlap in Expression (7.1). This expression is
expanded here to include the M I/IL, II/ITL, II/IV, IV/V, V/VI and VI/I. The first three
terms of Expression (8.4) account for the contributions of the modes under no overlap
and the last three for the modes with overlap.

Vo(t) = Vry(t)FryO(t) + Foro () Vi (1) + FybO(t)Vyb(t)
+ [Vr(®) — VsyB()]1FryBo () + [V (2) — Vsry (£)]1FRYbO(?)
+ [Vy(t) — Vsr(1)] FByrO(?) (3.4)

The output voltage is displayed in Fig. 8.8.

8.3.2 Line voltage under overlap

The line voltages under overlap are derived in the following way. A single switch-
ing function is introduced for each line voltage describing the circuit under overlap
conditions. This switching function will give the reduction of the line voltage due
to overlap. We have reductions only during overlap, that is, during mode I/II, TI/III,
III/IV and the corresponding modes IV/V, V/VI and VI/I, 180° later. Let us consider
the derivation of the red—yellow line voltage with overlap in some detail. During
mode I/II the actual line red—yellow line voltage is:

Vi(t) — VsyB(2)
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Hence the reduction for that mode is:
Viy (@) — [Ve (1) — VsyB(1)]

The associated switching function is Fyps(?). In the same way by considering the
reduction in the first three overlap modes, the overall reduction in this line voltage is

VryReduction () = [Vry () — Ve () + VsyB (1)1 FyBs(?)
+ Viy(®) Frys(?) + [Viy (1) + Vy(¢) — Vsgr(£)]1FBRrs (¥)
And the red—yellow line voltage under overlap is
VryO(t) = Vry(t) - VryReduction(t) (8.52)
In the same way the other two line voltages are derived.
VybReduction () = Vyb (1) FyBs (?) + [Vyb (t) — Vsry (£) + Vb (1)1 Frys(?)
+ [V (#) + VeBr () — Vy (1)1 FBRS ()

And the yellow—blue line voltage under overlap is

VybO(t) = Vyb(t) - Vbeeduction(t) (S-Sb)

VorReduction (2) = [Vor (1) — VsyB(?) + Vi (t)]FyBs(?)
+ [Vor (0) + Very (1) — Vo (1)1 FRys(?) + Vi (2) FBRS(7)

I N— Frys(®

n n Fyps(9)

Fars(9)

Figure 8.9 Line voltage notches and the associated switching functions
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And the blue-red line voltage under overlap is
Voro (t) = Vi (2) — Vbeeduction () (8.50)

The line voltages with overlap are displayed in Fig. 8.9.

It is possible, by further expansion, to collect all the reductions of the output
voltage in a single expression. By expanding this expression, both the dc value of the
loss of voltage and the related harmonics can be derived.



Part 3
DC to DC converters

Fine common circuits are presented here for both continuous and discontinuous con-
duction. The dc to dc step down is a rather simple application of the technique. The
rest of the circuits present a challenge because an impedance, an inductor, is inserted
between the voltage source and the semiconductor switches. In this case the voltage
equations for the loops are derived by considering the various modes of the circuit in
order to derive the switching functions and the derived expressions.






Chapter 9

The step down converter

9.1 Introduction

Figure 9.1 shows a simple circuit of the step down converter. The chopped voltage of
a dc source is applied to a series inductor L and a parallel combination of a smoothing
capacitor C and a resistor R. The resistor represents the power-consuming element
of the load. The inductor has inductance L and ohmic resistance r. The switch is a
MOSFET or an IGBT transistor. A control circuit, not shown in the diagram, generates
the gate pulses to switch on and off the transistor. The switch opens and closes at
a fixed frequency. The duty-cycle of the switch determines the level of the output
voltage.

It is possible for this circuit to enter discontinuous conduction and the relevant
mode is derived in this chapter. The analysis though will be restricted to continu-
ous conduction only. The interested reader may apply the procedure introduced in
Chapter 1 in order to extend the analysis to discontinuous conduction as well.

9.2 Mathematical modelling of the step down converter

9.2.1 Operation and modes of operation

When the switch is open, the current circulates through the diode. Thus the diode
conducts in anti-parallel to the switch. The switching action of the semiconductor
switch is described by the unipolar switching function, F (¢) and the switching action
of the diode is described by the inverse of F(¢), for continuous conduction. For
discontinuous conduction the diode is conducting for only part of the off period of
F(t) and a new switching function must be defined.

The circuit exhibits three modes: Mode I, the switch is closed and the input voltage
is applied to the RLC combination. Mode II, the switch is open and the diode carries
the inductor current. In Mode III, neither the switch nor the diode is conducting
(Figure 9.2).
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Figure 9.1 The step down converter
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Figure 9.2 The modes of the circuit: (a) Mode I, (b) Mode II and (c) Mode II1]

The various voltages and currents are marked on Fig. 9.1. The voltage across the
diode, Vp(r) takes the value of V4. in Mode I and zero in Mode II. In Mode III it
takes value of the output voltage V,(¢). It is the case of a switch connecting a voltage
source to a load, Chapter 2, Expression (2.1). Hence, for continuous conduction

where Mode III does not exist

Vo(t) = F(t)Vqc
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The switching function is of the unipolar type

F(t) = Ko +2) _ K, cos(not) 9.2)

n=1

The current, It (¢), through the inductor is diverted from the switch, Mode I to
the diode, Mode II.

With the switch closed, F(tr) =1, Ip(t) = Is(t)
With the switch open, F (1) =0, I.(t) = Ip(t)

Therefore the current through the switch, I5(#) takes the value of I1 (¢) during the on
periods of the switching function.

Is(t) = IL()F (1) (9.3)

The diode current, Ip(r) takes the values of Ir () during the off periods of the
switching function

In(t) = IL(®)[1 — F(1)] 9.4)
The current at the diode-switch-inductor junction is given by
IL(t) = Is(t) + Ip(?) 9.5)

The ac component of the voltage across the LRC load, Vp,c(t), is pushing an ac
current 1, () into the “harmonic impedance’, Zry c(wn), consisting from the series
combination of L—r and the parallel combination of R—C.

VDac(t)
Itac(t) = ——— 9.6
Lac ZRLC (l‘) ( )
The harmonic impedance of the network Zryc(wn) is given by
V(Lon + onrRC)? + [R +r — (wn)>?CLR]?
Zric(wn) =
Vv 1+ (wCRn)?
d(n) atan wLn atan(wC Rn) 9.7
n) = — oCRn .
R+7r— (wn)’CLB

The voltage equation of the inner loop, Fig. 9.1 is given by
Vp(1) = VL(1) + Vo (1) 9.8)

The output voltage consists of a dc component, Vg, and the ripple component,
VOB.C (t)

Vo(#) = Vieo + Voac (?) 9.9

The voltage across the diode, Vp(?), is the applied voltage to the load. It has a dc and
an ac component

Vp(#) = Vpde + VDac(?) (9.10)
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Figure 9.3 The mathematical model of the step down converter

9.2.2 The mathematical model of the step down converter

Expressions (9.1)—(9.10) are employed to build the mathematical model of the step
down converter (Fig. 9.3).

9.2.3 Analysis

The voltage across the diode is given by Expression (9.1). Replacing F(¢) and
expanding

o0
Vo () = Ve Ko + 2Vie Z K, cos(nwt)

n=1

The dc component and the ac components of Vp(¢) are now derived from this
expression as

Vbde = VacKo 9.11)

o0
Viac(t) = 2Vae Y K, cos(nast) 9.12)

n=1
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The dc component Vpq, is shared between the internal resistance of the inductor r
and the load resistor R. Hence the output dc voltage Vg, is given by

Vidco = Vbde Ko (9- 1 3)

R+r

The ac component of Vp(z) is pushing an ac current through the ‘harmonic

impedance’, Zryc(wn). This is the inductor ac component of current, /1 ¢ (). From
Expressions (9.6) and (9.7) we have

o

TLac(t) = 2Vqc Z

n=1

mm cos[nwt — ®(n)] (9.14)

Practically all of this ac current will flow through the capacitor. Its rms value, RMS IL
is important in selecting the smoothing capacitor.

1 T
RMS _IL := [ /0 I} (1) dt

The value of RMS _IL shown below is for the circuit and load parameters
fF=1%x10° Vg=110 K,=03
L=5x10"°% R=125 C=6x10"°
RMS IL = 13429 A

The dc component of the inductor current, Iy pc is also the output dc current.

Ko Ve
Ige = 5 9.15
Ldc R+r ( )
Hence
IL(t) = ILde + TLac(?) (9.16)

The harmonic output voltage, Voac(?), is of some interest to the designer and it is easily

found by considering the voltage divider rule. The ac component of the voltage Vp(¢)

is divided between the inductor impedance Z, and the RC network impedance Zgc.
Zrc

Voac(t) = Vpac(t) =—————— 9.17
oac( ) Dac( )ZRC T+ ZL ( )

The rms value of this ripple voltage, RMS Vor is derived from

1 T
RMS Vor := \/? / Voac ()2 dt RMS Vor =0.345A
0

The value of RMS_Vor shown is for the circuit and load parameters
f=1x10° Vg =110 K,=03
L=5x10°% R=125 C=6x10"°

The voltage and current waveforms are shown in Fig. 9.4.
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Figure 9.4 The voltage and current waveforms for the step down dc to dc converter

9.2.4 Semiconductor current ratings

The average and rms values of the currents through the transistor and the diode are
derived from Expressions (9.3) and (9.4). They are of interest to the designer for the
ratings of the semiconductor devices. The values shown are for the following circuit
and load parameters:

fF=1x10° Vg=110 K,=03
L=5%x10°% R=125 C=6x10"

The average value of the current through the diode, ID_AVE
1 T
ID_AVE = — / ID(t)dr ID AVE = 16.68 A
0
The average value of the current through the transistor switch, IS AVE

1 T
IS AVE = T / IS(r)dr IS _AVE =7.765A
0



The step down converter 143

The rms value of the current through the transistor switch, RMS IS

1 T
RMS IS = | = / IS(t)2dr RMS_IS = 16.68 A
0

The rms value of the current through the diode, RMS ID

1 T
RMS_ID := /- / ID()2dr RMS_ID = 7.765 A
0






Chapter 10

The step up or boost converter

10.1 Introduction

The analysis of the circuit shown in Fig. 10.1 is based on the voltage equation of the
input loop: dc source V., voltage across the inductance Vi, (¢) and the voltage across
the switched network, V4 (¢). Kirchhoff’s Voltage Law cannot be applied unless the
voltage across the switched network is expressed as a single expression valid for all
modes of the circuit, a ‘unified expression’. This is done by applying superposition
theorem on the switched network in the way explained in Chapter 2.

Three switching functions associated with the three modes of the circuit are iden-
tified; the forced switching function of the semiconductor switch, the switching
function of the diode and the switching function for the circuit at the state where the
source current is zero. The last two switching functions are ‘hidden’ in the sense
that they are circuit determined. Continuous and discontinuous conduction are both
treated in the same way; simply the parameters of the ‘hidden’ switching functions
change.

10.2 Mathematical modelling of the dc to dc step up
(boost) converter

10.2.1 Operation and modes of the circuit

The switch is operated by a ‘unipolar’ switching function F(¢) and the circuit under-
goes three modes (Fig. 10.2). With the switch closed, F () = 1, the diode is reversed
biased, it is not conducting and the circuit is in Mode I. The voltage across the switch,
Va(t) is zero. A charging current /1 (¢) flows through the inductor.

Va(t) =0 for Fi(t) = 1

With the switch open, F1(¢) = 0, the diode is forward biased, it is conducting and the
circuit is in Mode II. The voltage across the switch, V4 (¢), is the output voltage less
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Figure 10.1 DC to DC step up (boost) converter
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Figure 10.2  The modes of the boost dc to dc converter

the diode voltage drop; the diode voltage drop is ignored at the moment. A discharging
current It (1) flows through the inductor. Another unipolar switching function F,(¢)
is introduced to describe this mode: it takes the value of one as long as the diode is
conducting.

Va(t) = Vo(t) for Fa(t) = 1
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In the event of discontinuous conduction, a third mode is entered. In this mode the
discharging inductor current becomes zero before the switch is closed again and the
diode is not conducting. With the inductor current zero, the voltage across the switch
takes the value of the input dc voltage, V.. A third unipolar switching function is
introduced, F3(t) for this state.

Va(t) = Vgo for F3(t) = 1

F3(t) is a unipolar switching function which takes the value of one as long as no
current is flowing in the inductor. The switch is open F,(¢) = 0, Fi(t) = 0.

The sequence of modes is Mode I — Mode I — Mode III (Fig 10.3) and the
mathematical model is shown in Fig. 10.4.

Mode III

Figure 10.3 Mode sequence for the dc to dc step up converter

Fy(®)

S2
+ Vi(t
Vdc—b _|_ L( ) XL(wn)
A
Splitter
—Pldco
IDripple(t)
Va®) M2 s4
X(wn)
X (wn)+R

Figure 10.4 The mathematical model for the step up dc to dc converter
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Figure 10.5 Switching functions for the step up dc to dc converter with ideal-
ised inductor current and switch voltage Va(t) waveforms — with
discontinuous conduction. Straight line approximation

10.2.2 Voltage across the transistor switch

The voltage across the switch, Va(t), can now be derived by considering the con-
tributions of all the modes. Only Modes II and III contribute to it and according to
Expression (2.8), Chapter 2:

Va(t) = Vo) F2(1) + Vac F3(1) (10.1)

Expression (10.1) is valid for both continuous and discontinuous conduction. For
continuous conduction F3(¢) takes the value of zero for all times and (10.1) is
reduced to

Va(t) = Vo(1) F2(1)

10.2.3 Current through the transistor switch and the diode

The three switching functions and the voltage across the switch, V4 (¢) are dis-
played in Fig. 10.5 as a theoretical straight line approximation. The inductor current
is diverted from the switch to the diode in a manner dictated by the switching
functions.

In(t) = IL(t) F2(7) (10.2)

The current through the switch is the difference between the inductor current and the
diode current

Iswitcu(t) = IL(t) — Ip(?) (10.3)
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10.2.4 Capacitor ripple current

In Modes III and I the capacitor discharges and this action must be considered in the
mathematical model. The sequence of the modes (Fig. 10.3) is such that Mode III
is succeeded by Mode I, therefore their effect can be considered together. During
Modes I and III the capacitor is discharging with current, /giscy (¢). The discharging
current, Igisch(?), during these modes is approximated to the output current, I3, =
Vico/ R. Hence the contribution of Modes I and III to the capacitor current is given by

Ic(t) = —lgco[1 — F2(8)]
During Mode II it is charging with a current Iy, (¢). This current is the diode current,
Ip(t), less the current which flows in the load. The load current is rightly approximated

to the dc component /4., in the presence of a large smoothing capacitor. Hence the
contribution of Modes II to the capacitor current is given by

ICcharging(t) = [Ip(t) — lacol F2(2)

Hence, by considering the sequence of modes and their contribution to the capacitor
current, the capacitor current is given by

Ic(t) = —lgeoll — F2(H)] + [ID(#) — ldcol F2(7)
Substituting Expression (10.3) for the diode current, Ip(z) = IL(¢t) F>(¢)

Ic(t) = —lycoll — F2(0)] + [L(1) F2(2) — lgcol F2(1)

Ie(t) = —Igeoll = F2(O)] + IL(t) F2(1)* — laeo Fa (1)
F>(t) is a unipolar switching function, and F» 2 = F®) (Chapter 1).
Ic(t) = —lacoll — F2(0)] + IL(t) F2(t) — laco F2(1)
Simplifying
Ic(t) = IL() F2(1) — ldco
The product Iy (t) F>(t) is the diode current, Expression (10.3), hence
Ic(t) = Ip(t) — lco (10.4)
In a more rigorous approach, the accuracy of Expression (10.4) can be improved by

considering the ripple current through the load resistance R as well. In other words
the diode current /1 (t) F>(t) is shared by the load resistance R and the smoothing
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capacitor C as indicated by Expression (10.5). The dc component, /4¢0, is taken by the
load because the capacitor is not taking any dc current under steady-state conditions.

X(wn)

1 = I F _
c(@®) = IL() 2(Z)X(a)n) TR

— ldco (10.5)

Expressions (10.4) and (10.5) are also directly derived in a simpler way from the
distribution of currents at the diode—capacitor—resistor junction. The current going
into the junction is the diode current; its dc component is taken by the resistance as the
capacitor takes no dc under steady-state conditions. The capacitor and the resistance
share the remainder, the ac components.

10.2.5 The mathematical model of the dc to dc step up (boost) converter

From the discussion regarding the modes of this circuit it follows that:

(i) Both the input voltage, Vy. and the output voltage, V,(¢), contribute to the
voltage across the switch, Vj (f) Modes II and III.

(ii) For the three modes, three switching functions are defined. One for the state
of the switch, Fj(t) associated to Mode I, one for the state of the diode, F,(¢)
associated to Mode II and one when both the switch and the diode are not
conducting, F3(t) associated to Mode III.

(iii) All three modes take place within one period of the switching frequency.

The contribution of the input and the output voltage to Va(r) is quantified by
Expression (10.1). Modulators M1 and M2 together with Adder S1 represent this
expression in the mathematical model, Fig. 10.4. The input loop equation for the
converter, Fig. 10.1 is given by Expression (10.6)

Ve = VL) + Va(0) (10.6)

Adder S2 makes the necessary arithmetic manipulation to give at its output
VL(t). Dividing Vi (¢t) by the ‘harmonic impedance’ of the inductor, X (wn),
the ac component, I1,.(#) of the inductor current is given as

VL)

ILac(t) = XL(a)n)

(10.7)

The dc component through the inductor, /1 4, is also the current supplied by the dc
source and it has to be calculated by equating the input to the output power; a loss-free
circuit is assumed.

Pin = Viaclrdc

Pout = Vicoldco

ILde = ldeo—— (10.8)
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Adder S3 gives the inductor current /1 (f). The current flowing in the inductor, in the
steady state, is in the general form of

IL(t) = ILge + ILac(®) (10.9)
The output voltage V,,(¢) can be expressed as
Vo(#) = Vieo + Voac (1) (10.10)

The dc component of the output voltage is calculated by expanding (10.6) which will
be shown in Section 10.3. The ripple component of the output voltage is calculated by
considering the ripple current, Expression (10.4) or (10.5), flowing into the capacitor
reactance, X (wn).

Voac(t) = X (wn)Ic(t) (10.11)

Adder S4 gives the output voltage V,(¢) by adding both dc and ac components.

10.2.6 The switching functions

We need to define F;(t), F»(¢) and F3(t); all are of the unipolar type. Fi(¢) describes
the operation of the switch and it is externally determined.

Fi(t) = Ko +2 ) K, cos(not) (10.12)

n=1
where

n is an integer

K, = sin(né)/nm

8 = half the on-period for which the switch is conducting.
K, = duty-cycle of the switching function.

The switching function F;(z) describes the action of the diode as a switch. It
is not a forced switching function; for discontinuous conduction the duration of the
on-period is determined by the circuit parameters. The instant at which the current
becomes zero has to be calculated. Using a textbook expression [7] a constant K is
defined as

2L

K=—
RT

If the duty-cycle of the switch, K, is less than K the circuit is in continuous
conduction.
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Otherwise the circuit is in discontinuous conduction and the duty-cycle of the
mode is given by

2K,
M, =
-1+ /1+4(K2/K)
Otherwise,
My=1-K,

For continuous conduction the diode conducts for the period the switch is off and the
timing details are easily determined.

o0
Fy(t) = M, +ZZMX cos(xat — x0) (10.13)

x=1

where

x is an integer

M, =sin(ry)/rr

6 = phase displacement of the switching function relative to F1(¢). 0 =6 + y

y = half the on-period for which the diode is conducting. It has to be calculated
beforehand. y = M, -

M, = duty-cycle of the switching function.

The third switching function F3(r) refers to the period where the switch and the
diode are both not conducting. For continuous conduction, F3(¢) = 0. The sum of the
three switching functions is one, Expression (10.14). A straight line approximation of
the three switching functions, the inductor current and the voltage across the switch is
shown in Fig. 10.5. Figure 10.6 displays the same quantities derived by the switching
function method of analysis.

F5(t) = 1 — Fi(t) — Fa(t) (10.14)

10.3 Analysis

The step up converter may have continuous and discontinuous conduction. The
following analysis applies for both continuous and discontinuous inductor current
(Figs. 10.7 and 10.8). During discontinuous conduction, the diode current conducts
as long as the switch is open AND current still flows in the inductor, Fig. 10.5. There-
fore the switching action of the diode is described by its own switching function
defined as F>(¢). The Kirchoff’s Law of voltages for the input loop — dc source,
inductor, transistor switch — is given by Expression (10.6)

Viae = VL (1) + VA(?)
Replacing Va (¢) from (10.1)
Vae = VL(1) + Vo (1) F2(t) + Vac F3(1)
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K,=0.3 R=20 L=1x10° C=1x10° V=1

’4\\ r ()

Va®

Time

Figure 10.6  The three switching functions with the inductor current I, (t) and Va (t)

T L=1x10" C=1x107°

f=1x10°

T I

Figure 10.7 Discontinuous conduction. The inductor current IL(t) and output
voltage V,(t)

And solving for the inductor voltage, Vi (¢)

VL(1) = Vie — Vo (1) F2 (1) — Vin F3(1)

VL) = Vie — Vo (1) F2(1) — Ve[l — F1 (1) — F2(2)]
VL(1) = Vie — Vo (1) F2 (1) — Vae + F1(1) Vae + F2(1) Ve
VL(t) = =Vo () F2(t) + F1(1) Vae + F2(1) Ve
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60 + Vo
K,=038 R=20
40 + L=1x1075 C=1x1073
f=1x10°

20 +
/\%\/

Figure 10.8 Continuous conduction, inductor current Iy (t) and output
voltage V, (1)

Replacing V,(¢), F1(¢) and F;(¢) from Expressions (10.10), (10.12) and (10.13)

VL(#) = —[Vdco + Voac(t)] |:M0 +2 Z M, cos(xwt — XO):|

x=1

o0 o
+ [KO +2 Z K, cos(na)t)] Ve + [Mo +2 Z M, cos(xwt — x@):| Ve

n=1 x=1

Expanding

00
VL(t) = —ViacoMo — Mo Voac(t) — Vdcozz M, cos(xwt — x0)

x=1

o0 o0
+ 2Vouc (1) Y My cos(xwt — x6) + Ko Vae +2Vae Y Ky cos(net)

x=1 n=1

oo
+ Mo Ve + 2V Z M, cos(xwt — x6) (10.15)

x=1



The step up or boost converter 155

The output ripple voltage, Voac(?) is too small in the presence of a large smooth-
ing capacitor to have any significant effect on the inductor voltage and current;
it is therefore neglected in Expression (10.15). Furthermore the dc terms are
omitted as their algebraic sum is zero; the average voltage across an inductance
is zero.

o0 o0
V(1) = 2[Vde — Vieol Z M, cos(xwt — x0) + 2 Ve Z K, cos(nwt)
x=1 n=1

(10.16)

The output ripple voltage, Viac(?) is later derived from Expression (10.11).

10.3.1 DC output voltage

The dc components of Expression (10.15) add up to zero since the average voltage
across an inductor is zero. It is assumed that the inductor is loss free.

0 = —VacoMo + Ko Ve + Mo Ve
Hence the average dc voltage at the output is given by

_ Vac(Ko + Mo)

Vidco = M, (10.17)
And the output dc current
Vd
Taco = R°° (10.18)

Expression (10.17) compares well with the text-book expression [5].

10.3.2 Calculation of input dc current, Iy ¢

The input de current is also the inductor average current supplied by the source, I 4.
For a loss-free circuit as the one under investigation the input power is equal to the
output power. Hence from Expressions (10.8), (10.17) and (10.18)

Ve <K0+M0>2

10.19
R M, (10.19)

Inde =

10.3.3 Inductor current

The inductor current consists of a dc component, Expression (10.9) and the ac
component

IL(I) = ILac(t) + ILdc
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The ac component, I1,(¢) is found from Expression (10.7) by dividing the
inductor voltage, Expression (10.16) by the harmonic impedance of the inductor.

o0 o0

2(Vge — V. 2V,

Tiripple() = :%Mx sin(ror — x60) + ﬁK sin(not)
n=1

x=1

And the inductor current is given by

2(Vge — V.,
IL(t) = Inge + Z %M sin(xwt — x0) + Z

x=1 nl

(10.20)

I1 ¢ is given by Expression (10.19).

10.3.4 Diode current

This is given by (10.2) as Ip(t) = F,(¢)IL(t). Expressions (10.13) and (10.20) are
substituted into (10.2) and expanded in Appendix A10.1. It is shown that this current
is given by

2(V,
In() = ILacMo + M, Z %M sin(xwt — x60)

x=1

+ M, Z K sin(nwt)

oo 00 (Vd —V)
" 2; Zl MM {sin[(x + Vot — (x + )0

+ sin[(x — y)ot — (x — y)0]}

20o 3 e g M, {si t — x6
+ ZanL 2M{sin[(x + n)wt — x6]

n=1x=1

o0
+ sin[(—x + n)ot + x01} + 2Linge Y My cos(xort —x0)  (1021)

x=1

The dc component of the diode current is important because this is also the
dc component of the load current already calculated above, Expression (10.18).
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The dc component of the diode current is not limited to the obvious component
I acM,. There is also a hidden component as a result of the inter-modulation pro-
cess taking place in the fourth term of Expression (10.21) when the two counter
variables x and n are equal. The fourth term of the diode current is reproduced here
from Expression (10.18).

o0 o0

Va . )

2 2; X% nwz K, M {sin[(x + n)ot — x0] + sin[(—x + n)wt + x61}
n=I1x=

For x = n a dc component is produced in the second term

o0
Vi i
Igemod =2 ) 1 anL K M; sin(z6)
=

z is an integer.
The dc component of the diode current

Vdc
w

KM sin(z0) (10.22)

n

o

IDdc = IdeMo + 22
z=1

This is also the dc current flowing into the load resistor R, I4¢o.

10.3.5 Capacitor current and output ripple voltage

The capacitor current is given by Expressions (10.4) and (10.5) as a function of the
diode current and the dc current in the load, I4c,. The diode current is given by
Expression (10.21) and /4., by Expression (10.18).

The capacitor current is causing a ripple voltage across the capacitor,
Expression (10.11). With the capacitor current known the output ripple voltage
Voac(?) is derived. In Appendix A10.2 a Mathcad Expression gives the output ripple
voltage.

10.3.6 Peak inductor current

The peak value of the inductor current takes place at the end of the on period of the
switch, at the end of the on period of Fj(t), at wt = §. Replacing this value of time
in Expression (10.20) gives the peak inductor current. For R = 102, L = 10 pwH,
and a large smoothing capacitor the peak values of the inductor current are given
for a range of values of the duty-cycle of the switch in Table 10.1.Consequently,



158 The switching function

Table 10.1 Peak value of current through the inductor, the switch, diode and
dcsource R=10Q, L = 10 nWH

Duty cycle of the switch, K, 0.2 0.4 0.6 0.8

Peak value of current (A) 2396 4.794 7.342 19.785
through the inductor, the switch,
diode and dc source

these are the peak values of current through the diode, the switch and the
battery.

10.3.7 The current through the semiconductor switch

Expression (10.3) is expanded to give the current through the switch,
Expression (10.23).

Vin — Vieo sin(xy)

Lswitch (1) = Iingc Ko + Ko Z sin(xwt — xf)

xwlL X7
x=1

sinnd
+ K, Vin sin(nwt
Z nwl nm ( )

Vm Vdco sin(yy) sin(x4)
+ Z Z

v xm

y=1x=1

x [sin[(y + x)wt — yB] + sin[(y — x)wt — yB]]

+§:§: in s1n(n6) sin(x§)

XTT

X [sin[(n + x)wt] + sin[(n — x)wt]]

N sin(x§)
+ linde Y " cos(xa) (10.23)

x=1

Alternatively, the current through the switch is found from Expression (10.3) as the
difference between I (¢) and Ip(t).
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10.3.8 Current ratings of the semiconductor devices

The rms values of switching power converters can be derived in various ways [6].
By employing the switching function, expressions for the currents and voltages are
available and used to derive their rms values.

Expression (10.21) gives the current through the diode and Expression (10.23)
the current through the switch. The average, peak and rms values of these currents
are useful data for the circuit designer together with their duty-cycle. The average
value, the peak value and duty-cycle are readily available from Expressions (10.21)
and (10.23).

The peak value of current through the switch and the diode is the same; it is the peak
value of the inductor current discussed above; some values are given in Table 10.1. The
duty-cycles are also readily available; they are K, for the switch and M, for the diode.

The rms value of the current through the diode is given by

1 T
IDrms = 7/ [D(l‘)2 dr
0

The rms value of the current through the semiconductor switch is given by

1 T
Isms = | /0 Is()? di

In a similar way the average values are derived by application of the textbook
expression:

1 T
Average = — / f(@)dr
T Jo

10.3.9 RMS of the ripple current through the smoothing capacitor

Expression (10.5) gives the current through the capacitor. The rms, average, peak
to peak values and duty-cycle are easily extracted and used to set its current
rating.

The peak to peak value of current is the peak value of the current through the
inductor, the diode and the semiconductor switch. Table 10.1 contains these values
for a range of values of the duty-cycle.

The rms value of the current through the capacitor switch is given by

1 T
Icrms = —/ Ic(1)? dt (10.24)
VT Jo



160 The switching function

Appendix A10.1: Current through the diode
In(t) = IL(1) * F2(1)

= {Z %M sin(xwt — x0) + Z

x=1 n= 1

o0
X |:M0 +2 Z M, cos(xwt — x@)j|

x=1
o
2(Vae — Vo) .
= M, Z —nca)L 2 M, sin(xwt — x6)
x=1
o0
2Vye .
+ M, Z —— K, sin(nwt) + IpgcM,
ot nol
2(V, >
+ Z %M sin(xor — xe)} 2" My cos(xoor — x@)}
x=1 x=1
(V — —
+ Z de = Vo) 1 inrat —xe)} 23" My cos(ywr — )
x=1 y=l1

+1>° nwdz K, sin(na)t)} {2 3" M, cos(xor — xe)}

n=1 x=1

o
+ 211 4c Z M, cos(xwt — x6)

x=1

2(V,
In(0) = IgeMo + Mo § j %M sinGraot — x6)
x=1

+ M, Z ch sm(na)l‘)—I-ZZZM My M,

y=1x=1

x {sin[(x 4+ y)wt — (x 4+ y)0] + sin[(x — y)wt — (x — y)O]}

o0 o
V.
+2ZZ de K M, {sin[(x + n)wt — x6]

xlxl

o0
+ sin[(—x + n)ot + x01} + 2Linge Y My cos(xot — x0)

x=1
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There is a dc component for n = k given by the second part of the expression
provided that ¢ # .

o
lgc, = — Z K, I sin[—@ 4+ ;] for all values of n = k for ¢ # oy

n=1

The phase angle o, can be set to zero since it is externally controlled and if ¢ # 0, it
means that the inductor is consuming power. This is only true if its ohmic resistance
RN is not negligible. Hence for small, this dc component can be ignored.

Appendix A10.2: Output (capacitor) ripple voltage

This is to calculate the ripple due to the charging current.
Capacitor ripple voltage

N .
Ve — V. 1
VCI1(@#) := M, E dcxa) deo S ) c sin (xa)t —xpB — %x)

L XT X
x=1

N .
) Vie sin(né) 1 | T
VC2(t) = Mo Y e —sin (na)t — En)
n=1

VeI o i i Vae — Vaco sin(yy) sin(ry) 1

oy ywL yI xnr (y+x)oC

. T
X sin [ (v + D)ot = (x+ )8~ 0 +0)7 |
N N+l

vein =y ). Vac — Vaco sin(yy) sin(xy) 1
. wa yi XTT (y-—x)wC

y=1x=y+1
. T
X sin [ (v = Dot — (=)= (=07 |
N N+1

vesm =y > Vde — Vo sin(yy) sin(xy) 1
. yoL vyt x1r (v —x)aC

x=1y=x+1

. b/
x sin [ (v = vt = (=B = (0 =07 |

VC41(1) := iXN: Ve sin(nd) sin(xy) 1

nwl nmw xm (n+ x)wC
n=1x=1

X sin [(n + x)wt —xB — (n +x)%]
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NNy sinmd) sin(xy) 1

VC421(t) :=
@ Z Z nwl nmw xr (n—x)wC
n=1x=n+1

. b4
X sin [(n —x)ot+xB —(n— X)E]

NNy sinmé) sin(xy) 1

VC422(¢) :=
@)= Z Z nwl nw xr  (n—x)wC
x=1n=x+1

. b4
X sin [(n —x)wt +xp —(n— X)E]

sin(xy) 1 (
——cos
xr xwC

N
VCS(1) = Tinde )

x=1
V CrippleCharg(t) := 2(VC1(t) + VC2(r) + VC31(r) + VC321(1)
+ VC322(1) + VCAL(t) + VC421(1)
+ VC422(1) + VC5(1))

xwot —xp — %x)



Chapter 11

The buck boost dc to dc converter

11.1 Introduction

The switch, Fig. 11.1, operates at a rather high frequency (in the region of 20 kHz) and
its duty-cycle sets the magnitude of the output voltage. The inductor is alternately
connected to the dc supply and then across the output via the diode. The circuit
configuration allows the inductor to charge and store energy. This happens when the
switch is closed. When the switch opens, it discharges into the resistor — capacitor
combination in such a way that the output voltage is reversed. The voltage is reversed
because the direction of the current in the inductor cannot change; it carries on in
the downward direction, Fig. 11.1. The current is decreasing because the battery is
not connected to it any more. With the current having a negative rate of change, the
voltage across the inductor is reversed according to
di(t)
V(@) =L ar

Hence the voltage across the inductor is reversed; it is opposite to the battery polarity
voltage. The presence of the diode ensures that the capacitor will only charge with

Iin(9) NG
y

I Y 1c(9) Y

N
1 no g C—=

Ve T c Vo(®
—'_!l:— 0
v

Figure11.1  The buck boost dc-to-dc converter
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the polarity shown, Fig. 11.1. In the steady state the capacitor is charged to a reverse
voltage determined by the on-period of the switching function, as we will show later.
A small ripple voltage exists on the capacitor voltage and hence the output. The choice
of the capacitor is such as to keep this ripple as low as possible.

11.2 Mathematical modelling of the buck boost converter

11.2.1 Operation and modes

The switch is operated by a unipolar switching function, F(¢) and its action gives
two modes, I and II. In the case of discontinuous conduction there is a third mode, III.
All modes are demonstrated in Fig. 11.2 and the theoretical idealised waveforms are
shown in Fig. 11.3. When the switch is closed, Mode I, the battery voltage V. is

applied to the inductor.
VL@®) = Vae F1(0) =1

Mode 1
Fi(n=1

Vo(®)

(b)

—

I (%)

1
N
D
U
C
T

i]c(f) 10
Vo(®

©

Ain

I (@)
C R
Vol®)

Figure 11.2  The modes of the buck boost converter

Fy()=0
VL(t) = Vdc
Liy(®) = I.(9)
In(H=0

Ic(®) = Iegisen(?)
Vo) = V(®)

Mode II
Fy(f)=0
Fyf)=1
@ =7,
L,®H=0
In(®) =1.(9)
Ie(9) = Icen(®)
Vo = V()

Mode III: Switch open,
diode not conducting
Fi()=0

Fy(H)=0

F3(n=1

Vi@)=0

In@®=0

1e(®) = Icgisen(®)

L) =0

Vo) = Vo)
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10 /\
Fi(®) ‘éﬁ >
N
47T Modes: | 1 11 111
Fy() ‘2,

L T
CO-a0 IN  E  I

IS _

Figure 11.3  Idealised waveforms for the boost converter

v

F1(t) is a unipolar switching function and it takes the value of one as long as the
switch is closed. The inductor current is rising and energy is stored in it. The diode
is reverse biased by the capacitor voltage. The capacitor discharges into the load R;
the voltage across it falls and the current is practically constant for a large capacitor
but negative.

When the switch is open, the circuit is at Mode II and the inductor transfers its
stored energy to the load. Its current falls thus reversing the polarity of the inductor
voltage. The diode is forward biased securing a closed loop for the inductor current.
The inductor voltage appears across the output via the diode and this gives the opposite
polarity to the output voltage relative to the input V.

VL) = Vo) F2(1) =1

F,(t) is a unipolar switching function associated to this mode and it takes the value
of one as long as the diode conducts. In this mode the capacitor voltage is on the
increase and its current is almost constant because of its large value.

It is possible for the inductor discharging current, Iy (¢) to become zero before the
switch is closed again. This is discontinuous conduction, Mode III. In Mode III the
inductor current is zero. With the inductor current zero, the diode is not conducting
and the inductor voltage becomes zero as well.

The sequence of the modes is shown in Fig. 11.4. The voltage across the inductor,
VL(t), is made up from the contributions of Modes I and II.

VL(?) = Vac F1(1) + Vo (1) F2 (1) (1L.1)
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Mode 11 Mode 1T

Figure 11.4 Mode sequence for the buck boost dc-to-dc converter

11.2.2 Diode current

Current flows through the diode during Mode II. It is the inductor current It ()
diverted through the diode when the semiconductor switch is closed. The switch-
ing function F»(#) is associated with this mode of the circuit. According to
Expression (2.6) of Chapter 2 the diode current is given by

In(1) = F,(t)IL(7) (11.2)

11.2.3  Semiconductor switch current

Current flows through the semiconductor switch during Mode I. It is the inductor
current I (¢) diverted through the semiconductor switch. The switching function
F1(t) is associated with this mode of the circuit. According to Expression (2.6) of
Chapter 2 the switch current is given by

Iswitcu () = Fi () IL(¢) (11.3)

This is also the input current, /;,(7), Fig. 11.1.

11.2.4 Capacitor current

The capacitor current is directly derived from the distribution of currents at the diode—
capacitor—resistor junction. The current which flows into the junction is the diode
current; its dc component /4., is taken by the resistance as the capacitor takes no
dc under steady-state conditions. The remainder, the ac component, is shared by the
capacitor and the resistance. Therefore
X(wn)

X(wn) + R
Assuming a large capacitor taking practically all the ac component of the diode current
Expression (11.4) is reduced to

Ic(t) = Ip(t) — lyco (11.5)

Expression (11.5) is further discussed in Section 2.9

Ic(t) = IL(t) F (1) — Iico (11.4)

11.2.5 Output voltage

The output voltage, V,(¢), has a dc component Vy., and an ac component V()
voltage, the sum of the harmonics.

Vo(#) = Vico + Voac(?) (11.6)
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Vico 1s the output de voltage and it will be derived by expanding Expression (11.1). The
ac component, Vi, (%), is the result of Ic (¢) flowing through the harmonic impedance
of the capacitor.

Voac (1) = Ic(t) Xc(wn) (11.7)

11.2.6 Inductor current

The current flowing in the inductor, in the steady state, has dc component /1 4. and
the ac components, I1,c(7) as the sum of the harmonics.

I (1) = ILde + ILac(?) (11.8)

11.2.7 The mathematical model of the buck boost converter
Please refer to Fig. 11.5.

11.2.8 Switching functions

Three switching functions are defined for this circuit, one for each mode of the circuit;
they are all of the unipolar type, a series of pulses. In Mode I the switching function

VL(t) ]Lripple(t)

—»

Xi(wn)

I Dripple(t)

X(wn)

X(wn)+R

Fi(®

Figure 11.5 The mathematical model of the buck boost dc-to-dc converter
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of the semiconductor switch is Fj(¢); it is a forced function and its duty cycle is
externally determined. In Mode II the action of the diode as a switch is described by
F>(t). Itis not a forced switching function; the duration of the on-period is determined
by the circuit parameters. The starting of its on-period is the instant that the switch
opens but the end of the pulse is either the instant that the semiconductor switch
closes — continuous conduction — or the instant when the current in the inductor — and
the diode — becomes zero — for discontinuous conduction. In Mode III, we have the
third switching function, F3(¢) that takes the value of one during the off periods of
the inductor current. It does not need to be defined separately because it is derived
from the previous two.

Fi() + F(t) + () = 1 (11.9)

The three switching functions are displayed in the idealised line approximations of
Fig. 11.3.

Fi(t) = K, +2ZK,, cos(nwt) (11.10)

n=1
where

n is an integer

K, = sin(né)/nn

8 = half the on-period of the switch

K, = duty cycle of the switching function.

o0
Fy(t) = Mo +2 ) M, cos(xet — x0) (11.11)

x=1
where

x is an integer
M, =sin(xy)/xn
6 = phase displacement of the switching function relative to F1(t)
y = half the on-period for which the diode is conducting
o = duty-cycle of the switching function.

11.3 Analysis of the buck boost converter

11.3.1 Inductor voltage

The inductor voltage is given by Expression (11.1)

VL(1) = Vac F1(2) + Vo (1) F2(2)
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Substituting (11.6), (11.10) and (11.11) into (11.1)

VL() = Ve [Ko +2) K, cos(nwr)} + [Vaco + Voac(1)]

n=1

o0
x |:M0 +2 Z M, cos(xwt — 9)}

x=1

o0
VL(t) = VaeKo +2Vae Y Ky cos(neot) + Voae (t) Mo

n=1

oo
+ 2V, (1) Z M, cos(nwt — x6)

n=1
o
+ ViacoMo + 2Vico Z M, cos(xwt — x0)
n=1

By neglecting the effect of the output voltage harmonics Vi, (¢) on VL (¢)

oo
VL(1) = VaeKo + VaeoMo +2Vae ) Ky cos(nar)

n=1
o0
+ 2Vieo Z M,, cos(xwt — x0)
n=1

The dc component is zero since a lossless inductor carries no dc voltage

VicKo + VacoMo = 0

Vic Ko
Vi = — 11.12
dco M, ( )
And the inductor voltage is now given by,
o0 o0
VL(t) = 2Vie ) Ky cos(not) + 2Vaeo Y My cos(not — x0) (11.13)

n=1 n=1

In developing the expression of the inductor voltage, the effect of the output voltage
harmonics, Vi, (¢) is neglected. This is because their small magnitude in real circuits
has little effect on the inductor voltage; the smoothing capacitor is chosen to do
exactly that. The output ripple voltage is derived though later.

11.3.2  Inductor current ac component

The inductor current consists of a dc component and the ac component as described
by Expression (11.8). The ac component, I1,.(¢) is found by dividing the inductor
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voltage, Expression (11.13) by the harmonic impedance of the inductor, wLn

oo

K > M
() = ILge +2Vae Y wL"n sin(not) +2Vaeo Y wLxx sin(nwt — x6)

n=1 x=1

(11.14)
The dc component, It 4c is derived below.

11.3.3  Inductor current dc component
The Kirchoff’s First Law is applied at the switch—diode—inductor junction
IL(1) = Iswitcu (1) + In(?)

Consider only dc components.
ILdc = ldc + Ipde

where Iy, is the dc current from the dc source

The diode dc component of current, Ipg is also the dc component of the output

current through the resistance R as the capacitor does not take any dc current in the
steady state under investigation.

Ioagc = —Ipdc
_ VicK
odc = MR

(11.15)

The input dc component is calculated by equating the input to the output power, thus
ignoring the losses within the converter. The input power is equal to the output power.

Viaclac = ldaco Vdco
\% 1 \%
Vielge = { _ dc } { dc 0}
Viac Ko 2 1
Vaclge =
dcidc { Mo } R
Vcho 1
lac =
M, RVyc

DC component of inductor current, Iy 4c

VacK VaeKo\2 1
]de _ dcBho + dcBho
MoR M, RVge

(11.16)

(11.17)
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11.3.4 Diode current
Expression (11.2) gives this current as a product of the inductor current and F;(¢);

this expression is expanded in Appendix 11A.1 to give:

e¢]

In(t) = ILgcMo + 2MoVae )

n=1

K

wlLn

sin(nwt)

o0 o0
M
+ 2M o Veo § 1 ﬁ sin(nwt — x0) + 211 4c § M, cos(xwt — x6)
X=

x=1

o o0 K
+2Vae Y Y — = M{sin[(n + )or — x6]

x=1n=1

+ sin[(n — x)wt + x6]}

[o. < ¢]

M .
+ 2Vieo ;; — oMy {sinl(x + Vot — (x + 0]
+ sin[(x — y)wt + (y — x)01} (11.18)

11.3.5 DC component of diode current

The dc component of the diode current is not limited to the rather obvious com-
ponent Iy 4cM,. It is possible that there is a hidden component as a result of the
inter-modulation process taking place in the fourth term of Expression (11.18) when
the two counter variables x and n are equal. The hidden dc component, Ipgcy, is
derived from the fourth term of the diode current when x = n.

[e.e]

K .
Inden = 2Vae ) — My sin[x0)] (11.19)

x=1

11.3.6 Capacitor current

The capacitor current is given by Expressions (11.4) and (11.5). Assume that a large
capacitor takes practically all the ac component of the diode current, Expression (11.5)
is employed to derive the capacitor current. The diode current I'p(¢) is replaced from
Expression (11.18) and /4., from Expression (11.15).

11.3.7 Output ripple voltage

This is the ac component of the capacitor voltage, Voac(¢) given by Expression (11.7).
Assume a large capacitor where the ac components of the diode current are taken by
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the capacitor and replace Ic(#) from (11.18); the output ripple voltage is given by

e ¢]

K,
Voac (1) = —2M, Vyc Z “InoCn cos(nwt)

o0

M,
—2MyVyco E ————— cos(xwt — x0)
= wLxwCx

oo

M
- 2Ide Z a)Cxx

x=1

M,
—2V4c Z Z a)Ln m SlIl[(l’l + x)wt — x0]

x=1n

sin(xwt — x0)

M,
— 2V Z Z wLn oyac sin[(n — x)ot + x6]

x=1ln
o o
M, M
-2V, e t — )6
dCO;Z oLx ()0 C[sm(x + ot + (x — y)0]
My .
- 2Vdco [sin(x — y)wt + (y — x)0]

i wLx (x — y)wC
(11.20)

In deriving the harmonic impedance of the capacitor care must be taken for the
terms x — y. They appear in the denominator and when y = x we divide by zero! There
is another good reason to exclude the cases when y = x because a dc component
of the diode current is materialising. The dc component is not flowing through the
capacitor but through the resistance as explained above. The diode current, /p(¢), has
five terms and three different frequency combinations n, x & y, n &+ x. The harmonic
impedance of the capacitor must be calculated for each combination. The terms x — y
which appear in the denominator lead to division by zero, when x = y, something
that is prohibited. When x = y, a dc component of diode current is materialising and
its exclusion is allowed since only ac terms make up the ripple voltage. The counters
in Expression (11.20) are set in a manner shown in the CD accompanying the book
to exclude these terms.

11.3.8 Peak inductor current

The peak of the inductor current takes place at the end of the on-period of the switch,
at the end of the on-period of F;(¢) (Fig. 11.6). This happens at wt = §. Replacing
this value of time in Expression (11.14) gives the peak inductor current (Table 11.1).

ForR=20Q L=30x10"% V4 =24V
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Duty-cycle=0.4

L=3%x10"°
f=5%x10*
R=20
Vieo=—24.787
V=24
1 L T
- 1 1 —

Figure 11.6 The inductor current, the associated switching functions and the

inductor voltage for discontinuous conduction

Table 11.1 Peak value of current through the
inductor, the switch, diode and dc
source

Duty-cycle of the switch, K, 0.2 04 06 0.8

Peak value of current (A) 1.8 328 69 272
through the inductor, the
switch, diode and dc source

11.3.9 Current rating of components

The rms, average and peak values of the current through the semiconductor devices
can easily be derived by employing the expression for the current through the diode
and the transistor switch, Expressions (11.3) and (11.18).

The average value is given by the expression

1 T
Average = — / I(t)det
T Jo

And the rms value

L
rms = ?/0 I1(t)*dt

Mathcad is employed with success to derive average and rms values for the diode and
the transistor switch currents.
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Appendix A11.1: Diode current I'p(z)

Ip(t) = () IL(@)

> K > M
= {Ide + 2Vye Z a)_Lnn sin(nwt) + 2Vyeo Z a)_Lxx sin(xwt — x0)

n=1 x=1

o0
X {MO —i—ZZMx cos(xwt — x0)

x=1
> K
= ILdacMo + M2 Vyc Z ~ sin(nwt)
= whln
o M o
+2MoVieo Y wLxx sin(xat — x0) + 2ILgc »_ My cos(xwt — x6)
x=1 x=1
o K o0
+ 2V4e Z a)Lnn sin(nwt)2 Z M, cos(xwt — x6)
n=1 x=1
o0 M o
+ 2Vieo Z wL"x sin(xwt — x6)2 Z M, cos(xwt — x0)
x=1 x=1
> K
In(t) = ILdeMo + 2My Ve Z; wL"n sin(nwr)
n=
o o
+ 2My Vyco Zl ” xx sin(xwt — x60) + 211 4¢ 2; M, cos(xwt — x6)
X= xX=

+2Vige Z Z %Mx{sin[(n + x)wt — x0] + sin[(n — x)ot + x61}

x=1n=1

o o0 M
X .
+ 2Vieo E 1 E 1 Lx M, {[sin(x + y)ot — (x + y)0]
y=1lx=

+ [sin(x — y)or + (y — x)01}



Chapter 12
The CUK dc to dc converter

12.1 Introduction

This circuit is modelled and analysed in order to derive unified expressions for the
currents and voltages in the circuit. The investigation is limited to continuous con-
duction but the interested reader has all that is needed to extend it to discontinuous
conduction according to the procedure of Chapter 1.

12.2 Mathematical modelling of the CUK dc to dc converter

The conventional directions of voltage and current are shown in Fig. 12.1. The
Kirchoff’s laws cannot be applied directly. In order to do that the modes of the
circuit have to be derived; there are two modes, I and II. One switching function is
introduced for Mode I and its inverse for Mode II. Discontinuous operation is not
investigated.

A0) Vel

I V@

Cl
\
TN It
N 0
J QOutput R V(¢
loop | C) e o®)
J Iy

Figure 12.1  The circuit diagram of the CUK converter
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(2) Vel

"
L) Vi@ <« I t) L2(t)
Ic(t){V 1o
Vdc —L_ Vo(t)
in nill c R
T T
(b) Vu(t) Ja® Vot
’1“) i) & T oad)
I® y 10
Vdc R Vo(t)

Cy

%ll*H

Figure 12.2  The modes of the CUK dc to dc converter: (a) Mode I: the switch is
closed, F(t) = I and (b) Mode II: the switch is open, F(t) = 1

12.2.1 Operation and modes of the CUK dc to dc converter

The inductor L is charged from the dc source when the switch is closed. When the
switch is open, the energy is transferred to the capacitor Cy. C; is chosen to be large
so that the voltage across it remains practically constant throughout the operation of
the converter. With the switch closed C is charged from L; and it supplies the load
via inductor Lj. With the switch open, the diode is forward biased and C| is charging.
This circuit is not examined for discontinuous conduction; hence there are only two
modes. The semiconductor switch is operated by the switching function F (¢) and the
diode by the switching function 1 — F(¢).

Mode I, Fig. 12.2(a), represents the circuit with the switch closed and the unipolar
switching function, F (¢) takes the value of 1, F(¢) = 1. During this mode the diode is
reverse biased and not conducting. The RHS of inductor L and the LHS of capacitor
C1 are both connected to the ground. L is charging directly from the source and
C is discharging into the load via L,. Hence the input dc voltage is applied to the
inductor L and the output voltage is the difference of V1 and voltage across L.

Vic = Vii(@) for F(t) =1
Vo(t) = =Ve1(t) — Via(t) for F(r) =1
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With the switch open we have Mode II, Fig. 12.2(b). The diode is forward biased
thus connecting the RHS of Cj to the ground; C; is now being charged by both L
and the source. The diode carries now both the charging current of C; and the current
of Lj. The switching function takes the value of zero, F(t) = 0. At the same time its
inverse takes the value of 1, Chapter 1, F(i=1

Vae = Vei(6) + VLi(t)  for F(t) =1
Vo(t) = —Via(t) for F(r) =1

The complete expression for the input, Vg is derived by considering the contri-
butions of both modes. This is in accordance to the application of the superposition
theorem as applied to the switched circuits, Chapter 2.

Vae = VLIWOF (1) + (Va1 (t) + VL1 ()} F (1)

This expression is further simplified by considering that the inverse of a function, as
given in Chapter 1 is F(t) = [1 — F(t)].

Vie = VLi1(@) + Ver ()[1 — F(1)] (12.1)
In the same way the unified expression of the output voltage, V,(¢) is given by
Vo(t) = =VL2(F (1) + {=Ve1(®) = Va(D)} F (1)
simplified to
Vo) = VL2 (1) — Va1 (D) F (1) (12.2)

Capacitor C; is taking the current of L; during Mode II, F(r) = 1, and the current
of Ly during Mode I, F(¢) = 1,

Ic1(t) = I (t) for F(t) = 1 Mode II

Ic1(t) = It o(¢) for F(t) =1 Mode I
Therefore the unified expression for the current through C; is

Ic1(t) = Iy F () + I ()[1 — F(1)] (12.3)

Capacitor C; shares the current of L, with R during both modes. Under steady-state
conditions that are investigated here, the capacitor takes no dc component. Hence it
shares the ac component of I1,(¢) with R. For large value of capacitance where the
output current through R can be approximated to a dc value, I, () is given by

I (I) =T (I)M
C2 = 1ILac2 m TR

In a practical circuit the values of C, and R are such as to assume that all of it is
passing through C,

Ica(t) = ILaca(t) (12-4)
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The voltage across C and the voltage across C», in the steady state, can be expressed
in the general form of Expression (12.5). V4, is the dc component and Vg, (¢) is the
ac component.

Ve1(#) = Veder + Veael (1) (12.5a)
Vea (1) = Vedez + Veaca (1) (12.5b)

In the same way the current flowing in the inductor, in the steady state, has a dc
component Iy 4 and the ripple current Iy 5. (¢).

ILi(t) = Inder + Trac1 (t) (12.6a)
Ia(t) = Index + Iraca(t) (12.6b)

12.2.2 The mathematical model of the CUK dc to dc converter

Expression (12.1) is re-arranged to give the voltage across the inductor L.
VLi(1) = Ve — Ver(O[1 — F(1)]

Modulator M1 and adder S1 in Fig. 12.3 are employed to represent this part of the
function of the circuit. Expression (12.2) is re-arranged to give the voltage across the
inductor L.

Via(@) = =Vo(t) = Va1 () F (1)

Modulator M2 add adder S2 in Fig. 12.3 are employed to represent this part of the
function of the circuit.

The ac components of the inductor currents, I 1,c(f) and I12.c(f) are derived
from the inductor voltages by dividing with the harmonic reactance X1;(wn) and
X12(wn), respectively. The dc components of the two inductor currents are added to
their ac components to give the inductor currents in adders S3 and S4.

The capacitor C; takes I1 1 () when the switch is open and /1 5 (¢) when the switch
is closed. Modulator M3 and M4 together with adder S5 represents this action in the
mathematical model to give Ic1(¢). The ripple voltage across C; is created by consid-
ering the harmonic impedance of this capacitor, Xcj(wn). The voltage across C; is
the summation of its ripple voltage and its dc voltage, V. This is done in adder S6.

The output voltage, V,(¢), is also the voltage across the second capacitor C3,
Vo (). This voltage is described by Expression (12.5b). The ac component of Vo (¢)
is derived by multiplying the current through it, /2, (¢), with the harmonic impedance
of this capacitor Xc,(wn) and adding its dc component, adder S7.

12.2.3  The switching function

The switching Function of the transistor switch:

F(t)=Ko+2)  Kycos(nwt) or F(t) = Ko+20(1) (12.7)

n=1

K, and K, are defined in the usual way.
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1- F(t)

~ 1 - F(1)

X 1(wn)

1
]LaCZ(t) Lde2 F(t)

Xeo(wn)

S7

<
I~
&
<

Vo(®) Via2(®)

T + S2 4 85
S6
M2 ¥ Ie\(®)
Vede >< Vei(® _I_
Xci(wn)
+
F() C Veder

Figure 12.3  The mathematical model of the CUK dc to dc converter
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12.3 Analysis of the CUK dc to dc converter

First, we consider Expression (12.1). The switching function, F(¢) and the voltage
across C1, Vc1(¢) are substituted from Expressions (12.5a) and (12.7), respectively.

Vae = VL1 (®) + {Vciae + Verac (D1 — Ko — 20 (1)]

The above expression is used to derive the current through the inductor L. The
valid assumption that the ripple voltage across the capacitor C is too small to have a
significant effect on the inductor current is used to reduce this voltage to its dc value,
Vcide; C1 chosen to be large. This ripple voltage though can be estimated after the
expression of the current through it is derived.

Therefore after simplification

Ve = VL1() + Veide(1 — Ko) — Ve1ac2P (1)
Equating dc components on both sides
Vic = Verae(1 — Ko)

Vde
1-K,

Vcilde = + (12.8)

Equating ac components on both sides
0=VLi(t) — Vede129 (1)

Substituting @ (7) from (12.7)

o0
Vi) = 2Veide Z K, cos(nwt) (12.9)

n=1

The current through the first inductor L1, is found by dividing the voltage across it,
VL1(¢) of Expression (12.11) with the harmonic impedance of L, wLn and adding
its dc component, Expression (12.6a).

K, .
sin(nwt) (12.10)
wln

oo
ILi(6) = I +2Ver Y
n=1

The dc component, I 1, will be derived later.
Vci(¢) and V,(¢) are simplified to their dc components, Vcigc and Veige and
substituted with F(¢) from Expression (12.7) into Expression (12.2). Note that

Vo (1) = Vea ().

o
Veade = —Via(t) — VeraeKo — Verae2 Y | Ky cos(not) (12.11)

n=1
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12.3.1 Output dc voltage

Equating dc components on both sides of Expression (12.11)

Vede2 = —Viede1 Ko

Substituting V14 from (12.8) and considering that the output voltage is the voltage
across C», then the output dc voltage is given as a function of the input voltage and
the duty-cycle of the switch as

Ve

Vode = —K
odc OI—KO

(12.12)

The output is inverted. This is also the dc component of the voltage across Ca, Vcoge-

12.3.2  Voltage and current for L,

Equating ac components on both sides of Expression (12.11)

o0
0=—V2(¢) — Vcde12 Y. Ky cos(nowt)
o =1 (12.13)
Via(t) = —2Veqer Y. Ky cos(nwt)
n=1
And the current through the second inductor L, is found by dividing this voltage with
the ‘harmonic impedance’ of L, and adding to its dc component, Expression (12.6b).

n

oo
ILae2(t) = ILaer — 2Veae1 Y sin(nwt) (12.14)
n=1

wlon

The dc component, Iy 4c2, Will be derived later.

12.3.3  Current through C;

The current through C,, is equal to the ac component of the current through L,
according to Expression (12.4)

K
% sin(nowt) (12.15)
wlon

oo
Iea(t) = —2Veder Y
n=1

12.3.4 Current through C

By comparing Expressions (12.10) and (12.14) we observe that the ac components
of the current through L, and L are related by,

1Lac2(t) = —Iracl (t)
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This result is used in Expression (12.3) which gives the current through C; and after
simplification it takes the form of

Ic1(7) = ILdc2 Ko + TLde1[l — Kol + (ILde2 — ILdc1)2P (2)
+[1—2Ko — 4D (#)]1Lac1 ()
Equating ac components
Ic1(t) = (ILac2 — TLae1)2®(#) + [1 — 2K, — 4D (£)]ILac1 (1) (12.16)

Expression (12.16) gives the current through the capacitor C;. It is not simplified any
further; the rms value is derived from this expression as it is.
Equating dc components

0 = a2 Ko + ILge1[1 — Ko]
The dc current through Ly, It 41 is given by
Ko
1—-K,

The dc component of L; passes through R as the capacitor C1 does not take dc current.
Hence I1 4¢; is easily derived from

Iiger = —ILde2 (12.17)

I = — (12.18)

12.3.5 Voltage and currents of the semiconductor switch and the diode

Current through the transistor switch, Igw(?), is the algebraic addition of /11 (#) and
I1 (1) and it exists in the time slot when F(f) = 1

Isw(t) = [IL1(t) — ILi(D]F () (12.19)
The diode takes I11(¢) when the switch is open
Ip(?) = [IL1() — ILi(O][1 — F(1)] (12.20)

According to the Kirchoff’s Second Law (voltage), when the switch is open, the
voltage across it is the difference between the input voltage and the voltage across
the inductor, V4. — ViL1(2); it is zero when the switch is closed. Therefore,

Vsw () = [Vac — VL1O][1 — F(1)] (12.21)

In the same way, the voltage across the diode is the voltage across C1, V1 (¢) during
Mode I. During Mode II it is zero as the diode is conducting

Vp(t) = V() F (1) (12.22)

Table 12.1 contains the RMS values of the currents through the transistor switch, the
diode and the two capacitors. Table 12.2 contains the average values of the currents
through the transistor switch and the diode for L; = 10 wH, L, = 10 wH, C, = 5 uF,
R=5%Q,K, =0.65and Vg, = 10V.
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Table 12.1 RMS values

Ipmms ==/ (1/T) [ Ip(0)? dr

IDrms = 4
o T 2
Isems =/ (/T [T Tsw ()2 dr
Isrms = 9.325 A
._ T 2
Ietms =/ (UT) fi Te1 (2 dr
ICirms = 5.278

T
Ieams = (/T [ Tea(0)? dr
Icoms = 1.885 A

Table 12.2 Average
values

Ipave := (1/T) ) In(0)dt
IDave := 3.384 A

Isave := (1/T) [y Isw (1) ,dt
ISave := 7.228 A

12.3.6 Output voltage

The output voltage is the voltage across C,. The voltage, in the steady state, across
the capacitor is given by the general Expression (12.5b). The dc component is derived
above in the dc analysis and it is the dc component of the capacitor voltage Viqco
given by Expression (12.12). The harmonic ac component is derived here; it is set
up by the harmonic current through the capacitor C;. The ripple current of Iy, (¢) is
shared between C; and R.

R
I = I ac f————
c2(t) = I2 (t)X(a)n) TR

For large values of C; as is the real case, practically all the ac current is taken by the
capacitor, Expression (12.4).

Ico(t) = Iroac(t)
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157
Li=1x107° L,=1x10° C,=5x10° R=5 K,=0.65 Vy4=10

10 + I, ()

10 +
715 +
-20 +

Time

Figure 12.4  The inductor currents of L1 and Lj, the output voltage and the
switching function of the CUK dc to dc converter

-5+

Ratio of output to the input voltage

-10 —
Duty-cycle of the switch

Figure 12.5 Ratio of output voltage to input voltage against the duty-cycle of the
switch, K,
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Li=1x107  L,=1x10° (C,=5x10° R=5 K ,=0.65 V=10

/‘ Isw(®)

0 5%10°° 1x1075 1.5%107 2x10°°

In(®)

F@

Figure 12.6  The current through the switch, Iy (t) and the diode, Ip(t)

The current, Ic2(¢) produces the output ripple voltage
Voac () = Ic2() X (wn)

Vie > R K,
Vo(t) = —Ko—r — 2V,
o(?) 01 “ K, Cdcl ,; T+ (ne ¥ (na)CzR)z wlLyn
x sin(nwt — tan" (wnCy R) + 90°) (12.23)

Figure 12.4 displays the currents through inductors L and L, the output voltage and
the switching function of the CUK dc to dc converter. Figure 12.5 represents the ratio
of the output voltage to the input voltage against the duty-cycle of the switch, K.
Figure 12.6 represents the currents through the switch and the diode.






Chapter 13
The PWM full bridge dc to dc converter

13.1 Introduction

The full bridge rectifier converter, Fig. 13.1 is very likely to be used to drive a dc
motor as it provides four-quadrant operation. Hence the load is composed from L,
the armature inductance, R, the armature resistance and E, the back emf induced in
the armature of the dc motor.

Two schemes of control for the output voltage are examined: bipolar and unipolar.
The switches in each leg S1 to S4 are combinations of a transistor and a diode in anti-
parallel thus allowing flow of current in both directions. There is no loss of generality
to consider the single switches S1 to S4 in Fig. 13.1 as bi-directional switches.

Expressions for the output voltage and current are derived and time waveforms
are displayed. Expressions for the distortion of the output voltage and current are also
developed. A mathematical model is not used because of the simplicity of the circuit.
A mathematical model is included in Appendix A13.1. It can be used to extend the
analysis in investigating the input current. This is useful in deciding the size and
rating of the filter capacitors that usually accompany the output stage of a dc supply.

Q2
[0

st
T1 kmi D3i T3k
A

s4...{B
Tzl sz D4f T4|

Figure 13.1 The PWM full bridge dc to dc converter
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I Dli . ;

(a)

Mode I

(b) : Mode II

S3 EIDS

Figure 13.2 PWM full bridge dc to dc converter: bipolar operation. (a) Mode I and
(b) Mode 11

13.2 Operation and modes of the PWM full bridge dc to d¢
converter: bipolar operation

In bipolar operation the output voltage swings between Vi: and V, . The pair T1 and
T4 conducts simultaneously giving positive voltage at point A, Mode I Fig. 13.2(a).
If the current becomes negative, diodes D1 and D4 carry the current. With transistors
T1-T4 or diodes D1-D4, the dc source is connected to the load with positive polarity.
The switching function F(¢) is attached to this mode.

The pair T2 and T3 also conducts simultaneously giving negative voltage at point
A, Mode II Fig. 13.2(b). If the current becomes positive, diodes D2 and D3 carry the
current. With transistors T2—-T3 or diodes D2-D3, the dc source is connected to the
load with negative polarity. The switching function F,(¢) is attached to this mode.

The two pairs of switches operate in anti-parallel. Figure 13.3 displays the two
switching functions together with the output voltage. Both switching functions are of
the ‘unipolar’ type.

The switching function for the switches S1-S4

Fi(t) = K, +2ZKn cos(nwt) (13.1)

n=1

where

n is an odd integer
Ko = Ton/T
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K, = sin(né)/nn
8 = w K, half the on-period of the diodes.

And the switching function for the switches S2—S3

F>(t) =1— Fi(t) (anti-parallel operation)

o
Fy(t)=1—K,—2)_ K, cos(nort)

n=1

where 7 is an odd integer.
During Mode I, the output voltage is given by:

Vao(?) = Vin F1 (1) (13.2a)
During Mode II, the output voltage is given by:
VBo(1) = Vin F2(1) (13.2b)

13.3 Analysis of the PWM full bridge dc to dc converter:
bipolar operation

The output voltage, V,(¢), is the potential difference across A and B. The potential at
each point is given by Expressions (13.2a) and (13.2b).

Vo(1) = Vin F1(1) — Vin F2(1)
= Vin[F1(?) — F2(1)]
= VilF1(1) — [1 — Fi()]]
= Vin[2F1(2) — 1]

oo
= Vin2Ko +4Vin ) _ Ky cos(non) — Vi

n=1

o0
Vo(t) = Vin(2Ko — 1) +4Vin > K, cos(net) (13.3)

n=1

Figure 13.3 is a display of the two switching functions, Fi(¢) and F,(¢) and the output
voltage (negative) and current.

13.3.1 Output dc voltage

From Expression (13.2), we identify the output dc component as

Vode = Vin(2Ko — 1) (13-4)
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Figure 13.3  Output voltage and current with the associated switching functions.
Negative voltage output, bipolar voltage

Output dc voltage

200 T

100 T

-100 T

—200 -

0.5

Duty-cycle of the switch, K

Figure 13.4  Output voltage variation with duty-cycle

For K, > 0.5 the output is positive and for K, < 0.5 the output is negative. The
maximum value in both cases is V;,. Figure 13.4 displays the output dc voltage against

the duty-cycle of the switch, for Vj, =200 V.

13.3.2  Output current

The output voltage, Expression (13.3), is pushing a current through the armature of
the dc motor. The dc component of the output voltage creates a dc component and the
ac components of the output voltage create ac components of the output current. The
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vyt
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Figure 13.5 Output voltage and current with the associated switching functions.
Positive voltage output, bipolar voltage

dc component of current is opposed by the resistance of the load R, and the back emf
E,. The ac components of current are opposed by the ‘harmonic impedance’ of the
armature, Z(nw).

The harmonic impedance Z(nw) consists of the armature impedance R, and the
armature inductance L,.

L
Z(nw) = JR2 + (wnLy)? Q = tan~" % (13.5)
a

The output current is given by considering (13.3) and (13.5)

Vin(2K0 - )

I,(t) = Ea + 4V i
° R, " ,/Rz—l—(na)L 2

cos(nwt — Q)

(13.6)

Figure 13.5 is a display of the output voltage (positive) together with the output
current and the associated switching functions.

13.3.3 Distortion

The level of distortion [5] of the output voltage, Vgis(Ko), is expressed as a ratio of
the rms value of the output ripple voltage to the input dc voltage, Vi,. The magnitude
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Figure 13.6  Display of the voltage distortion against the duty-cycle of the switch
(bipolar operation)

of the harmonics is deduced from Expression (13.3).

o0
4Vin > K,
n=1

Hence the output voltage distortion is given in Expression (13.7) as a function of the
duty-cycle of the switch, K,; K, is substituted from (13.1). Figure 13.6 is a display
of the voltage distortion against the duty-cycle of the switch, K,. Expression (13.7)
is an extract from a Mathcad program.

N . 2
Vaist(Ko) == | Y (4%> (13.7)

n=1

The ac components of the output current produce no useful power at the dc
motor; it is a form of distortion. The level of distortion of the output current, 4, is
expressed as a ratio of the rms value of output ripple current to the maximum value
of the output dc current. The magnitude of the output current harmonics is deduced
from Expression (13.3). It is given by

o]

K,

Wi Y e
,,Z:‘: VRZ + (nwLy)?

And the dc output current,

Vin(2Ko — 1) — Eq
R,
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Figure 13.7  Output current at high distortion: bipolar operation

Hence the output current distortion is given in Expression (13.8) as a function of the
duty-cycle of the switch, K.

I VI [(Vind sinn(Kom) D/ (VZ(17)y @Lan)? + Ro)* P 138)

DIST = )
(Vin2Ko — 1) — Ea)/R,

K, is substituted from Expression (13.1). Expression (13.8) must be used with care.

It is not valid for all values of K, because as K, varies, so does the speed of the motor

and E,. Hence it can only be used for a set of values of K, and E, for which the

system is working. Figure 13.7 displays high distortion current.

13.4 Operation and modes of the PWM full bridge
dc to dc converter: unipolar operation

The same circuit, Fig. 13.1, under a different scheme of control produces an output
voltage that swings between zero and Vj, thus producing a unipolar output voltage.
The output can be either positive or negative.

13.4.1 The modes

There are four modes, shown in Fig. 13.8. For positive voltage output the circuit
takes the Modes I, II and III in the sequence shown in Fig. 13.9. Effectively the dc
source is connected to the load without inversion via switches S1 and S4 (Mode I)
for a predetermined period of time and then the current is allowed to circulate in
the load outside the dc source first through S3—S4 (Mode II) and then through S1,
S2 (Mode III). Each of the four switches S1, S2, S3 and S4 is operated by its own
switching function, Fi(t), F»(t), F3(t) and Fy(t), Fig. 13.8.
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Figure 13.8  Control signals for the PWM full bridge dc to dc converter in unipolar
operation
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MODE I MODE II MODE I MODE III
| |

Figure 13.9 Mode sequence for the PWM full bridge dc to dc converter: unipolar
operation. Positive voltage

The four modes are shown in Fig. 13.10. During Mode I switches S1 and S4 are
closed and the input voltage V;, appears at the output without inversion; positive at A,
Fig. 13.1. The switching function attached to this mode is Fp(¢).

Vo) = Vin  for Fp(t) =1

Fp(t) is anew switching function describing the state of S| and S4 together. It is related
to F1(¢) and F4(t) by the logic ‘and’ operator or the arithmetic ‘times’ operator. It is
the switching function for Mode I. During this mode the current might take a negative
value and the current is carried by the diodes D1 and D4.

Mode I is followed by Mode II where the dc source is disconnected from the load
and the load current is circulating via S3 and S4; in effect it is circulating through
D3 and T4. The output voltage is zero and this is taking place when Fp(¢) is zero,
Fig. 13.8.

Vo) =0 Fp(r) =0

Mode I is repeated just after Mode II and then Mode III follows. In Mode III, the dc
source is disconnected from the load and the load current is circulating via S1 and
S2; in effect it circulates through T1 and D2 in a similar manner as in Mode II. The
output voltage is zero.

Vo) =0 Fp(1) =0

13.4.2 The switching functions

The control scheme of the PWM full bridge dc to dc converter for unipolar operation
is such that each semiconductor switch is supplied with its own drive, Fig. 13.8.
Figure 13.8 also displays the control scheme of the PWM full bridge dc to dc converter
for unipolar operation for positive output voltage. The action of each semiconductor
switch is described by the appropriate switching function. F1(¢) is acting on S1, F(¢)
isacting on S2, F3(¢) is acting on S3 and F4(¢) is acting on S4. All switching functions
are of the ‘unipolar’ type.

o0
Fi(t) = Ko +2)_ K, cos(nowt)

n=1
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Figure 13.10  The four modes of the full bridge dc to dc converter, unipolar operation

The switching function of S4, F4(¢), is phase delayed by 180° relative to Fi(t).

o0
Fy(t) = Ko+ 2 K, cos(not — ni)

n=1

Mode I is taking place when both switching functions Fi(#) and F4(¢) are one. It is
the only mode that contributes to the output. This is when the input dc voltage appears
at the output across the load. The switching function, Fp(¢), describing the operation
of the switches S1 and S4 together, has to be defined. It takes the magnitude of one
if and only if both switching functions take the magnitude one, that is, both switches
are on. Fp(t) is related to F (¢) and F4(¢) by the logic ‘and’ operator or the arithmetic
‘times’ operator. It is the switching function for Mode 1.

Fp(r) = F1(r) x Fa(t)
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The above manipulation is tedious and it can be avoided by deriving Fp(¢) directly
from the diagram of Fig. 13.8. We observe that for the above condition, Fp(?)
is derived graphically as a unipolar switching function at twice the switching fre-
quency of Fi(¢) and F4(t) and twice the frequency of the control triangular signal,
Appendix A13.2. It is delayed by 180° relative to Fj(¢), its half-pulse width §; is
81 = 28 — m and its average value is 2K, — 1.

It is further simplified to give

o
Fp(t) = 2Ko — 1+ 2 ) _ K, cos(2nawt) (13.9)

n=1
where

n is an odd integer
Ko = Ton/T, duty-cycle of switches S1, S2, S3 and S4
K,, = sin(2nd)/nm operation.

This expression of Fp(¢) is valid for 1 > K, > 0.5.

13.5 Analysis of the PWM full bridge dc to dc converter: unipolar
operation

The sequence of the modes shown in Fig. 13.9 for the unipolar operation of the circuit
gives positive voltage at the output. Mode I is repeated at a rate twice the frequency
of the control triangular signal, Fig. 13.8.

The contribution of Mode I to the output voltage is the only contribution from the
three modes. The output voltage is therefore given by

Vo(t) = VinF(t)

o0
Vo(t) = Vin[2Ko — 11+ 2Vin Y _ Ky cos(n2wr) (13.10)

n=1
The dc component,
Vico = [2Ko — 1]Vin (13.11)

Figure 13.11 is a display of the output voltage Vgco, against the duty-cycle of the
switches, K.

oo
Voripple (f) = 2Vin Z K, cos(n2wt) (13.12)

n=1
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Figure 13.11 Display of the output voltage Vyco, against the duty-cycle of the

switches, K,

The output current is given by simple application of Ohm’s Law

(13.13)

Vin(2Ko — 1) —
Iy(t) = +2V; cosQnwt — Q)
° R, " Z < JRZ+ (anL )2
2nwlL
1 a
=t
0 R,
Vieo — E
Igoo = 22 (13.14)
R,

Figure 13.12 is a display of the output voltage, output current and the associated
switching functions. The same quantities are displayed in Fig. 13.13 for a lower

current.

13.5.1 Distortion

The level of distortion of the output voltage, Vpist, is expressed as a ratio of the rms
value of the output ripple voltage to the input dc voltage, Vi,. The magnitude of the

harmonics of the output voltage is deduced from Expression (13.12) as:

o0
2Vin Y Ky
n=1
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Figure 13.12  Unipolar operation of the PWM full bridge dc to dc converter: positive
voltage output, output current and associated switching functions
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Figure 13.13  Unipolar operation of the PWM full bridge dc to dc converter: positive
voltage output, low output current and associated switching functions

Hence the output voltage distortion is given in Expression (13.15) as a function of
the duty-cycle of the switch, K.

N T sin[n2(Kom)] 12

n=1



200 The switching function

0.52 +

0.26 T

| | | |
T T T T T

0.5 0.6 0.7 0.8 0.9 1
Duty-cycle of the switch, K

Distortion of output voltage V. o/Vin

Figure 13.14  Display of the voltage distortion against the duty-cycle of the switch
(unipolar operation)

K, is replaced from (13.9) and N is the number of the harmonics considered in the
calculation of the output voltage distortion; typical number, 200. Figure 13.14 is a
display of the voltage distortion against the duty-cycle of the switch.

The level of distortion of the output current, IpisT, is expressed as a ratio of the
rms value of output ripple current to the output dc current. The output ripple and the
magnitude of the harmonics is deduced from Expression (13.13). Hence the output
current distortion is given in Expression (13.16) as a function of the duty-cycle of the
switch, K.

I \/Zf,v:l[VmZ sin|2n(Kom)]/v/2(n7)y/QwLan)? + R2J? 316
Pt (Vin — Ea)/Ra (1310
K, is substituted from Expression (13.9). Expression (13.16) must be used with care.
It is not valid for all values of K, because as K, varies, so does the speed of the motor
and E,. Hence it can only be used for a set of values of K, and E, for which the
system is working. Figure 13.13 displays a high distortion current.

The dc component for the unipolar operation of the converter is the same as for the
bipolar operation, Expressions (13.7) and (13.15). The harmonic component though
is improved. The magnitude of the harmonics is reduced by a factor of two and the
lowest harmonic present at the output is the second,; the first is cancelled. These result
in lower voltage distortion at the output, Fig. 13.14.

13.5.2 Negative voltage generation

For the converter to produce negative voltage, Modes IV, II and III are employed in
the sequence shown in Fig. 13.15. Switches S2 and S3 are switched-on (Mode IV)
to connect the dc source to the load with polarity inverted. Modes II and III simply
provide the freewheeling path for the load current. The switching functions describing
the action of the switches S1-S4 are displayed in Fig. 13.8.
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MODE IV MODE II MODEIV  MODE III
| |

Figure 13.15 Mode sequence for the PWM full bridge dc to dc converter: unipolar
operation negative voltage

Appendix A13.1: A mathematical model for bipolar operation

Amplitude Amplitude
modulator modulator
Vo(?) Load I(® Iin(1)
Vin Z(wn)
F(t) F@®

It is shown that the output voltage is related to the input by:
Vo(t) = Vin[2F1(1) — 1]

Therefore the input current is related to the output current
lin(t) = [2F1 (1) — 1116(1)

For the bipolar

VinRKo — 1) — E
Iy(1) =
VR2 + (nwLy)?

The switching function

o0
a4Vin Z K, sin(nwt — Q)
n=1

F(t) =[2Ko — 1]+ 4 Z K, cos(nwt)

n=1

The input current

Vin2Ko, — 1) — E s
in(2Ko — 1) 4V, ZKn sin(nwt — Q)

v Rg + (nwLy)? el

,Vin @Ko — 1) — Ea4vin 3N sin[n + nyor — Q1

VR2+ (nwlLy)? i

+ sin[(m — n)wt — Q]

lin(t) = [2K, — 1]
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Appendix A13.2: The switching function for the PWM full bridge
dc to dc converter

A13.2.1 Unipolar operation
The switching function, Fp(¢), is shown in Fig. 13.9 and it can be described from
there. It has a frequency twice the F(¢), phase delayed by 7 and it is of the unipolar
type.
o
F(t)=Ko +2 Z K, cos(n2wt — nm)

n=1
The off-period Tofr is the same as for Fi(¢) but the on-period, Ton = (Toni —
Torr)/2

Ton = 2Ton1 — T1)/2
Also the period T is T1/2.
Torr = T1 — Ton1
Ko =Ton/T = {Q2Tox1 — T1)/2}/[T1/2]
Ko = 2K — 1

And §t = 2Ton1 — T1)/4 = Ton1/2 — T1 /4

F (1) is at twice the frequency of F(¢). Therefore Toni /2 gives 28 in 2w for F'(¢)
in radians and 77 /4 is half the cycle of F'(¢) that is, 7.
Now in radians, § =81 — 7

K, = sin n[281 — w]/nmw = sin[n281 — nw]/nw
in(2nd
K, — sin(2nd)
ni

o
Fp(t) =2Ko1 —1+2 Z K, cos(n2wt — n)
n=1
This is the same as Fp (1) = 2K, — 1 +2Y_,7, K, cos(n2wt)
sin(2n6)

K, = and K,=2K, —1
nw
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Chapter 14

Three by three matrix converter

14.1 Introduction

Matrix converters were suggested many years ago [8] and have been attracting the
interest of many researchers [9,10] recently. In this chapter the switching function
method of analysis is employed first to derive the appropriate modulating frequency
and then to produce input and output waveforms. Perhaps the switching function is
best suited for the matrix converter because of the complexity of the switching patterns
and the strict requirements imposed for the safety of the semiconductor switches.

The analysis is first performed with a two pulse switching function and the switch-
ing frequency is m times the mains frequency, w. The converter is analysed for input
and output phase voltage, input and output current for a star connected load; m can be
chosen to be smaller or larger than one. The two pulse switching function gives ampli-
tude control of the output voltage and at the same time it satisfies the two safety criteria
applied in matrix converters: no two input lines must always be connected at the same
time to a single output line and the load must always be connected to the input.

A two pulse switching function subjects the circuit to a wide spectrum of mod-
ulating frequencies, > - ; nmw. The switching matrix is derived on the basis that
each of the three input lines is connected to a single output line with the normal three
phase sequence separated by 120°.

It will be shown that the output voltage has a strong (m —1)w frequency component
orastrong (m+ 1)w frequency component depending on the switching matrix. In both
cases there is a wide range of harmonics in the output voltage. It is also observed from
the expression of the output voltage that when the two pulse switching functions are
replaced by their average value and their fundamental ac component, the harmonics of
the output voltage are eliminated. The output becomes a pure sinewave at (m — 1)w
or at (m + 1)w depending on the modulating matrix. This implies that the output
frequency will be set by m and can be lower or higher than the mains frequency.
A switching function is approximated to its average value and its fundamental ac
component by PWM coding.
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Figure 14.1 The matrix converter

The output current for an RL passive load is calculated for both the two pulse
switching function and the single frequency (PWM) modulating signal. As the input
current is a reflection of the output current, the appropriate switching matrix is derived
from the modes of the circuit.

14.2 Operation and mathematical model

The three input lines are connected to the three output lines via nine bidirectional
switches Sy, Fig. 14.1, to form the matrix converter. Each switch is operated by a
switching function, Fi.(¢), where r denotes the row and ¢ the column.

The connecting matrix for the output voltage is Mv (¢),

Fuu(®) Fu@) Fia()
My (@) = | Fo1(t) Fa(t) Fas(r) (14.1)
F31(t) F30) F33()

The choice of the switching matrix determines the frequency, the amplitude and
the phase of the output. The switches must be operated in such a way that the voltage
and current Kirchoff’s laws are not violated. This means

(i) No two input lines must be connected at the same time to the same output line,
otherwise a short circuit will take place.
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Amplitude Amplitude
modulator modulator
Vo  [LOAD | L® Inv(®)
Vin(@® Z(on)
My(®) My(»)

Figure 14.2  The mathematical model of the matrix converter

(i) Atall times, each of the three output lines is connected to an input line otherwise
an inductive load will destroy the semiconductor switches.

Both restrictions are met if the summation of the three switching functions
operating on a single output line is one.

3
Z Fic(t) =1 For the red output line

c=1

3
Z F>.(t) =1 For the yellow output line (14.2)
r=1

3
Z F3¢(t) =1 For the blue output line

r=1

The output current, /,(¢), is forced to flow through the load by the output volt-
age. The input current is a reflection of the output current to the input as it was
discussed in Chapter 1. The input current, /1N(¢), in each input line is made up
from the contributions of each output line. Hence a connecting switching function
matrix exists, My(¢) and it will be derived in the next section. The mathemati-
cal model for the Matrix converter representing its basic operation is very simple,
Fig. 14.2

The output voltage is given by

Vour(t) = My () Vin(2) (14.3)
The output current by

Vo (1)

Iy(1) = Z(wn)

(14.4)

And the input current by

IN(t) = Mi(1) 1o (1) (14.5)
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14.3 The modes of operation and the switching functions

14.3.1 The switching functions

A two pulse switching function is employed; the switches connecting input and out-
put lines are switched-on 2m times per mains cycle; m is the ratio of the switching
frequency to the mains frequency. If a single pulse switching function is used, the
restrictions of Expression (14.2) are only satisfied when the on-period of each pulse
is fixed to 120°. This implies a fixed on-period which cannot give amplitude con-
trol. Hence in order to satisfy the two requirements of Expression (14.2) and at
the same time provide amplitude control, a switching function with at least two
pulses is required; each pulse is separated by 180°. Perhaps this is not the only
choice; it is adopted though because it is the simplest switching function that can
satisfy the two safety requirements above. More importantly, such a switching func-
tion contains a wide frequency spectrum starting from the fundamental mw and
extending to infinity. In this way the response of the system to this wide mod-
ulating frequency spectrum is studied. It will be shown that this approach will
help us to choose the appropriate modulating frequency for the required output
frequency.

The three switches in each row of Fig. 14.1 are switched on connecting the three
input lines to a single output line at a phase delay of 120° to each other in order
to match the phase-displacement of the regular three-phase supply; reference is the
red phase input voltage. There is a switching function for each switch and there are
three groups of switching functions, one for each output line. The first group contains
F11(t), F12(¢) and F13(¢) connecting the three input lines to the output red line, the
second group contains F»(t), F2(¢t) and F»3(¢) connecting the three input lines to
the output yellow line and the third group contains F31(t), F32(¢t) and F33(t) con-
necting the three input lines to the output blue line. Each group is phase delayed
by 120° to each other in order to create the output three-phase voltage. These are
displayed in Fig. 14.3 and the general expression of the switching function is given in
Expression (14.7).

The total on-period for each switching function is 77/3 in order to satisfy the two
restrictions set above, hence if 2§ is the on-period of the first pulse, 7/3 — 24 is the
on-period of the second pulse. Hence Fi(¢), the general expression for the switching
functions is given by,

o0
Fre(t) = Kok +2 ) _ Ky cos{nmat — [ + (r + ¢ — 2)120°]n)

n=1

o0
+ Kos +2 ) Kns cos{nmot — [a + 180° + (r + ¢ — 2)120°]n}

n=1

1) sin(nd) sin(nd,) 1)
Kop=— Ky = Kns = 2 Kos = =
T nmw nmw b4
T T
d=— So=—=——96 14.7
“D s=7 (14.7)
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Figure 14.3  The switching functions for the matrix converter: three phase to
three phase

where

a = The value of « is set externally and it is the phase of the switching function
connecting the input red line to the output red phase.

m = Ratio of the switching frequency to the input frequency.

D = Duty cycle of the switches.

r = row and ¢ = column.
The ratio of the switching frequency wjs to the mains frequency w is m. Hence the
adopted switching function contains all the frequency harmonics of the switching
frequency mw.

14.3.2 The modes

The circuit undergoes three modes, Fig. 14.4 under the modulating matrix of
Expression (14.1). Each mode is repeated twice per mode sequence, Fig. 14.5; once
with the first pulse of the switching functions and once with the second pulse of the
switching function.

14.3.3  The switching matrix for the input current

Each input line is connected to the output lines in the sequence R,, Y, and B,.
Therefore the input line current is made up from the contributions of each output
line in a way described by the mode sequence Expression (14.5) and the switching
functions Fig. 14.3. Therefore, three expressions can be written for the input currents
as a function of the switching functions and the output currents.

IR(1) = IRo () F11(t) + Ivo (t) F21(2) + Ipo(t) F31(2)
Iy (1) = Iro (1) F12(t) + Iyo (1) F22 (1) + Io(2) F32(2)
Ig(t) = IRo (1) F13(t) + Iyo(t) Fa3(t) + Igo(t) F33(1)
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Figure 14.4 The modes of the three phase to three phase matrix converter

Mode I | Mode III Mode II ModeI | ModeIII | Modell
1 Pulse | 2" Pulse | 1% Pulse | 2™ Pulse | 1%tPulse | 2" Pulse

Figure 14.5 Mode sequence for the matrix converter

And in matrix form

R(@®) Fi11(t) F21(8) F31(0) ] [ Iro(?)
Iy(t) | = | Fi12(t) F22(t) F32(1) | | Iyvo(2)
I (1) Fi3(t) Fas(t) F33(t) ] [ IBo(t)

Therefore the switching matrix for the input current is My ()T

Fi11(t) F21(t) F31(0)
Mi(t) = | Fio(t) Fp(t) F3(t) (14.8)
Fi3(t) Fy3(t) Fi3(1)
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14.4 Analysis of the matrix converter as a three-phase to
three-phase system

14.4.1 Output phase voltage with strong (m — 1)w component
The output voltage is given by Expression (14.3). The input voltages, Vr(t) =
Vpsinwt, Vy(t) = Vpsin(wt — 120°) and Vg(#) = V,sin(wt — 240°) form the
input voltage vector, VIN(?),
Vin() = Vr(1)
Vy (2) (14.9)
VB (1)

The output voltage is given by Expression (14.3) where My (¢) is given in
Expression (14.1). The output red phase voltage is derived by multiplying the first
row of the matrix My (¢) with the input voltage vector of Expression (14.9), (r = 1).
In the same way the output yellow phase voltage is derived by multiplying the second
row of My (¢) with the input voltage vector of Expression (14.9), (r = 2). Finally,
the output blue phase voltage is derived by multiplying the third row of My (¢) with
the input voltage vector of Expression (14.9), (r = 3). The input phase voltage is
expressed by the general Expression (14.9a)

Vin(t) = Vp sin[wt — 120°(c — 1)] (14.9a)
The output phase voltage is derived in the general form

3
Vor(t) = Vp > _[Ko + KosVp sinfwr — 120°(c — 1)]

c=1

3 00
+ VPZ ZKHF sin{(nm + Dot —[o + (r + ¢ —2)120°]n — 120°(c —1)}

c=1 n=1

3 00
= Vo) Y Kupsin{(nm — Dot —[a + (r + ¢ =2)120°]n + 120°(c — 1)}

c=1 n=1

3 o
+V, Z ZKHS sin{(nm + Dot — [« + 180°+(r + ¢ — 2)120°]n

c=1n=1
—120°(c — 1)}
3 o

— Vo )Y Knssin{(nm — Dot — [a + 180°+(r + ¢ — 2)120°]n

c=1n=1

+120°(c — 1)} (14.10)
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Figure 14.6  Output voltage

The output voltage for each phase is derived from the Expression (14.10) by
setting the appropriate value of r (row) and ¢ (column). The value of r gives the
output phase voltage as follows:

For the output red phase output, r=1
For the output yellow phase output, r =2
For the output blue phase output, r=3

Expression (14.10) gives the output phase voltage, Fig. 14.6(b). The output
phase voltage for the red line is also given in a Mathcad format in Appendix A14.1.
A careful study of Expression (14.10) reveals that

1. The output voltage consists of two bands of frequencies: nm 4 1 and
nm — 1.

2. Inthe first band of nm + 1, the vectorial addition of the three terms (one for each
value of ¢), is zero for odd values of n. Hence the lowest frequency term is for
n =2, thatis, 2m + 1.

3. In the second band of nm — 1, for n = 1 all three terms add up giving a strong
m — 1 term. For n = 2 and n = 3, the sum is zero. For n = 4 all three terms
add up, hence the lowest term is 4m — 1.

4. The observations of points 2 and 3 above lead to the conclusion that the strongest
term is the (m — 1)w.

5. The output does not contain the power input frequency, at 50 Hz.
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6. Forn = 1 the output is a single frequency component at a frequency (m — 1)w.
In this case the output is given by

3
Vin-1(t) = =V, > K sin{(m — Dot

c=1
— [+ (r +c—2)120°] 4 120°(c — 1)}
3
-V, Z Kns sin{(m — Dot
c=1
— [ + 180° + (r + ¢ — 2)120°] + 120°(c — 1)} (14.11)

Fig. 14.6(b) gives the output voltage of the output red phase of Expression (14.11).
The result of Expression (14.11) is very useful; it suggests direct ac to ac conversion
without the need for passive reactive components [8]. For n = 1 the switching
functions, Expression (14.7), are reduced to their average value and the fundamental
component mw only, Expression (14.11a). In practice this is achieved by employing
PWM techniques to construct single ac component (n = 1) switching functions. The
general Expression (14.7) of the switching function in this case is reduced to MS, . (7)
a modulating signal of Expression (14.11a).

MS, (1) = Kof + 2K f cos{mwt — [a — (r + ¢ — 2)120°]}

+ Kos + 2K s cos{mat — [o + 180° — (r + ¢ — 2)120°]}
(14.11a)

The output voltage under this condition is displayed in Fig. 14.7 for m = 3.

14.4.2 Generation of output phase voltage with
strong (m + 1)w component

The term (m — 1)w in Expression (14.10) can be removed and the strongest
term becomes (m + 1)w if the phase delays of the second and third term of

Input voltages D=025 m=3

Output voltages

Figure 14.7  Output phase voltages with the single component modulating signal
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Expression (14.10) are interchanged. This is achieved by modulating Vy(7) with
F13(t) instead of F2(¢) and Vi, (¢) with F1,(¢) instead of Fi3(¢). This implies inter-
changing yellow and blue lines at the input of the converter or a new switching
matrix is employed, Expression (14.12). This is derived from Expression (14.1) by
interchanging the positions of the switching functions as per discussion above.

My () = Fu (1) Fi3(t) Fi2(r)
Fa1(t) Fa3(t) Faa(1)
F31(t) F33(t) F3(0) (14.12)
Expression (14.3) is used again but now the switching matrix of Expression (14.12)
is employed in order to eliminate the (m — 1)w. Expression (14.13) is derived in

the same way as (14.10) from Expressions (14.3), (14.12) and (14.9a) and it gives a
strong (m + 1)w component.

3
Vo(t) = > [Kor + Kos]Vp sin[of + 120°(c — 1)]

c=1

3 o
+ Z ZKHF sin{(nm + Dot
c=1n=1

— @+ (r 4+ ¢ — 2)120°]n + 120°(c — 1)}

3 o©
— Y > Kupsin{(nm — Dot

c=1n=1

— [+ (r+c¢—2)120°n — 120°(c — 1)}

3
+ Z ZKHS sin{(nm + 1)wt

c=1n=1

— [a 4+ 180°+(r + ¢ — 2)120°]n 4+ 120°(c — 1)}

— Z iKns sin{(nm — Dot

c=1n=1

— [ + 180°+(r + ¢ — 2)120°]n — 120°(c — 1)} (14.13)

Figure 14.6(c) gives the output voltage of the output red phase as derived from
Expression (14.13). If the switching functions are reduced to their average value
and the fundamental component mw only, the counter n in Expression (14.13)
takes the value of 1 and the output voltage of Expression (14.13) is now given
by Expression (14.14). A single ac component switching function is achieved
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m=4  D=0.38

" "
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Figure 14.8  Output phase voltage and current

by PWM.

3
Vo(t) =+ Y Kupsin{(m + Dot — [a + (r + ¢ — 2)120°] + 120°(c — 1)}
c=1
3
+Z Kps sin{(m + Dot —[a + 180°+(r + ¢ — 2)120°] + 120°(c — 1)}

c=1

(14.14)

Expression (14.14) gives the output voltage when the switching function is reduced
to its average value and its fundamental ac component.

14.4.3  Output current

The output voltage and the load ‘harmonic impedance’ dictate the output current,
Io(t) according to Expression (14.4). The output current for the red phase is derived
for a star load and for the output voltage given by Expression (14.10) where the two
pulse switching function is used; it is displayed in Fig. 14.8. The expression for the
output current is shown in Appendix A14.2 for the red phase in a Mathcad format.
The output current for the red phase is also derived from Expression (14.11), for
the sinusoidal waveform given by Expression (14.15); it is displayed in Fig. 14.9.

-3V sin(§)

IR F(t) =
RE) VIm —DwL]?+R2 7

X sin |:(m — Dot — ar — atan [M:H

R
B 3V sin(3,)
VIm—DwLP +R2 7«

[n = DwL] l)wL]H (14.15)

xsin[(m—l)wt—a—n—atan[ R
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Figure 14.9  Output voltage and current when the switches are operated by the
modulating signal My (t)

A more general way to present Expression (14.15) is Expression (14.15a)
Ioc(t) = I sin[(m — Dot — ¢ — (c — 1)120°] (14.15a)

where c is the counter indicating the phase: ¢ = 1 forred, ¢ = 2 for yellowand ¢ = 3
for blue. The load angle is ¢.

14.4.4 Input current

A matrix converter is more likely to be used to produce a sinusoidal output voltage
and consequently a sinusoidal output current is expected. This implies modulation
of the converter by the modulating signal MS,.(#), Expression (14.11a). The input
current is given by Expression (14.5) and from it the phase current for modulating
signals MS,.. () instead of two pulse switching functions is given by

Ior (1)
Ic(t) = [MSq11(1) MS13(t) MS12(0)]1 | los () (14.16)
Ioy (2)

The switching functions are replaced by the modulating signal MS, ()
of Expression (14.11a) which is further simplified

MS, (1) = Kor + Kos + 2(K1r — K1s) cos{mowt — [a + (r + ¢ — 2)120°]}
r = 1 for the row and ¢ = 1, 2, 3 depending on the column

The dc component is Ko + Kog and is % for all values of D. The average value of the
modulating signal has to be limited to % in order to allow all three switches in a single
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row of Fig. 14.1 to connect the three input lines in succession to a single output line
without overlap, Expression (14.2), within the period of the switching frequency.

The coefficient of the ac component is K1 = 2(K1r — K1g). It is a function of the
duty-cycle of the switch, D. But D has no meaning now that the switching function
is replaced by a PWM signal. Therefore the modulating signal takes the form of:

MS,.(t) = % + K cos{mwt — [a + (r + ¢ — 2)120°]} (14.16a)

It is important though to stress that in coding the modulating signal M.(¢) by
PWM, it is Expression (14.11a) that is used in order to satisfy the restrictions of
Expression (14.2)

A single switch is only operated by a unipolar switching signal, that is, the
switching signal cannot take negative values. Therefore the peak value of M (¢)
cannot exceed the dc component, that is, K1 < %

(1
Linc(t) = Z {5 + K cos[mwt — [a + (r + ¢ — 2)120°]]}

c=1
x {I sin[(m — Dt — [¢ + (¢ — 1)120°]]}

Expanded and simplified

3
Iinc(t)= Z {%Ip sin[(m — Dwt — ¢ — (¢ — 1)120°]
c=1
+ 05K I sin[Cm—Dwt — [ + (r +¢ —2)120°] — [ + (c — 1)120°]]
+ 05K I sin[(wt) — [a 4+ (r + ¢ — 2)120°] + [¢ + (¢ — 1)1200]]}

The first two terms represent three vectors each that cancel out for all values of r.
Hence, the input current is given by:

3
Inc(t) = Y _ 0.5K Iy sin[(wr) — [or + ( + ¢ — 2)120°] + [ + (c — 1)120°]]

c=1
And finally
Iinc(t) = 0.5K Iy sin[(wt) + ¢ —a — (r — 1)120°] (14.17)

Therefore the input current under PWM switching is a single component at the mains
frequency. Figure 14.10 displays input and output voltages and input and output
currents with the same modulation process.

14.4.5 Discussion

In order to respect the restrictions of Expressions 14.2, the duty-cycle of the switches
must be limited to %; this implies that its dc component is % Therefore when the
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Input—output voltages and currents

Output

Time

Figure 14.10 Input and output voltages and input and output currents (PWM
modulation)

double pulse switching functions Fi.(z) are replaced by the PWM signal MS,..(¢)
this restriction still applies. Hence the peak value of M.(¢) cannot exceed its dc
component, that is, K] < % because a single switch is only operated by a unipolar
switching signal, that is, the switching signal cannot take negative values. Under
these conditions the output voltage cannot exceed 50% of the input.

The investigation of the matrix converter is not exhausted in this chapter. It has
shown how such a converter can produce directly an ac voltage from an ac source.
More importantly it has shown the way that very serious matters of this circuit can
be investigated.

The matrix converter consists of nine switches and the timing of their switching
action is very important in order to avoid short-circuiting of the input or an open
circuit of the output. The complexity of the many switching signals of the semi-
conductor devices can be mathematically modelled with the appropriate switching
functions. This will help the designer to adopt the best control strategies for the
converter.

14.5 The matrix converter as an ac to dc voltage converter

It is evident from the above discussions and Expression (14.10) that for m = 1, the
output has zero frequency, hence dc is produced at the output, Fig. 14.11.

The matrix converter can be operated in such a way in order to produce dc output
voltage. The output voltage, Expression (14.10), has a strong component at m — 1.
Therefore, for m = 1 the strongest output component will be at zero frequency,
that is, dc. Even better, for single frequency modulation, » = 1, the output will be
a perfect dc. For dc generation, m = 1 with n = 1. The level of the voltage output
is set by both the delay angle of the switching function «r and the duty-cycle of the
switches.
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Figure 14.11  Rectifier operation. Output voltage at m = 1
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Figure 14.12  Rectifier operation. Output voltage against the delay angle

From Expression (14.10) and form = 1 andn = 1

Vic = 3VpKFsin(ar) + 3V, K5 sin(ar + 180°)
Vdc = 3VpK1F Sil’l(OlR) — 3VpK15 sin(aR)
Vie = 3V sin(ar ){K1r — K15}

Hence the output voltage is set by both the phase of the modulating signal, ag,
Fig. 14.12 and the magnitude of the modulating signal, {K1r — K5}, Fig. 14.13.
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Appendix A14.1: The output voltage

Vo(t) =

ar

for

V<0

o
@_

180
nel...N

sin(nd)
niw
sin(ndy)

Knl <

Kn2 «

nmw
Ql <« wt(nm + 1)

Q2 «— wt(nm — 1)

2
O1 <—arn+(n—|—1)?
2w
®2 < arn+ (n — 1)?
2
O3 <« arn+ (2n — I)T
2
O4 <~ arn+ 2n + I)T

2w
Oll <« (ar +)n+ (n + 1)?
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2w

®21 <~ (ar +m)n+ (n — I)T
2w
®31 <« (ar +m)n+ 2n — DT

®41 <« (ar +m)n + 2n + 1)2771

V1 < Knl(sin(21 — arn) — sin(Q2 — arn))

V2 < Knl(sin(21 — ©1) — sin(22 — ©2))

V3 < Knl(sin(21 — ©3) — sin(Q2 — ©4))

V4 < Kn2(sin(21 — (ar + w)n) — sin(Q2 — (ar + m)n))
V5 « Kn2(sin(21 4+ ©11) — sin(22 — ©21))

V6 < Kn2(sin(21 4+ ©31) — sin(Q22 — ©41))

VT < Vp(V1 +V2 4+ V3 + V44 V5+V6)

V<« V+VT

Appendix A14.2: The output current

I(t) :=

fornel...N
sin(nd)

nmw
sin(nd,)

Knl <«

Kn2 «

nmw
Ql <« wt(nm + 1)

Q2 <~ wt(nm — 1)
2w
Ol <« arn+ (n+ 1)?
2
®2 <« arn+ (n — I)Tn

2
O3 <~ arn+ 2n — 1)?

2
©®4 <~ arn+ (2n + I)T



222 The switching function

2
Oll <« (xr +m)n+ (n + 1)?

2
®21 <« (ar +m)n+ (n — I)T

2
O31 <« (ar +m)n+ 2n — 1)T

2
O41 < (ar + 7)n + 2n + 1)7”

®1 <« atan |:—[a)L(nm + 1)]:|
R
®2 <« atan |:—[a)L(nm — l)]:|
R
1
Y1

- VIoLnm + 1D]? + R?
1

VIoL(nm — 12 + R?
I1 < Knl(Y1sin(1 — arn — ®1) — Y2sin(Q22 — arn — ®2))
12 < Knl(Y1sin(Q1 — ©1 — ®1) — Y25sin(Q22 — ©2 — d2))
I3 < Knl(Y1sin(Q21 — ©3 — ®1) — Y2sin(Q22 — ©4 — ®2))
14 < Kn2[Y1sin[Q1 — (ar + 7)n — 1]

—Y2sin[Q22 — (ar + m)n — O2]]

I5 < Kn2(Y1sin(Q1 — ©11 — ®1) — Y25in(Q2 — ©21 — d2))
16 < Kn2(Y1sin(Q21 — ©31 — d2) — Y2sin(Q2 — ©41 — $2))
IT < Vo(Il + 12 + 13 + 14 + 15 + 16)
[ < I+IT

Y2 <«




Chapter 15
The single pulse PWM inverter

15.1 Introduction

The output of this converter is sometimes described as ‘modified sine-wave’; in effect
it is a quasi-square signal. The level of the output voltage is controlled by the width of
the single pulse, which makes up each half-cycle of the output voltage. It is analysed
here not only because it presents some academic interest but more importantly, its
findings are to be applied to the more practical case of the sinusoidal PWM inverter.
The switches and the source are considered ideal. Continuous and discontinuous
conduction are both considered.

15.2 Operation and modes of the circuit

There is a transistor and a diode connected in anti-parallel in each branch of the
bridge configuration of Fig. 15.1. The current is conducted either by the transistor or
the diode in each of the four branches; hence bi-directionality is secured. A transis-
tor conducts if it is correctly biased and the appropriate drive is applied to its gate.
Conduction through the transistors is controlled by the gate signals and a suitable

le Y kT3

»l
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=
v}
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»l

T2

| _f D2 Dih ST

Figure 15.1 The single pulse PWM inverter
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Figure 15.2  The switching functions

switching function, Fpy(¢#) shown in Fig. 15.2 describes their action. A diode will
conduct when it is forward biased and there is no control over it. In Fig. 15.1, the
diodes are reverse biased by the dc voltage supply and they will only conduct if
the load provides the required forward biasing. The presence of an active load such
as an ac motor or a simple RL load can provide these conditions. In this case the
load parameters, the input dc voltage and the output current determine the timing
and duration of the conduction of the diodes. Hence a second switching function,
Fpy(t) shown in Fig. 15.2 is defined, to describe the action of the switches. It will be
shown that both functions are of bridge or bipolar type and Fg;(¢) refers to the tran-
sistors and Fg) (¢) refers to the diodes. The first is a forced function since the control
circuit produces it and the second is called ‘hidden or inherent’ because the circuit
itself sets its parameters. Nevertheless there is a restriction on Fpi(¢) as well; the
transistors can conduct current in one direction only and the gate signals can only
switch them on when the current in the inductive load is extinguished. Hence the
positive going pulse of Fgi(¢) starts when the current in the diodes is zero. For
this reason the operation of this inverter is limited to discontinuous conduction;
in a more sophisticated application the direction of current can be sensed so the
appropriate drive signals are applied. For the multi-pulse configuration of the next
chapter this restriction is only true at the transition instance when the current changes
polarity.

The modes of the circuit, Fig. 15.3 are seven. Two modes, I and IV present the
transistors in the on state and they exist during the on state of the switching function
Fg1(t). Another two modes, IT and V present the circuit with the diodes in the on state
and the current freewheeling through the load and the dc supply. These modes exist
during the on state of the switching function Fpy(#). Mode III presents the circuit
when all the semiconductor switches are off; no new switching function needs to
be defined as this is taking place during the off states of Fg1(¢) and Fp(¢). Modes
VI and VII present the circuit under freewheeling mode through the load. They take
place during the off states of F;(¢) and Fpy () and the output voltage is zero. A new
switching function though needs to be defined for the output current during that
period.
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The circuit can be operated in two ways:

(1) During the off-periods of the transistors, the load current is allowed to flow
through the diodes and return energy to the dc source, Fig. 15.3, giving rise
to Modes II and V. They exist during the on state of the second switching
function, Fpy(#). The sequences A and C in Figs. 15.4 and 15.6, respectively
refer to this case.

(i) The current can be made to circulate through a diode and a transistor (freewheel-
ing) thus disconnecting completely the supply from the load, Fig. 15.3, giving
rise to Modes VI and VII. The sequence in Fig. 15.5 refers to this case.

In both cases it is possible for the current to extinguish and the transistors to be
gated to re-connect the dc source to the load after a delay giving rise to Mode III,
Fig. 15.3. The current direction with the connected transistors is opposite to the one
during the preceding freewheeling mode so the transistors can only be fired at the
instant the current is zero or any time after. The output voltage is zero and the load
is open circuited during Mode III. Fig. 15.6 shows the mode sequence for this case.

15.2.1 Mode sequences

15.2.1.1 Mode sequence A
Sequence A suggests continuous conduction. Without sensing of the load current

direction, this sequence applies only on the onset of continuous and discontinuous
conduction. With reference to Figs. 15.2 and 15.3 Modes [ and I'V exist with switching
function Fg(¢)

During Mode I Vo) = Ve i) =1

During Mode IV V() = =V  F1(t) = —1

The change of polarity of the output voltage suggests that Fp;(¢) is of the bipolar
type. The contribution of the Modes I and IV to the output is

Vo(t) = FB1(t) Ve

Modes II and V exist with switching function Fg,(#)
During Mode I V,,(¢) = — Vg,  Fpa(t) = —1
During Mode V. V() = Vg Fr(t) =1

The change of polarity of the output voltage suggests that Fg,(¢) is also of the bipolar
type. The contribution of the Modes II and V to the output is

Vo(t) = Fa(t) Ve
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il

T

Load

Mode I: Semiconductor switches T1 and T4 are ON,
I714(¢) = 1(¢). Load voltage is positive on LHS of load. The
current is increasing.

Vi@ =Viy Fpi()=1 Fpy(t)=0

Mode II: Semiconductor switches T1,T2,T3,T4, D1 and D4
are OFF. Diodes D3 and D2 are forward biased and
conducting, /py3(t) = I,(f). Current is decreasing and the
voltage across the inductor is reversed. Load voltage is
negative on LHS of load.

Vo) =Vi Fi()=0 Fpp(t)=-1

Mode III: The current is extinguished and all diodes and
transistors are OFF. The beginning of this mode marks the
end of the on-state of Fi,(?).

Fpi(n=0 Fpy()=0 V,(5)=0

Mode IV: Semiconductor switches T2 and T3 are ON. Load
voltage is negative on LHS of load. The current is increasing.
Vo ==Viy Fpi()=—1 Fpy()=0

Current through T2 and T3, I1,3(¢) = 1,(¢). Current through
the rest of the semiconductor switches is zero.

Mode V: Semiconductor switches T1,T2,T3,T4, D2 and D3
are OFF. Diodes D1 and D4 are forward biased and
conducting, Ipyy4 (¢) = (). Current decreases and the
voltage across the inductor is reversed. Load voltage is
positive on LHS of load.

Vi@ =Viy Fpi(n=0 Fpy()=1

Mode VI: The load current decreases and it circulates
through D3 and T1 from left to right in the load. Current and
the voltage across inductor is reversed. Diodes D2 and D3 are
forward biased but T1 is gated and conducts. Load voltage

i8 0. [;,(£) =0

Mode VII: Semiconductor switches T2 and T3 are just
OFF. Current decreases and the voltage across inductor is
reversed. Diodes D4 and D1 are forward biased but T2 is
gated and conducts. The load current circulates through
D4 and T2 from right to left in the load.

Vo) =0 Fyi()=0 Fyy(t)=0

Figure 15.3  Single pulse dc to ac converter: the modes of operation
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| ModeI | Modell | Mode1v | Mode v

Figure 15.4 Mode sequence A: continuous conduction and energy return to the
source via the diodes

i Mode I | Mode VII| Mode IV | Mode VI |

Figure 15.5 Mode sequence B: continuous conduction with free-wheeling action
through the load

Mode I Mode II Mode IIT | Mode IV | Mode V | Mode III

Figure 15.6 Mode sequence C: discontinuous conduction and energy return to the
source via the diodes through the load

Hence the output voltage of the inverter with continuous conduction under
sequence A is

Vo) = Fe1(t) Ve + FB2(t) Ve

Expression (15.1) refers to continuous conduction and the parameters of Fpy(r) are
derived from Fp1(?). Specifically,

Fpa(1) =1 — Fg1 (1)

15.2.1.2 Mode sequence B

Modes II and V in sequence A are replaced by VI and VII in sequence B. For these
modes the output voltage is zero, Fig. 15.3 and the only contribution to the output is
from Modes I and I'V. Expression (15.1) is modified to:

Vo(t) = FB1(t) Vyc

Expression (15.3) gives the output voltage for free-wheeling through the load.
A third switching function must be defined to give the current through the load
during Modes VII and VI.
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Voo o >} () P Vae
Vo(®)
LOAD
FBl(t) Z(a)n) FBZ(t)
M3 Lo(0) M4
1)
oty —— > = CUBG gy S
\f o
In() I(®)
M5
Fg(8) +Fpy(0) 4’@
Iin(®

Figure 15.7 The mathematical model of the single pulse inverter (Mode sequence
A and C)

15.2.1.3 Mode sequence C

Mode III is added to sequence A to get sequence C. Mode III, refers to discontinuous
conduction where the current and the output voltage are zero. The timing parameters
of Fpa(t) have to be calculated as they are load determined. The output voltage
is made up from the contributions of Modes I and IV, and II and V. Expression (15.1)
is still applicable

Vo(t) = Fp1(t) Vac + Fr2(t) Ve (15.1)

In this case the parameters of Fpy(¢) are calculated from the parameters of the
circuit. The current /, at the instant the transistors are switched-off (Mode 1) is
calculated

I = [% (1 _ e(—R/L)(zs/znf))]
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Then the time it takes to decay to zero (Mode II) is calculated in a simple mathcad
program

t :=0.006 ...an estinmate
G ven

Vde ) g(-RILL _ | g-t/0)

To :=Fi nd(t)
To =2.083 x 103
y =21 xT,

The calculated value of time is for specific values of circuit parameters. In this
case, the on period of the diode is 2.083 msec; therefore y = 0.653 radians.

15.2.2 The switching functions

The bipolar switching function for the transistors associated for the Modes I and IV
is given as:

o0
Fgi(t) = =4 ) K, cos(nwt) (15.4)
n=1
For odd values of n
sin(n8)
n
8 = half the on-period of the switch

w = switching frequency, 27 f

n=

The bipolar switching function for the diodes associated for the Modes II and V is
given as:
oo
Fea(t) =4 ) Kplcos(mowt —ms —mp) (15.5)
m=1
For odd values of n
sin(m )
Tm
B = half the on-period of the diodes

K =

B = y /2 for discontinuous conduction
B = (w — 26§)/2 for continuous conduction
15.3 The mathematical model and analysis

The mathematical model of this circuit is derived in Fig. 15.7 for the mode sequence A
and C. Expressions (15.1) is used to present the generation of the output voltage, V,,(¢),
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and modulators M1 and M2 and adder S implement this operation. The output current
is dictated by Ohm’s Law: the output voltage is acting upon the harmonic impedance
of the load, Z(wn), to give the output current, /(). In a bridge configuration the
input current is a reflection of the output current to the input and the input current is
given by Expression (1.6) of Chapter 1. In this case the two switching functions are
added to give the full switching action of the bridge.

Iin (1) = Ly(0)[FB1(1) + FB2(1)] (15.6)

In the mathematical model this action is presented by modulator M5.

It is always useful to be able to express the current through the semiconductor
devices. The rms, average and peak values of current are necessary for choosing the
right device. In the mathematical model of Fig. 15.7 the current through the diodes,
Ip(t) and through the transistors, IT(¢) are both derived via modulators M3 and M4,
respectively.

In(1) = Io(t) FB2(7) (15.7a)

It(t) = Io(t) F1 () (15.7b)

15.3.1 Output voltage
The output voltage is given by Expression (15.1)

Vo) = FB1(t) Ve + FB2(2) Ve

o0 0 (15.8)
Vo(t) = Vach Y Ky cos(nwt) — Vaeh | Ky cos(mot — ms — mp)

n=1 m=1

15.3.2  Output current

The output voltage is forcing a current /,(¢) through the load. The load harmonic
impedance is

L
Z(wn) = (@wLn)> + R2 and & = tan"! ”R”

And the output current is

Vo(2)
Z(wn)

Iy(1) =

I,(t) = 4V, Z m cos(nwt — @) (15.9)

cos(mwt —mé —mp — P)

— Vb
¢ Z \/(a)Lm)2 + R2
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Time

Figure 15.8 Output voltage, output current and input current: discontinuous con-
duction. The modes are marked on the output voltage. Duty-cycle =
0.25, R =1, L = 4mH and dc source voltage 100V

Time

Figure 15.9  Output voltage, output current and input current: continuous conduc-
tion. Duty-cycle = 0.38, R = 1, L = 4mH and dc source voltage
100V

The output voltage, output current and input current are displayed in Fig. 15.8
for discontinuous conduction. Figure 15.9 displays the same quantities but for a
larger duty-cycle (0.38) giving just continuous conduction. The duty-cycle cannot be
increased any further unless the direction of current is sensed; this is not done in this
modelling.

15.3.3  Current through the semiconductor devices

The switching function method of analysis can provide data related to the ratings
of the semiconductor switches and other circuit elements. Transistors T1 and T3
carry the same current hence a unipolar switching function F3(¢) is appropri-
ate. In the same way Fro4(f) applies for transistors T2 and T4, Fp13(¢) applies for



232 The switching function

j\ j\ Ip14(®)

In3(2)

I714(0)

I123(0)

Time

Figure 15.10 Display of output current and currents through the various semi-
conductor devices. Duty-cycle = 0.25, R = 12, L = 4mH and
dc source voltage 100V

diodes D1 and D3 and Fpp4(?) applies for diodes D2 and D4.

>, sin(nd)
Fri4(t) .= Ko + Z 2 cos(nwt)
nw
n=1
o .
8
Fra3(t) := — (Ko + Z sin(n )ZCos(nwt — nn))
~ nx
(15.10)
>, sin(nB)
Fpua() = — K2+ Y 2(cos(nwt — Bn — 8n))
—~ am
o0 .
Fpo3 (1) := Koz + Z sm(nﬂ)Z cos(nwt — nw — Bn — n)
nmw
n=1
Transistor current through T1 and T4
I114(t) = Fr1a()1o(7)
Transistor current through T2 and T3
It23(t) = Fra3 (1) Io(1)
(15.11)

Diode current through D1 and D4
Ip1a(t) = Fp14(1) Io(1)

Diode current through D2 and D3
Ip3(1) = Fpo3 (1) 1o(1)
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Figure 15.10 is a display of the currents through the various semiconductor devices.
The peak, RMS and average values can be derived from Expressions (15.10) for the
current rating of the various semiconductor devices. The RMS values of the current
through the semiconductor switches and the rms value of the output current are derived
from the text-book expression for rms values for a duty-cycle of the switches 0.38,
R =1Q, L =4 mH and dc source voltage 100 V as:

1 T
RMS Ipyg := \/?/ Ip1a()? dt RMS Ipjs = 15.801 A
0

1 T
RMS Ipp3 := \/7/ Ipp3(1)2dt RMS Ipy; = 15.801 A
0

1 T
RMS Iry4 := \/7/ IT14(1)2dr RMS I4 = 36.79A (15.12)
0

1 T
RMS Itp3 := \/7/ IT3()2 dt RMS Ity =36.79A
0

1 T
RMS I, = ,/7/ I()2dr RMS I, = 56.69 A
0

In the same way the average values are derived from the text book expression for
the same circuit parameters:

1 T
AVE Ipy4 := Ip14(t)dt AVE Ipja =4.679A

EN
1 T
AVE Ipy3 := ?/ Ipy3(t)dr  AVE Ipy; = —4.679A
0
1 T
AVE It4 := ?/ IT14(t)dr  AVE It14 =20.743 A (15.13)
0
1 T
AVE I3 := ?/ ITy3(t)dr  AVE Itp3 = —20.743 A
0

1 T
AVE Ij, := ?/ Iin(r)dt AVE I, =32.138A
0

The input ripple current is found by deducting from 7, (¢) its average value, AVE [j;.
Figure 15.11 displays the input ripple current at the dc side of the inverter.

InRipple(t) = lin(t) — AVE_Iiy (15.14)
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Ripple current: dc side of the inverter

100 T
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-100 +

Time

Figure 15.11 Ripple current at the dc side of the inverter. Duty-cycle =0.38,
R =12, L =4mH and dc source voltage 100V

The ripple current at the input is very likely to flow through the smoothing capac-
itor in the case of a UPS system. Its peak and rms values are needed for the rating of
the capacitor. The peak value is read from Fig. 15.11 and its RMS value is calculated
below for a duty-cycle = 0.38, R = 12, L = 4mH and dc source voltage 100 V as:

1 T
RMS Iripple := \/7 / ImRipple(r)2dr RMS Iripple = 46.542 A (15.15)
0



Chapter 16
The sinusoidally PWM inverter

16.1 Introduction

The inverter circuit of Fig. 15.1 is operated by a sinusoidally pulse width modulated
signal to produce an output with minimum distortion. The same modes apply as
in Fig. 15.3 of the single pulse system of the previous chapter. The most likely
mode sequence though is A, continuous conduction of current. This is because of
the rather high switching frequencies used. It will be shown in this chapter that a
modified sequence A is used to account for the multiple pulses per half-cycle.

16.2 Mathematical modelling

16.2.1 Modes of operation and mode sequence

Transistors T1 and T4 of the circuit of Fig. 15.1 are switched on many times together
to construct the positive half-cycle of the output; during their off-periods within the
positive half-cycle diodes D2 and D3 provide the freewheeling path of the current to
the inductive load via the dc source. Hence Modes I and II are alternating during the
positive half-cycle of the current, Fig. 16.1. Modes I and II are shown in Fig. 15.3 of
the previous chapter.

During the negative half-cycle of the current, transistors T2 and T3 are switched
together to construct the negative half-cycle of the output; during their off-periods
within the negative half-cycle diodes D1 and D4 provide the freewheeling path of the
current to the load via the dc source. Hence Modes IV and V are alternating during
the negative half-cycle of the current. Modes IV and V of the circuit are shown in
Fig. 15.3 of the previous chapter.

Sequence A presented in the previous chapter is slightly modified in its application
in this converter: for m pulses per cycle of the output voltage, Modes I and II are
repeated m /2 times during the positive half-cycle of the output current. In the same
way Modes IV and V are repeated m /2 times during the negative values of current.
In an inductive circuit the current is lagging the voltage by an amount determined by
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the inductance and resistance in the circuit. This delay accounts for m pulses and it
marks the beginning and end of the two groups of modes as indicated in Fig. 16.1.
The semiconductor switches — transistors and diodes — are unidirectional; the
current in the inverter must be controlled in such a way that this property is respected.
The direction of current is dictated by the inductance of the load. During the positive
and negative half-cycles the appropriate transistors are switched on as shown by the
modes of Fig. 15.3 and the modes sequence of Fig. 16.1. At the pulse of the switching
function just before the instant the current is changing direction, a gated transistor
will not carry the current if the current is in the wrong direction; the diodes will carry
the current until it becomes zero. Then the transistors will carry the current. This
implies that during a single pulse of the switching function the current might change
direction. This detail is not included in the mode sequence of Fig. 16.1. This is not
a very serious omission since for large values of m the error becomes insignificant.
For the safe operation of the inverter though this is something not to be ignored.

16.2.2 The switching functions

16.2.2.1 The switching function of the bridge, Fpwm (¢)

The inverter, Fig. 15.1 is subjected to a three level switching pattern, Fig. 16.2, by
switching on and off T1 and T4 for the positive half-cycle of the current (Mode I) and

m my+m/2 my+m
Modes I and II are repeated for Modes IV and V are repeated for
m/2 times during positive current m/2 times during negative current
| ModeI | Modell | Mode IV | Mode V

Figure 16.1 Mode sequence for the sinusoidal PWM inverter

(2)

(b)

Figure 16.2  Gate signals to the transistors: (a) Tl and T4, (b) T2 and T3
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Figure 16.3  Switching function for the inverter

wn

then switching on T2 and T3 for the negative half-cycle of the current (Mode IV).
During the off-periods of the switching signal the diodes carry the current in a free-
wheeling manner giving rise to Modes II and V. Considering continuous conduction,
the voltage appearing at the output adopts the two level shape, changing from + Vj, to
—V4c. Hence the switching function connecting the input and the output is a bipolar
signal, sinusoidally pulse modulated as shown in Fig. 16.3. This switching function
is derived in Chapter 3, Expression (3.10) and it is repeated below.

m o
Fowm(t) = Z ZKH cos[nwt — nb] (3.11)
k=1n=1
n = integer number

_ sin(nd)

n=

n
§ = %{cos[(k — 1T]—cos(kT)}0.5D + %

27
—, the period of the switching frequency

T =

T

7= = the un-modulated half-width of the carrier

m = number of pulses per reference signal cycle or
frequency modulation ratio

T
0 =Tk— 7 the position of the pulse relative to reference signal

D = amplitude modulation ratio

16.2.2.2 The switching functions of the current through the
semiconductor devices

The average, rms and peak values of the current through the semiconductor devices
are useful for the circuit designer. In order to derive the current through the tran-
sistors and diodes, separate switching functions are defined. Furthermore T1 and
T4 conduct together, T2 and T3 conduct together, D1 and D4 conduct together and
D2 and D3 conduct together; hence we need to introduce two switching functions
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: T d
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: signal

1(0)

Figure 16.4 Display of the Feoyrrent(t) switching function with the output current

Time

for the transistors, Fr14(¢) and Fry3(¢) and two for the diodes Fpi4(¢) and Fpp3(2).
First, we need to define the periods for which each group is conducting.

In an inductive circuit the current is lagging the voltage by an amount, Ty,
determined by the inductance and resistance in the circuit.

1 L
Ty= —tan~' | 22 (16.1)
2n f R

Expression (16.1) gives the delay for the fundamental component of current and
it only approximates the instant that the current is changing direction as shown in
Fig. 16.4. This information is to be used for the derivation of average, rms and peak
values of the current through the semiconductor switches and this loss of accuracy is
acceptable. The loss of accuracy decreases as the switching frequency is increased.
Hence a switching function is introduced, Feyrrent(#) Which takes the value of one
when the current is positive and it is zero when the current is negative.

o .
i 2 L T
Feurrent () = 0.5 + 2 Z w cos (nwt — n atan <%) _n + n—)

n=1

(16.2)

Transistors T1 and T4 are conducting when both Foyrrent (f) and Fpwm (¢) are at state
one; hence the switching function for these two transistors, Fri4(¢) is given by

Fr14(t) = Feurrent(t) X Fpwm(?) (16.3)

Transistors T2 and T3 are conducting in the negative current half cycle when Feyrrent (7)
is zero, that is, for Foyment(f) the inverse of Foyrrent(f). The inverse of a switching
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Figure 16.5 The switching functions for the semiconductor switches

function is defined in Chapter 1 and for this function it is

1 — Fourrent ()
Therefore the switching functions for the current through T2 and T3 is given by
Fra3(t) = [1 — Feurrent (1) ] Fpwm () (16.4)
In the same way the switching functions for the diodes are given by:

Fp14(t) = Fcurrcnt(lt)[1 — Fpwm(1)] (16~5)

Fp23(t) = [1 — Feurrent )1[1 — Fpwm(?)] (16.6)

The switching functions for the semiconductor devices are displayed in Fig. 16.5
The input dc voltage is reflected to the output through the bridge according to
Expression (1.4) Chapter 1. Hence

Vo(#) = Vg Fpmw (1) (16.7)



240 The switching function

The output current is forced through the harmonic impedance Z (wn) by the output
voltage according to Ohm’s Law

Vo (1)
Z(wn)

The harmonic impedance is explained in Chapter 1.
The input current is a reflection of the output current to the input according to
Expression (1.6), Chapter 1. Modulator M4 presents this in the model of Fig. 16.6.

Lin (1) = 1o(t) [2 Fcurrent (1) — 1] (16-9)

The harmonic content of the input current will flow through the dc source and more
likely through a smoothing electrolytic capacitor. Hence this information might be
useful for the choice of the capacitor ripple current rating. The harmonic content is
readily derived if the average value of [j,(¢) is known.

Iin_ripple () = Iin(t) — IAVE_Iin (16.10)

The average value of the input current, /ave_ /iy, is derived later.

The current through the semiconductor switches is derived from the output current.
The output current is diverted from the transistors (Modes I and IV) to the diodes
(Modes II and V); the modes are shown in Fig. 15.3 of Chapter 15. Hence use is made
of the four switching functions defined in the previous section, one for each group of
semiconductors.

Current through transistors T1 and T4, IT14(¢) is given from modulator M2

Io(t) = (16.8)

IT14(t) = Fria(t) I, (1) (16.11)
Current through transistors T2 and T3, I123(¢) is given from modulator M3

It3(1) = Fro3(t) 1o (1) (16.12)
Current through diodes D1 and D4, Ipj4(¢) is given from modulator M5

Ip14(t) = Fp14(1) Lo(7) (16.13)
Current through diodes D2 and D3, Ipp3(¢) is given from modulator M6

Ip3 (1) = Fpo3(1) 1o (1) (16.14)

16.2.3 The mathematical model

Expressions (16.1)—(16.14) are employed to build the mathematical model of the
inverter shown in Fig. 16.6. The input dc voltage Vy, is modulated (M1) by the
switching function Fpwn () to give the output voltage. The output voltage is pushing
a current /,(¢) through the harmonic impedance of the load, Z(wn). The output
current and the currents through the various semiconductor switches are the result
of amplitude modulation of the input current and the relevant switching functions.
Modulators M2, M3, M4, M5 and M6 give the currents IT14(¢), IT23(t), Iin(t), ID14(?)
and Ipp3(¢), respectively.
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Vdc
Fpwm(?) M1
Vo(®)
Load
Z(wn)
1,(2)
\
INU] I(®) I,(®) I,(®) 1,
M2 M3 v M4 M5 M6
Fri4() Frys(0) FPWM(t)( >§ Fp14(9) Fos3(t)
I114(0) Ir23(0) In4() Ipp(®)
v
I; in(t)

Figure 16.6  The mathematical model of the sinusoidally modulated inverter

16.3 Analysis

The output voltage is derived from Expression (16.7) as

Vot i VMi i [sin[n[(l/Z)[cos[(k — 1)T] - cos(kT)]D0.5 + (T/4)]]}

nmw
k=1 n=1

X [cos[nwt —n(Tk — T)]] (16.15)

The various terms are defined in Section 3.5 where the switching function is
introduced. The output current is derived from Expression (16.8) as

I(t) =38 Z Z cos(nwt — Q) 0 = tan"! [ﬂ] +nb
k=1 n= 1VR2+(“’L”)2 R

(16.16)
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Figure 16.7 Output voltage and current for a low switching frequency, 1040 Hz

Figure 16.7 is a display of the output current and voltage. The input current is derived
from Expression (16.9). The current through the transistors and diodes is derived
from Expressions (16.11) to (16.14) and displayed in Fig. 16.8.

16.3.1 Frequency content of the output voltage

The switching patent applied to the semiconductor switches, Fig. 16.2, dictates the
output voltage waveform. The spectral content of the output voltage is the same as
the spectral content of the bipolar switching function applied to the system, Fig. 3.12
of Chapter 3, Section 3.4. Low-order harmonics are absent. The lowest unwanted
harmonics to be observed are m, m =2 where m is the ratio of the switching frequency
to the frequency of the signal to be created or frequency modulation ratio.

16.3.2 Ratings of the semiconductor devices

The expressions for the currents through the diodes and transistors are employed to
derive the peak, RMS and average values. The peak value is the peak value of the
output current and it is derived from the current Expression (16.16). The average and
RMS values are derived for a set of circuit and load parameters. The parameters used
for the results below are:

L=002 R=5 Vg=300 D=03 m=16
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Currents through semiconductor switches
L=0.02 R=5 V4=300 D=025 m=12

e Fundamental
v / component of output

Output
current

i A{ It ()
A _h_ Ipgs (9

Current through transistors and diodes

Ipia (®

I3 (9)

Time

Figure 16.8  Current through transistors T1-T4 and diodes D1-D4

Average of current supplied by dc source

1 (T
AVE _lin := — | = (lin(r))dr ~ AVE_lin = 2.791 A
o JO0
Now the ripple current through the dc source can be displayed, Fig. 16.9 by sub-
tracting the average value of the input current (AVE Iin) from the input current,
Expression (16.9).
The rms value of the ripple current is given by:

1 [h
RMS IINripple := \/ T / (IINripple(z))2dz  RMS_IINripple = 3.33 A
o J0

The rms value of the current through transistors T1 and T4 is derived as :

1 h
RMS _ITI4 := \/ A / ITI4(r)2dr RMS_ITI4 = 7.489 A
o J0

The current through transistors T2 and T3 has the same RMS value.
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Ripple current at input of inverter
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Figure 16.9 Ripple current through the dc source, m = 12

The rms values of the current through diodes D2 and D3 is derived as

1 [T
RMS ID23 := \/F/ ID23(¢)2dt RMS ID23 =5.612
o J0

The rms value of the current through diodes D1 and D4 has the same value.
The average value of the current through transistors T1 and T4 is derived as :

1 [T
AVE IT14 := 7/ IT14(t)dt AVE IT14 = 3.659
o JO

The average value of the current through transistors T2 and T3 has the same value.
The average value of the current through diodes D2 and D3 is derived as:

1 [T
AVE ID23 .= T / ID23(r)dt AVE ID23 =2.176
o J0

The average value of the current through diodes D1 and D4 has the same value.
The rms value of the output current is derived as

1 [k
RMS Io := \/F / (Io(1))2dt  RMS Io = 13.326
o JO

T, is the period of the power frequency.



Chapter 17

The envelope cyclo-converter

17.1 Introduction

The cyclo-converter is employing thyristors which are naturally commutated. The
circuit of Fig. 17.1 is a combination of a positive and a negative phase-controlled
rectifier. There are two types: the envelope cyclo-converter and the sinusoidally
pulse width modulated. Here we will examine the envelope cyclo-converter.

Cyclo-converters are becoming obsolete and their use seems to be limited to very
high power at very low-frequency applications. The application of the switching
function technique is applied in this short chapter to derive the output voltage of the
envelope cyclo-converter for a resistive load. Further development of the technique
for the operation of the circuit with inductive load and its application to the phase-
controlled cyclo-converter is left to the interested reader.

17.2 The mathematical model

The mathematical model of the envelope cyclo-converter is shown in Fig. 17.2. Half
cycles of the mains are arranged in order to construct the output waveform. For the

k TH1 TH3 THS TH7£

¢—— N

“
< TH TH4
} TH6 TH8¥

Figure 17.1 The envelope cyclo-converter

o»or
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M1 M3 M4 M2
Vo0 [ToRD| 1o
Vin(l) R [in(t)

Fg () Fgy(®) Fpi(t) Fg)(2)

Figure 17.2  The mathematical model of the envelope converter

positive part of the output voltage the thyristors of the rectifier on the left are fired
accordingly: TH1 with TH4 for positive input half-cycles and TH2 with TH3 for
negative input half-cycles. For the negative part of the output voltage the thyristors
of the rectifier on the right are fired accordingly: TH6 with TH7 for positive input
half-cycles and THS with THS for negative input half-cycles, Fig. 17.1. This action of
the rectifiers is described by a modulation process (modulator M1, Fig. 17.2) where
the input voltage, Vi, (¢) is modulated by a bipolar switching function Fg;(¢). The
switching function of the rectifier is introduced in Chapter 1 as a square wave at the
mains frequency. Each rectifier is connected to the load for a number of half-cycles that
corresponds to the half cycle of the output signal. This action is a second modulation
process (M2) described by a bipolar switching function, Fpy(¢), at the frequency
of the output voltage. The combined action of the two modulation processes is the
product of two switching functions Fgi(¢) Fg2(¢) since the first modulation process
is succeeded by the second modulation.

Vo(t) = Vin(t) FB1(2) FB2(?) (17.1)
The output voltage is forcing a current through the load impedance (R)
Vo(t)
Io(1) = (}e (17.2)
The output current is reflected back to the input by the same modulation process.
lin (1) = Io(1) F1 (1) FB2(1) (17.3)

17.3 The switching functions

Fp1(¢) is square-wave at the power frequency, phase delayed by 90°. It is defined as
a bipolar switching function in Chapter 1. Its pulse width is 7 and it is in phase with
the power frequency. Fpj(¢) is the sum of cosines, hence its phase delay, o, relative
to the reference is 77/2.

Fpi(t) = 4 Z K, cos(nwt — no) (17.4)

n=1
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Figure 17.3  Input—output voltage and switching function waveforms

The second switching function, Fp;(¢) is of the bipolar type as well with a switching
frequency K w, where K is the ratio of the wanted output frequency to the power

frequency; it can take the values of %, %, %, %, % etc. Again, its phase delay is /2.
o0
Fpy(t) =4 Ky cos(mKwt —mo) (17.5)
m=1

The output voltage waveform is displayed in Fig. 17.3 together with the switching
functions.
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Active filters







Chapter 18

The thyristor-controlled reactor

18.1 Introduction

There are many configurations for active power filters [12]. The thyristor-controlled
reactor is perhaps one of the first configurations [13].

The current is controlled in an inductor by delaying the triggering of the thyris-
tors. There are two versions; the single reactor and the two-reactor circuits. For the
single reactor the firing angle is limited to the range 90—180° and for the two-reactor
circuit the firing angle is extended from 0-180°. In the former case, the current is
discontinuous giving rise to a high % THD figure. In the latter case, the current is
continuous up to a firing angle of 90° giving a low-distortion figure. The three phase
configuration — even though not presented here — with a delta or star connection can
easily be derived from the presented material.

A parallel capacitor is included to provide leading reactive power.

18.2 The single reactor arrangement

18.2.1 Operation and the switching function

Triggering for each thyristor is done at the correct half-cycle: hence thyristor TH1 is
fired during the positive half-cycle and TH2 during the negative half-cycle, Fig. 18.1.
The delay angle, «, is set to allow a smaller or bigger part of the half-cycle to pass
to the output. It can be varied from the load phase angle to 180° allowing smooth
control of the level of the produced reactive power. The load angle, tan~' (wL/R)
is close to 90° for a good quality reactor with minimum resistance. R represents the
losses of the reactor.

Conduction is maintained for as long as the current flows. The extinction angle,
B must be calculated; it is the end of the on-period of the switching function, F(¢).
Otherwise 8 can be approximated to 8 = (180 — )2 + « for a low loss system
[16]. The beginning of the on-period of the switching function is the firing angle «,
Fig. 18.2. The switching frequency is twice the mains frequency and the switching
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Figure 18.2  Voltage current and the switching function

function is of the unipolar type since no inversion takes place between the input
and the output. The on-period is therefore 8 — « at 50 Hz and 2(8 — «) at 100 Hz,
the switching frequency of the switching function. It is multiplied by two because
the switching frequency is twice the power frequency at which both o and g are
measured. The delay angle of the switching function, 0, is derived in the usual way as

ez[ﬁ%o%a}z

5=(p—a)

The average value of the switching function or duty-cycle of the switch, K, is

Therefore the switching function of the circuit is given by,

o0
F(t) = Ko +2) _ K, cos(n2wt — nb) (18.1)

n=1

where 7 is an integer.
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18.2.2 Output voltage

The output voltage is derived in a simple fashion; it is a straightforward case of a
single electric element controlled by a switch, Chapter 1. The switch in this case is
the combination of the two thyristors.

Vo(t) = Vin(t)F(t)

o
=Vpsinwt | Ko +2 Z K, cos(n2wt — ne)}

n=1

[e )
Vo(t) = KoVpsinwt + Vp > Ky sin((2n + Dot — n6)

n=1

o0
— VY Kysin(2n — Dot — nf)

n=1

We can extract the fundamental and the distortion part. For the fundamental we have
the obvious component, K,V sinwt and another component when n = 1 in the
third term.

Hence the output is expressed as

o0
Vo(t) = Ko Vpsinwt — VK sin(wt — 0) + V, Z K, sin((2n + 1)wt — no)

n=1

—Vp > Kysin(2n — Dot — no) (18.2)
n=2

18.2.3 Conversion into single harmonics

Expression (18.2) gives the fundamental and the harmonic content of the output
voltage but components of the same frequency exist in both terms depending on the
value of n. For example, the fifth harmonic, 5w, is given for n = 2 in the first term
and for n = 3 in the second term. Expression (18.2) can be arranged to give the order
of the harmonic straight away by changing the counter variable from » to p, an odd
integer.

For the first term

p=2n+1 n:p

and starting from n = 1 hence p =3

For the second term

1
p=2n-—1 n:p_zi_ and starting from n = 2 hence p = 3
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Expression (18.2) is modified to

oo
-1
Vo(t) = KoVpsinwt — Ky sin(wt — 0) + V, Y Kpy sin (;m - %9)
p=3
o
. p+1
-V K t————80 18.3
P Z p2 Sin < pw 2 > ( )
p=3
And it is separated into the fundamental and the distortion parts.
Fundamental component
Vo1(t) = Ko Vp sinwt — VK sin(wt — 6) (18.4)
Distortion components
oo
. p—1
Vor(1) = Vp Y Kpi sin  pot — 0
p=3
o
. p+1
-V K t———6 18.5
b ,;3 p2 Sin < pw 2 ) ( )

In calculating the coefficient Ky,1, n is replaced by n = (p —1)/2 and for the
coefficient Kp, n is replaced by n = (p + 1)/2.

18.2.4 Harmonic impedance

Dividing the output voltage with the “harmonic impedance’ derives the line current.
The harmonic impedance is given below as a function of p.

L
Z(pw) = /R2 + (poL)?  Qp =tan"" %

18.2.5 Line current

The fundamental current is derived by dividing the fundamental component of output
voltage, Expression (18.4), with the harmonic impedance.

K,V; KV,
L(t) = =22 sin(wt — Q) — —2

Z(@) Z@) sin(wt — Q1) cosf

K,
+ 2
Z(w)

cos(wt — Q1) sinf (18.6)
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Figure 18.3  Line current, fundamental and distortion components

The harmonic current is derived from (18.5)

ad Kp1 . p—1
In(t) =V, Z Z(pw) sin [ pwt — TG - 0p
p=3

o
Kp . p+1
A [; Zopw) 0 (pa)t - 0= Qp) (18.7)

The line current is the sum of the fundamental and the distortion components
(Fig. 18.3).
1(t) = L (1) + Iu()

18.2.6 Displacement power factor

This is derived from the expression of the fundamental current (18.6) by extracting
the phase angle of the current.

_1 K sin(6)
p=tan —————— -,
Ko, — K cos(0)
V
Ipeak = %
v R* 4 (wL) (18.8)
L
0, =tan”! i
R
DPF = cos(p)

The DPF is close to zero for a good quality reactor. The losses of the thyristors and
the reactor itself (R) will give a slightly higher value.
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Figure 18.4 Produced inductive reactive power

18.2.7 Amount of reactive power

This is the product of the rms value of the reactive component of the fundamental
current and the rms value of the supply voltage.

Pr = [VpIir]j (18.9)

The reactive component of the fundamental current, Ieactive(t) is extracted from
Expression (18.6).

Ireactive () = Ipeak{ sin(Q1)[K1 cos € — K] + K sin6 cos Q1} cos wt
And the peak value of the reactive current, /;p is
IR = Ipeak sin(Q1)[Kicosf — Ko] + Kqsinf cos Q1}

where

. B (1
K= sin(f — ) from K, — sin(né)
b4 nmw

forn=1

Figure 18.4 is a display of the produced inductive reactive power as a function of
the firing angle of the thyristors.

18.2.8 Distortion

This is quantified by two factors: the Total Harmonic Distortion, %THD and the
Distortion Factor (DF) given by Expressions (18.10) and (18.11), respectively. X sets
the highest harmonic to be considered and P sets the lowest which is the third for
%THD and one for DF for this circuit.

%THD = Y == "7 XraI(P)

18.10
. (18.10)

I
)) R (18.11)

Vb I(P)?
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Where I; is the rms of the fundamental current and / (P)? is the rms of the harmonic
component. Figure 18.5 is a display of the % THD for the single reactor circuit. As
the firing angle progresses from 90° upwards so does the distortion. Another measure
of the harmonic content of the line current is the display of the magnitude of the
harmonics, the frequency spectrum of the line current, Fig. 18.6.

18.3 The two reactor arrangement

The two branches, Fig. 18.7, are fired separately allowing a firing angle from 0-180°;
this implies overlap from 0 to 90°. It will be shown that it is this overlap that gives the
reduced distortion for that range of operation.
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Vinlt) TH2

Figure 18.7 The double reactor circuit

18.3.1 The switching functions

There is a separate switching function for each branch. Fj(¢) operates in the branch
with thyristor TH1 and F,(¢) operates in the branch with thyristor TH2.

o0
Fi(t) = Ko +2) _ K, cos(nwt — nb) (18.12)

n=1

And for the second branch,

o0
Fy(t) = Ko +2 ) Ky cos(nwt —nf) — nr) (18.13)

n=1

The parameters of the switching functions (6 and §) are defined in the previous
section, Expression (18.1). Figure 18.8 displays the two switching functions and the
input voltage.

18.3.2 The output voltage
The input voltage is applied to each reactor separately giving two output voltages

Vi(#) = F1(1) Vin (1)

Va(t) = F2(1) Vin (1)

18.3.3 The input current

The current in each branch is given by Expressions (18.14) and (18.15). The harmonic
impedance is defined in the previous section.
Vi(1)
Z(wn)

Va(2)
Z(wn)

Li(t) =

(18.14)

L(t) =

(18.15)
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Time

Figure 18.9  Currents in the double inductor circuit

The input current is the sum of the two branch currents

I(t) = I (t) + (1)

Vi) n Va(0)

1o = Z(wn) Z(wn)

1(t) = 22121(0 sin(wt — Q) + Z Ky sin((n + Dot —n0 — Qpit)

Z(n+1)w

o
Z K, sin((n — Dot —nb — Qy_1) (18.16)
= Zin—o
Vp is the peak value of the mains voltage and  is an even integer.
The two branch currents and the line current are displayed in Fig. 18.9 with the
input voltage. The input current is further expanded to the fundamental and distortion
components.
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Let
I(t) = 1) + Iu(?)

From Expression (18.16), the fundamental component is derived as

V.
L(t) = 221’ [K, sin(wt — Q1) — Ko sin(wt — 6 — 01)] (18.17)
wn
> 2V, _
=7y Kusin((n + Dot —n6 — Qu1)
n—2 Z(n+1)a)
o
2V,
- peak g sin((n — 1)t —nb — Qp_1) (18.18)
n—4 Z(n—l)w

where n is an even integer.

18.3.4 Conversion into single harmonic

Expression (18.18) gives the harmonic content of the output current. Components of
the same frequency exist in both terms depending on the value of n. For example,
the fifth harmonic 5w is given for n = 4 in the first term and for n = 6 in the second
term. This expression can be arranged to give the order of the harmonic straight away
by changing the counter variable from n to P.

For the first term
P=n+1 n=(p—1)and starting from n = 2 hence p = 3
For the second term

P=n—-1 n=(p+1) and starting from n = 4 hence p = 3

o]

Vi .
In(t) = Z Z—pr_l sin(pot — (P — 1)0 — Q)
p=3 P
S V4
=Y P Kpiisin(pot — (P + 10 — Qp) (18.19)
ps re

18.3.5 Displacement power factor

This is derived from Expression (18.17) of the fundamental current by extracting the
phase angle of the fundamental component of the line current,

2(sin(28)/2) sin(26) 0
2K,(sin(28)/2m)2 cos(20)

® = atan <

DPF = cos(¢) (18.20)
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Figure 18.11 Total harmonic distortion for the double inductor circuit

The DPF is close to zero for a good quality reactor. The losses of the thyristors and
the reactor itself will give a power factor slightly higher than zero. For R = 1 Q2 and
L = 100 mH it is found to be 0.032.

18.3.6 The amount of reactive power
The reactive power is derived in this case in a slightly different way (Fig. 18.10).
Preactive = I1rms Vims sin(®)

Hence we need to derive the rms value of the fundamental line current. This is derived
from Expression (18.17) as

_ Vp V2K, — (5in(28)/27)2 c0s(20))* + (2(sin(26)/27) sin(26))?

DNims =
: V2 VR? + (wL)?
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Figure 18.12  Frequency spectrum of the double reactor circuit

18.3.7 Distortion

This is quantified by two factors: the Total Harmonic Distortion, %THD and the
Distortion Factor (Fig. 18.11). They are derived using Expressions (18.17) and (18.18)
as applied to this circuit.

The frequency content of the line current is displayed in Fig. 18.12.



Chapter 19

The switched capacitor active filters

19.1 Introduction

This circuit can produce both reactive power and harmonic current [3]. From the
general circuit a number of practical circuits can be derived. The double-switch
double-capacitor circuit is employed in this chapter for reactive power generation.
The reactive power is smoothly varied over a range from 60 to 100 per cent of its
value for the chosen values. For the analysis use is made of a general mathematical
model.

19.2 The general model for the switched-capacitor active filters

A capacitor with a series semiconductor switch is the basic building block used to
build these circuits. In the general circuit Fig. 19.1 a number of switched capacitors
are placed in parallel and connected to the mains via an inductor. The general model
of the switched capacitor circuits is shown in Fig. 19.2. The switching functions are
not overlapping and they have no dead periods ensuring always a continuous and
single path for the inductor current, Fig. 19.3.

The input loop equation is given by Expression (19.1)

Vin(£) = VL) + Vsw (?) (19.1)

The voltage, Vsw (), across the switched combination is the summation of all the
contributions from each switched-capacitor as shown in Chapter 2.

N
Vew (1) = Z F"C(t) / 1(t)F,(t)dt (19.2)

n=1
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Figure 19.1 The general circuit of switched capacitor active filters
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Figure 19.2  The mathematical model of the switched capacitor circuit
And the input loop equation can be written as
N
d( @) Fu(1)
Vin(h) = L= =+ X_; c / 1(t)F,(t)dt (19.3)

where N is the number of parallel paths.
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Figure 19.3  Switching functions for the switched capacitor active filters

Expressions (19.2) and (19.3) are used to present a mathematical ‘block-diagram’

model for the operation of the general circuit in Fig. 19.1. This mathematical
‘block-diagram’ is illustrated in Fig. 19.2 and is modelled in the following way:

Theline current / (¢) is diverted from one branch to another and it undergoes ampli-
tude modulation by the action of the switches Si, S to S and the corresponding
switching functions Fi(t), F>(t),..., Fy(¢t). This operation is represented by
modulators M1y, M>1,...,My1. The result is the capacitor currents Icq(¢),
Icy(t),...,Icy(1).

The capacitor currents are converted to the capacitor voltages Vci(z),
Vea(t), ..., Ven(t) by the integrators G¢y, Geo, - - ., GeN-

Each capacitor voltage is reflected to the input of the switched network after
undergoing amplitude modulation by the action of the switches S, Sa,..., Sy
and the corresponding switching functions Fi(¢), F»>(t), ..., Fyx(t). This is car-
ried out through any of the modulators M13, My, . .., My> and then through the
adder “S;’.

The voltage across the inductor Vi (¢) is then evaluated by subtracting Vi (¢)
from Vi, (¢), through the adder *S,’.

Finally, the integrator G, converts Vi (¢) back to /(¢) and the whole sequence is
repeated again.

19.3 The switching functions

In order to secure a path for the current at all times and at the same time avoid
connecting two capacitors together of different voltage, Fig. 18.1:

N
Z F,(t) =1 (19.4)
n=1
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where
o0
Fo(t) = Ko+ Y _ Ky cos(xwt — x6) (19.5)
x=1

The switching function F;,(¢) is of the unipolar type as no inversion of voltage takes
place. These circuits can be made to generate reactive power at both leading and
lagging power factor. The level of the produced reactive power is smoothly controlled
by the on period of the switches. Harmonic current can also be produced by the
appropriate choice of the switching functions operating the switches and the relative
values of L and C.

A number of circuits can be derived from the general model of Fig. 19.1, which
are reported elsewhere [3]. Here the double switch double capacitor is presented.

19.4 The line current

The parameters of this expression are time varying and the current flowing can be
expressed by

1(t) = Z I cos(kat — i) (19.6)
k=1

k = mn £ 1, where m is the ratio of the switching frequency to the mains frequency
and n is a positive integer.

19.5 The double-switch double-capacitor

The double-switch double-capacitor circuit has two branches, Fig. 19.4 and it is
derived from the general circuit of Fig. 19.1

N=2
ad@) | Fi@) B (1)

” +T I(t)Fl(t)dt—l—T I1(t)F(t)dt (19.7)

Vin(t) = L

F1(t) = 1 — F,(t) according to Expression (19.4). The two capacitors are set to be
of the same value just for simplicity of the calculations.

19.6 Reactive power generation

For reactive power generation the switched part of the circuit must create a voltage
component Vgw(¢) at the power frequency and its magnitude must be bigger than
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Figure 19.4  The circuit of the double switch double capacitor active filter
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Figure 19.5 Generation of compensating fundamental current: (a) leading; (b) lag-
ging

Vin(t) for leading current, Fig. 19.5(a) or smaller than Vj,(¢) for lagging current
through the inductor, Fig. 19.5(b).

The choice of the switching function must be such as to generate the lowest
voltage harmonics across the switched network, Vsw (¢). The switched circuit will
generate a strong power frequency if the switching function is a series of pulses at
high frequency.

For a switching frequency of m times the power frequency, the lowest harmonics
in the line current above the fundamental are m — 1 and m + 1. Hence the current in the
capacitor after the first modulation, Fig. 19.2 will contain also the same harmonics.
These current harmonics will produce a harmonic voltage across each capacitor. This
harmonic voltage is heavily attenuated if the switching frequency is many times
the power frequency, that is, m > 1. Hence we can safely assume a good quality
sine-wave voltage across the capacitor. During the second modulation, the voltage
of each capacitor is modulated by the corresponding switching function in order to
produce Vsw;, (¢). This voltage contains m &= 1 harmonics. These harmonics in the two
branches are in anti-phase (as their switching functions) and their effect on Vgw (¢) is
greatly reduced. Hence Vgw (¢) can be considered as a good quality sine-wave at 50 Hz
with the lowest harmonic components limited to /. &= 1 and their magnitude greatly
reduced. The line current consists of the fundamental and the same order harmonics,
Expression (19.6). It is therefore concluded that the order and magnitude of the line
current harmonics are directly controlled by the switching frequency (mw) and the
value of the circuit parameters L and C. The first two harmonics with the fundamental
are considered in Reference 3 and it is shown that they are significantly reduced for
a high switching frequency, m > 50, Fig. 19.6. Here, in order to demonstrate the
simplicity of applying the switching function, we assume a harmonic free current.
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Figure 19.6 Harmonic level of the Class A compensator as function of ‘m’

Hence Expression (19.6) is reduced to:
I1(t) = I cos(wt)

For a harmonics free line current the switching functions can also be reduced to
their average values, K, since their higher order harmonics contribute nothing to the
fundamental. Expression (19.7) is expanded for these two conditions.

Vysin(wt) = —Xp 1 sin(wt) + I; Xc K2 sin(wt) + I Xc[1 — Ko]* sin(wr)
Simplifying

V, sin(wt) = Iy sin(wt){— Xy, + XcK2 + Xc[l — Ko1*)
The impedance of the circuit at fundamental frequency

7=
I

Re-arranging

Z = Xc — XL +2XcK2 — 2K X¢ (19.8)
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Figure 19.7 The impedance of the circuit against the duty-cycle of the switch, K,

K, is the duty-cycle of the switch and it can be set to any value from 0 to 1.
ForKo=0 Z=Xc—- XL
ForKo=1 Z,=Xc— XL
For K, = 0.5 we have Zyj, = 0.5X¢c — XL

Expression (19.8) is used to display the impedance of the circuit against the duty-cycle
of the switch, Fig. 19.7.






Chapter 20

The inverter configuration active filter

20.1 Introduction

This is a very well-known configuration; usually in three-phase and there are many
references in the literature [12]. It can produce both fundamental reactive current
and harmonic current. In this chapter the single phase of the inverter of Chapter 15,
Fig. 15.1 is employed to produce reactive power.

20.2 Operation and analysis

The switching pattern of the inverter, Fig. 20.1 is set to generate the required compen-
sating current. The voltage across the capacitor is kept constant to a dc value higher
than the peak input voltage; this may be achieved with an extra three-phase rectifier.
The relationships of voltage and currents at the terminals of a bridge configuration
were discussed in Chapter 1. The voltage on the dc side, V. is reflected to the ac side,
Vinv (¢) by the switching function operating the bridge according to Expression (1.4)
of Chapter 1; we have

Vinv(t) = prmB () Ve (20.1)

The switching function, Fpwmp(?) takes the form of a sinusoidally pulse width
modulated signal given by Expression (3.11) of Chapter 3.

According to Expression (20.1), Viny (¢) is controlled by the switching function,
Fywmp(¢) and it can take a magnitude and frequency content as required. By control-
ling Vinv (1), the current of the required shape can be forced through the inductor into
the mains. This current is the compensating current drawn from the supply. Irrespec-
tive of the harmonic content of the compensating current to be produced, Viny (¢)
must contain a term at fundamental frequency. This component controls the amount
of lagging or leading reactive power; the produced reactive power can be set to zero
if the fundamental component of ViNv (7) is equal in both phase and magnitude to the
input main voltage.
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Figure 20.1 The single phase inverter configuration active filter
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Figure 20.2  Generation of compensating line current: (a) leading and (b) lagging

The input loop voltage equation of this circuit is given by
Vin(t) = VL (1) + Vinv (7) (20.2)
Replacing Expression (20.1) into (20.2)
Vin(t) = VL(t) + Fpwm (t) Ve (20.3)

For reactive power generation the switched part of the circuit must create a voltage
Vinv (¢) which is a pure sinusoid at the power frequency and its magnitude is bigger
than Vi, (¢) for leading current, Fig. 20.2(a). Viny (f) must be smaller than Vi, (r) for
lagging current through the inductor, Fig. 20.2(b). At the same time the voltage at the
ac side of the inverter, ViNv(#) must be a ‘clean’ sinusoidal voltage. Therefore the
switching function must be a sinusoidally PWM signal.

For harmonic current generation (and no reactive power generation) the funda-
mental component voltage is equal to the mains voltage. Furthermore the modulating
function must contain the frequency components for the required harmonic current
compensation.

The fundamental voltage at the ac side of the inverter, Vi, is derived from
Expression (20.1) by considering the fundamental component of switching func-
tion Fpwmp(?). It was shown in Chapter 3 that the peak value of the fundamental
component of switching function is D, the amplitude modulation ratio.

Vi= V4D

Hence for known values of ac supply voltage and dc voltage at the dc side of the
inverter, the fundamental current can be calculated for a given value of L. Also it
can be clearly stated if it is leading or lagging. This is demonstrated in Fig. 20.3 and
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Figure20.4 Voltage and current, lagging

Time

Fig. 20.4. The switching frequency is chosen to be low in order to show the switching

action of the compensator.

For harmonic generation the switching function can be extended to include the
necessary harmonic components with independent control of the reactive power.






Chapter 21

Single phase rectification with active line shaping

The current drawn by a rectifier with a smoothing capacitor consists of sharp pulses,
Chapter 2. The level of line current distortion is unacceptable. In an attempt to alleviate
this problem, a boost dc-to-dc converter is established at the dc side of the rectifier
in order to shape the line current into a sinusoid in phase with the supply voltage,
Fig. 21.1. The analysis, operation, application and modifications of this circuit are
the subject of many published papers using various techniques [15]. In this chapter
the circuit is analysed using the switching function technique. The object of this
exercise is to derive the modulating signal of the semiconductor switch in order to
establish unity power factor with no harmonics. From the modulating signal, the
switching function can be derived; this is already done in Part 1, Chapter 3. The
derived switching function is then applied in order to calculate the inductor current
for a set of circuit parameters (L, R and output dc voltage). The input current, current
through the switch and capacitor current are also derived.

The action of the switch is to create a current through the inductor in the shape
of a rectified sine wave. This current is reflected to the input via the bridge and its
rectifying switching function Fg(¢). The reflected current will be a pure sinusoid
clean from harmonics and at unity power factor; this is the goal of introducing the
boost converter at the dc side of the rectifier.

The gain of this exercise is to show that a switching function exists to make this
circuit produce the necessary shape of the line current. Since the switching function
is directly related to the action of the semiconductor switch, proof of the existence of
the switching function is a good indication that the circuit can be implemented. Of
course, this circuit is already implemented and is the subject of many research papers.
The method though, can be proved useful in new circuits under investigation.

21.1 Mathematical modelling of the active shaping circuit

The mathematical model includes all the modulation processes within the single phase
rectification with active line shaping. It will be used to derive the switching function
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Figure21.1 The active line current shaping circuit

of the transistor switch, the currents through it and the current through the diode on
the dc side.

21.1.1 The modes of operation

The circuit can be operated with discontinuous or continuous inductor current. This
analysis is limited to continuous operation but in principle it can be expanded to
non-continuous operation. There are two modes, Fig. 21.2. During Mode I the switch
is open and during Mode II the switch is closed. A general switching function is
introduced, Fu (), operating on the switch S1.

During Mode I the inductor current flows through the diode and then is shared
by the parallel combination of R and C. The output voltage, V,(¢) appears across the
switch, Vsw (¢). By neglecting the diode voltage drop

Vsw(r) = Vo(t) for Fm(r) =0
The diode current

Ip(t) = I (t) for Fy(t) =0
And the switch current

Lswiten (1) =0 for Fv(t) =0

With the switch closed, Mode II, the voltage across the switch is zero, the
diode is reverse biased by the capacitor voltage. The capacitor is discharging into
the resistance.

Vsw() =0 Fu@) =1
In(t)=0 @) =1
Lswiten 1) = IL(1) Fm(@) =1
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Figure21.2  Active current shaping circuit: (a) Mode I and (b) Mode 11

The unified expressions that are valid at all times and for both modes are derived
from the set of expressions associated to each mode. The reader is reminded that the
inverse of a switching function is given by Expression (1.3) in Chapter 1 as

Fit)=1—-F(@)

It follows from the two modes that Vg (¢) takes the value of the output voltage, V()
when the switching function Fy (), is zero or when the inverse of Fy(¢) is 1, Mode I
and the value of zero during Mode II.

Vsw(?) = [1 — Fm()]Vo (1) (21.1)

The switch current Igyitch (2) takes the value of the inductor current, I (f) when the
switching function Fy(f), is one.

Lswiten (7)) = IL(#) Fm(2) (21.2)

The diode current Ip(t) takes the value of the inductor current, I; () when the
switching function Fy(#), is zero or when the inverse of Fy(¢) is 1.

Ip(1) = [1 = Fm(®)]IL(?) (21.3)
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The diode current is shared between the load resistor R and the smoothing capacitor
C the way shown in Chapter 2. Expression (2.10)

Ie() = (I — (2.10)

C =1 L X(on) + R dco .
For large values of C the capacitor current is simplified to

Ic(r) = Ip(?) — Ideo (21.4)

This is based on the assumption that the capacitor is large enough to take prac-
tically all the ac components of the current entering the RC combination and the
discharging current of the capacitor is approximated to the dc current through the load
resistor R.

The inner loop voltage equation for Fig. 21.1

Vieet (1) = VL(2) + Vsw (?) (21-5)

The voltage at the output of the rectifier, Viec(#) is the result of an amplitude
modulation of the input voltage, Vi,(¢) and the switching function of the bridge,
Fg(t) as

Viect (1) = FB(2) Vin(?) (21.6)

Viect (t) has an ac and a dc component, Viegtac (f) and Vieetne
The wanted current at the input is a single frequency component at the frequency
of the supply voltage and in phase with the input voltage

I(t) = Ipsinwt

The bridge switching function, Fg(f), is of the transparent type hence
Expression (1.9) of Chapter 1 applies. /(¢) is reflected to the output via the bridge
and according to Expression (1.9)

I(t) = 1(1) Fg(1) (21.7)
The output voltage, V, (), has a dc component, Vyc,, and an ac component, Voac ()
Vo(#) = Vieo + Voac(t) (21.8)

It is desired that the ac component is as small as possible and the smoothing capac-
itor, C, is chosen to be of such large value to keep it within acceptable limits. For
many practical purposes the ac components may be ignored.

21.1.2 Mathematical model

Expressions (21.1)—(21.8) are employed to build the mathematical model of the active
current shaping circuit (Fig. 21.3). Expression (21.1) is implemented by Modula-
tor M2 to give the voltage across the switch, Vgw(¢). Modulator M1 implements
Expression (21.6) to give the output of the diode rectifier, Viect(f). The output of
M1 and M2 are fed to adder S1 according to Expression (21.5); the output of S1 is
the voltage across the inductor, Vi (¢). The inductor current /1 (¢) is a reflection of
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the input current /(#) — Modulator M3. The current through the diode Ip(¢) and the
current through the switch Igyiecn (f) are given by Modulators M4 and M5 according
to Expressions (21.2) and (21.3). The diode current is shared between the smooth-
ing capacitor and the load resistance R according to (2.10). The capacitor current
Ic (1) gives rise to a ripple output voltage V,ac(?) through the harmonic impedance
Xc(wn). Adder S3 adds the dc component across the capacitor Vg, to Voac(?) to
give Vo (1).

Fg(®

Vin®)

Vieet(?)

+

S1

L@ Xc(wn)

Ir@®

Fy(0) 1=Fy()

1 switch(t)

Figure21.3  The mathematical model of the current shaping circuit
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21.1.3 The switching functions

There are two switching functions associated with this circuit. Fg(¢) is a bipolar
transparent switching function and it represents the action of the bridge. It is a square
wave at the same frequency as the input voltage

o0 .
2
Fg(t) =4 Z M cos (na)t — ﬂ) for odd values of n (21.9)
= niw 2

The second switching function is associated with the switch at the dc side of the
rectifier, F\(7) and it is of the unipolar type. (Single switches can only be operated
by a unipolar type switching function.) It is the goal of this exercise to determine
its parameters. Fy(z) has a dc component W, and an ac component W (¢) and it is
implemented by PWM.

Fu(t) = Wo + W(1) (21.10)

21.1.4 Analysis

The goal of the analysis is to derive the switching function of the switch, S1, at
the dc side of the rectifier. The wanted switching function Fj(¢) is introduced into
Expression (21.5) from Expression (21.1). Fy(¢) is replaced by Expression (21.10)
into its dc and ac components and the ac component of V,(¢) is dropped in view of
the fact that it is too small to have any effect on Vsw (7).

Viect(t) = VL(#) + [1 — Wo — W (#)]Vico (21.11)

The terms of the above expression contain both ac and dc components; hence two
new expressions are derived

Viectac(t) = VL) — W (1) Vyeo (21.11a)

Veetpe = [1 = WolVieo (21.11b)

The ac component of the switching function, W(¢) is derived from Expression (21.11a)

1

\Ij(t) = v [VL(t) - VrectAC(t)] (21~12)

dco

The dc component of the switching function, W, is derived from
Expression (21.11b)

(21.13)
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The wanted switching function is derived from Expressions (21.10), (21.12) and
(21.13) as

1

FM(I)Z\II0+V

dco

[VL(t) - VrectAC(t)] (2114)

For these Expressions to be of any use, Viectac(?), Viectpc and Vi (¢) have to be
derived. As Fy(t) is a pulse width modulated signal, both Vi (f) and Viectac (f) must
be also be converted into a pulse width modulated in Expressions (21.12) and (21.14).
This is done in the next section.

21.1.5 Parameters of the switching function Fyi(t)

In order to derive the parameters of the wanted switching function the modulating
signal must be defined. This is derived from Expression 21.14 by considering V1 ()
and Viegiac (). VL(?) is the voltage across the inductor supporting a current in the
shape of a rectified sine wave. Hence the inductor current is defined as

IL(t) = Ipsinwt for0 <wt <m

This is repeated for the period 7—2m, 2737 .. ..
The voltage across an inductor is given in general by

d[/L(®)]
Vo)=L
L() ar
Therefore
VL(t) = wLcoswt for0 < wt <m (21.15)

This is repeated for the period 7—27, 2737 .. ..
The rectified voltage at the output of the rectifier, Viect () is defined as

Vpsinwt for0 <wt <m (21.16)

Based on Expressions (21.15) and (21.16) the wanted reference signal R(¢) can be
defined in the range 0 < wt < 7 as

R(t) = —D1sin wt + D2 cos wt (21.17)
where
Lol
D1 = and D2 = (21.17a)
dco dco

Expression 21.17 gives the reference signal to be pulse width modulated. The pulse
width code of a similar signal is already developed in chapter 3 section 3.3. This
is FpwmC (¢) (Expression 3.9) and it is based on the reference signal of Expression
3.8. Comparison of Expression 21.17 and Expression 3.8 suggests that the wanted
switching function Fjs(?) is given by

@) =1- prmc(t),
v, = 1 — K, where K, is given by Expression 3.9.
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Where

K o0
W(t)=-2) > Kufcos(not —npy) + coslnwt — n(x — B1)l} (3.9)

k=1 n=1

The inductor current, Iy (¢) is a rectified sine wave with a peak value of /;, and it is
composed from a dc component, /1 pc and an ac component Iy oc ()

IL(t) = Ipc + ILac(?) (21.18)
Its average value is given by
21,
Iipc = — (21.18a)
b4

21.1.6 Derivation of the switching function

The switching function is a PWM signal in the form of the difference of two sinusoids,
Expression (21.14) coded in PWM in the form of Expression (3.9). In order to derive
the parameters of the switching function, (D1, D2 and K,) knowledge of the values
of the required output voltage Vo, the input peak voltage V},, the load resistor and
value of L are required. The average value of the switching function K is calculated
for the required output dc voltage, Vy., from Expression (21.13). For a specific ac
supply, V}, is known and I, is derived by equating input and output power.

In order to demonstrate how this analysis can work we derive the parameters of
a switching function for a specific set of circuit and load parameters.

Example

The input is 240V, 50 Hz and the output is set to 400 V for an 80 2 load. The inductor
on the dc side is set to 6 mH. (i) Derive the parameters of the appropriate PWM
switching function and display it, (ii) derive and display the input and output currents,
(iii) the current through the diode and switch, (iv) the voltages across the diode and
switch.

Solution

Output dc current, /4, = 400/80 =5 A

Output power, P, = 400 x 5 = 2kW

Input and output power are equal if losses are neglected; the peak input current is
derived as

I, = 11.765 A
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Figure21.4 The switching function and the inductor current at a low switching
frequency, 1200 Hz

Time

Figure21.5 Input voltage and current at low switching frequency, 1200 Hz

The average value of the inductor current is found from (21.18a)

21
Ipc ==

T
Iipc = 7.496 A

From (21.17a) the coefficients of the modulating function are:
D1 =0.847 D2 =0.067

The switching function for these parameters is given in Fig. 21.4 together with the
inductor current. Input voltage and input current are displayed for the same low
switching frequency of 1200 Hz. Input voltage and current are displayed in Fig. 21.5
at low switching frequency, 1200 Hz.
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Current through D

Time

Figure21.6  Current through the diode

Current through the diode

The inductor current, Iy (¢) is a rectified sine wave with a peak value of /;, and it is

composed from a dc component, I} pc and an ac component I} oc(?) as indicated in
Expression (21.18).

IL(t) = ILpc + ILac(?)
Its average value is given by

21
Iipc = =2
T

For the diode current, Ip(¢), Expression (21.3) is expanded by substituting 1 (7)
from (21.18).

Ip(?) = [1 = KollLpc — W) ILac(?) — [1 — KollLac(t) — W () ILpC
(21.19)

The first term, [1 — Ko]/Lpc, is purely dc. The second term, even though it is
the product of two ac components, has also a dc component produced when same
frequency components are multiplied (intermodulation). Hence the dc component
through the diode cannot be approximated to the first term, [1 — K]/ pc. The dc
component through the diode is also the output current through the load resistance;
it is the ratio of the output dc voltage V.o, and the load resistance.

Vdco
R

Ipde= (21.20)

The current through the diode is displayed in Fig. 21.6.
The voltage across the diode is

Vb (1) = Fm(?) Viaco

It is displayed in Fig. 21.7.
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Figure21.7 The voltage across the diode

Current through the switch S1
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Figure 21.8  Current through the transistor switch

Current through the transistor switch

Expanding Expression (21.3)

Tswiteh (1) = KolLpe + W () ILac(®) + Y (1) Iupc + KolLac(?) (21.21)

For the same reason as that for the diode current the dc component of the current
through the transistor switch cannot be the first term of (21.21), K,/ pc. But the
switch dc current Igyitch pc 18 related to the inductor dc current It pc and the diode
dc current, Ipqc, by

Iswitehpc = ILpc — Ipde

The current through the semiconductor switch is displayed in Fig. 21.8. The
voltage across the transistor switch is simply Vsw (¢) and it is displayed in Fig. 21.9.
RMS and average values of currents

The rms, average and peak values of the currents through the semiconductor switch
and the diode are derived from Expressions (21.2), (21.3) and (21.7). The peak value
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Figure21.9 Voltage across the transistor switch

of current for both semiconductor devices is the peak value of the input current I,.
The RMS and average values are derived below for the following set of parameters:

L=6x10"% Vgo,=400 R=80 K,=0.539

RMS values

The RMS of the current through the inductor for the above set of parameters

[1 [T
RMS I := 7/ IL(t)2dt RMS Iy =8.547A
o J0

The RMS of the current through the diode for the above set of parameters

[1 [T
RMS DIODE := T / Ip(t)2dt RMS DIODE = 7.108 A
o J0

The RMS of the current through the transistor switch for the above set of parameters

1 [T
RMS SWITCH := \/ A / Lswiten(1)2dt RMS_SWITCH = 4.462 A
o J0

Average values
The average value of the current through the inductor for the above set of parameters
1 [T
AVE I = T f IL(t)dt AVE I =7.493A
o JO0
The average value of the current through the diode for the above set of parameters

1 (T
AVE _DIODE := T / Ip(r)dt AVE_DIODE = 4.988 A
o JO0
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The average value of the current through the transistor switch for the above set of
parameters

1 [T
AVE SWITCH := I / Lswiteh (1)dt - AVE_SWITCH = 2.508
o J0

Output voltage ripple

The effect of the output ripple voltage, Voac(?), on the voltage across the switch,
Vsw (¢), was ignored on the assumption of a large smoothing capacitor. Nevertheless,
the output ripple voltage is there and however small it can be calculated. It is the
capacitor current /c(¢) through its harmonic impedance Xc(wn) that gives rise to
this ripple voltage. The capacitor voltage is given by Expression (21.22).

Voac(t) = Xc(wn)lc(t)

Effect of parasitic elements

The effect of the voltage drops across the rectifier diodes, diode of boost converter,
semiconductor switch, resistance of the inductor, ESR of capacitor, source impedance
are neglected. The mathematical model of Fig. 21.3 can be extended to include these
voltage drops at the expense of more tedious calculations.






Discussion

The switching function is applied systematically for the analysis of power electronic
circuits. The Kirchoff’s Laws and the Superposition theorem are applied by introduc-
ing the appropriate switching functions. A procedure is suggested for the effective
application of this method for the analysis of all types of power electronic circuits.

The application of the switching function to build PWM signals to represent sine
waves and other composite signals resulted in compact expressions that give the order,
magnitude and phase of the frequency components in a simple fashion.

The method is limited at the moment for the steady-state response of switched
circuits; it is not developed yet to give the response of a power electronic circuit that
is just switch-on. But for a system that is already in the steady state and the duty-cycle
of the switching function is changed, the present method of analysis will give the new
steady-state response. It will not tell us how it went to the new state and how long it
took for the change.

Even though most generic power electronic circuits are analysed in this book, the
application of this technique is not exhausted yet. The mathematical models can be
expanded to include parasitic components such as the ESR of electrolytic capacitors,
voltage drops across diodes and semiconductor switches, losses in inductors, source
impedances, etc.

In applying this technique some rather new and certainly very interesting features
came to light.

‘Unified expressions’ of voltage and current in switched circuits valid at all times,
for all modes are derived.

It is giving the response of power electronic circuits in the steady state of all known
circuits including circuits with ‘charged capacitors’.

It has ‘proved that’ in a matrix converter the output frequency is w(m — 1) if the
modulating frequency is mw. It can be made to be w(m + 1).

For the current shaping circuit of a rectifier with capacitive load, it has shown that a
switching function ‘exists’ to operate the circuit in order to correct the input current
to a nice sine-wave, in phase with the supply voltage.
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‘Compact expressions’ are derived for Sinusoidal PWM signals based on the switch-
ing function. The order, magnitude and phase of each component are derived directly
from the expressions with simple arithmetic.

This book will not attempt to replace or compete with existing books dealing with
the operation, analysis and design of Power Electronics; it will ‘complement’ them
with a proposal for a new way of examining circuits and analysing them. There are
many choices for the analysis of power electronic circuits. No detailed comparison is
done between this method and the existing ones but certainly the major advantage of
this method is that it allows the modelling of the converter in a simple fashion, which
is actually very close to its true switching nature. This might prove useful to both the
researcher of new circuit configurations and the educator.

The researcher can have a simple model of his new circuit, which represents its
mechanism of operation and it will allow him to make valid approximations in order
to see very quickly if the circuit is behaving the general way he expects it to be.

The educator has a simple way to present to his students the mechanism of oper-
ation of complex switched circuits where all the statements regarding their operation
are presented in the switching function model of the circuit.

The author of this book believes that this area is open for more research and this
book is hoped to be of help to the future researcher.

Many waveforms are produced in this book and many results such as distortion
factors are displayed in the form of graphs. They are generated from Mathcad(R) soft-
ware, courtesy of Mathsoft Engineering & Education, Inc., http://www.mathcad.com.
Mathcad is a registered trademark of Mathsoft Engineering & Education, Inc. In
producing these waveforms and graphs two parameters determine their quality: the
number of harmonics and the time step at which Mathcad calculates. Theoretically
the number of harmonics is infinite. For the display of the waveforms in this book
300 harmonics are chosen even though 50 harmonics give a recognisable picture. The
x-axis of the displays (usually time) is chosen to give about 200 points in order to
enhance the quality. Large numbers of harmonics and small time intervals increase
the time taken by Mathcad to produce these waveforms. Mathcad is also employed
to derive rms and average values.
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buck boost dc to dc converter
circuit analysis 16874
mathematical modelling 164-8
operation and modes 1646
output ripple voltage 171-2
semiconductor ratings 173

163-74

switching functions 167-8
buck converter: see step down converter

capacitive loads
parallel RC switched network 31-3
parallel-switched capacitors 24-6
single phase full-wave diode rectifier: see
single phase full-wave diode rectifier
circuit modes 4-5
component switching functions
bipolar PWM sinewave 45-8
PWM composite 43-5
rectified sinewave PWM  39-42
sinusoidally modulated PWM signal
36-8
unipolar PWM sinewave 36-9
CUK dc to dc converter 175-85
circuit analysis  180-5
mathematical modelling 175-9
operation and modes 176-8
output ripple voltage 183-5
semiconductor ratings 182-3
switching function 178
current sharing, parallel RC switched
network 31-3
cyclo-converter: see envelope
cyclo-converter

dc to dc converters: see buck boost dc to dc
converter; CUK dc to dc converter;
PWM full bridge dc to dc converter;
step down converter; step up
converter

diode rectifier: see single phase full-wave
diode rectifier
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distortion: see input current harmonics; input
ripple current; output ripple voltage

envelope cyclo-converter 245-7
mathematical modelling 245-6
switching functions 2467

‘existence period’ 4-5

Fourier transform 7
frequency changers: see envelope
cyclo-converter; single pulse PWM
inverter; sinusoidally PWM inverter;
three by three matrix converter
frequency modulation ratio 35-6
unipolar PWM sinewave 38
frequency spectrum
bipolar PWM sinewave 47-8
bipolar switching function 13
harmonic impedance 14-15
pulse width modulation 35
rectified sinewave PWM  41-2
unipolar PWM sinewave 38-9
unipolar switching function 8
see also harmonics
full bridge dc to dc converter: see PWM full
bridge dc to dc converter
full-wave single phase rectifiers: see single
phase ac to dc phase controlled
converter; single phase full-wave
diode rectifier
full-wave three-phase rectifier: see
three-phase full-wave phase
controlled rectifier

half-wave three-phase rectifier: see
three-phase half-wave phase

controlled rectifier
harmonic impedance 14-15
harmonics

bipolar PWM sinewave 48

pulse width modulation 35

unipolar PWM sinewave 38-9, 40

see also frequency spectrum; input
current harmonics

impedance, equivalent, single-switched
inductors 234
inductive loads
parallel-switched inductors 21-2
single phase ac to dc phase controlled
converter: see single phase ac to dc
phase controlled converter

single-switched inductors 224
input current harmonics

single phase ac to dc phase controlled

converter 58-62

single phase full-wave diode rectifier
75-6

three-phase full-wave phase controlled
rectifier 114-17

three-phase half-wave phase controlled
rectifier 95-7

thyristor-controlled reactor 254-5,
256-7, 259-60, 262

input ripple current
single pulse PWM inverter 2334
sinusoidally PWM inverter 2434

inverse of unipolar switching function 9

inverter configuration active filter 271-3

inverters: see single pulse PWM inverter;
sinusoidally PWM inverter

junction theorem: see Kirchoff’s laws, first
law

Kirchoff’s laws 17
first law (current law) 27
second law (voltage) 27-9

line current harmonics: see input current
harmonics

line ripple current: see input ripple current

loop equation: see Kirchoft’s laws,
second law

mathematical modelling 4-6

Matlab-simulink 5

matrix converter: see three by three matrix
converter

modes, circuit 4-5

modulation ratio: see frequency modulation
ratio

negative pulse unipolar switching

function 9
neutral current, single phase full-wave diode
rectifier 77-81
output ripple voltage
active line current shaping 287
buck boost dc to dc converter 171-2
CUK dc to dc converter 1835



PWM full bridge dc to dc converter
190-3, 198-200

single phase full-wave diode rectifier
75

step down converter 141

step up converter 157, 161-2

overlap in ac to dc three-phase converters

circuit analysis 1324

operation and modes 121-9

switching functions 129-32

parallel RC switched network, current
sharing 31-3
parallel-switched capacitors, voltage-current

relations 247

parallel-switched inductors, voltage-current
relations 21-2

parallel-switched resistors, voltage-current
relations 20-1

parallel switches, voltage-current relations
19-20

‘period’ of circuit 4-5
phase controlled converters: see three-phase
full-wave phase controlled rectifier;
three-phase half-wave phase
controlled rectifier
phase displacement, unipolar switching
function 9
power factor
single phase ac to dc phase controlled
converter 62
single phase full-wave diode rectifier

76
three-phase full-wave phase controlled
rectifier 114-16

three-phase half-wave phase controlled
rectifier 98, 100
thyristor-controlled reactor
260-1
pulse width modulated converters: see PWM
full bridge dc to dc converter; single
pulse PWM inverter; sinusoidally
PWM inverter
pulse width modulation (PWM) 3548
basics 35-6
bipolar sinusoidally modulated signal
45-8
composite function 43-5
rectified sinewave signal 3943
unipolar sinusoidally modulated signal
36-9
PWM full bridge dc to dc converter
187-202

255-6,
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bipolar operation
operation and modes

188-93, 201
188-9, 193-5

output voltage distortion 191-3,
198-200

switching functions 188-9, 195-7,
202

unipolar operation 193-201, 202

PWM inverter: see single pulse PWM
inverter; sinusoidally PWM inverter

reactance, equivalent, single-switched
inductors 234

reactive power generation, switched
capacitor active filters 2669

reactor static VAR controller: see
thyristor-controlled reactor

rectification with active line shaping: see
active line current shaping

rectified sinewave PWM  39-42

rectifiers: see single phase ac to dc phase
controlled converter; single phase
full-wave diode rectifier; three-phase
full-wave phase controlled rectifier;
three-phase half-wave phase
controlled rectifier

ripple voltage/current: see input ripple
current; output ripple voltage

single phase ac to dc phase controlled
converter 51-63
circuit analysis 55-63
frequency spectrum of input current
58-61
harmonic distortion 61-2
mathematical modelling 514
power factor 62
semiconductor current ratings 63
switching function 53-4
single phase full-wave diode rectifier
65-81
circuit analysis 727
frequency spectrum of input current
75-7
harmonic distortion 76
mathematical modelling 65-71
neutral current 77-81
operation and modes 669
output ripple voltage 75
power factor 76
switching functions 70-2
single phase rectification, with active line
shaping: see active line current
shaping
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single pulse PWM inverter 220-2
input ripple current 2334
mathematical model and analysis

229-34

operation and modes 223-9
semiconductor ratings 2314
switching functions 229

single-switched inductors, voltage-current

relations 224
single switch, voltage-current relations
18-19

sinusoidally modulated PWM signal
bipolar 45-8
unipolar 36-9

sinusoidally PWM inverter
circuit analysis 2414
frequency content of output voltage 242
input ripple current 2434
mathematical modelling 235-41
operation and modes 235-6
semiconductor ratings 2424
switching functions 23640

step down converter 13743
circuit analysis  140-2
mathematical modelling 137-40
operation and modes 137-8
output ripple voltage 141
semiconductor ratings 142-3
switching function 139

step up converter 145-62
for active line shaping: see active line

current shaping

circuit analysis 152-8

23544

mathematical modelling 145-52
operation and modes 145-7
output ripple voltage 157, 161-2
semiconductor ratings 158-9
switching functions 151-2

superposition 5,17
theory 29-31

switched capacitor active filters 263-9
input current harmonics 267-9
mathematical modelling 263-5
reactive power generation 2669
switching functions 265-6

switched inductors, voltage-current relations

21-4
switching function concept
switching sequence 4-5

34

symbols 6
three by three matrix converter 205-22
as ac to dc voltage converter 218-20

operation and modes 20610

switching functions 208-10

as three-phase to three-phase system
211-18,220-2

three-phase full-wave phase controlled

rectifier 101-34

circuit analysis  111-20

frequency spectrum of input current 117

harmonic distortion 116-17
mathematical modelling 101-10
operation and modes 101-7, 121-9
overlap 121-34

circuit analysis 1324

121-9
129-32

operation and modes
switching functions
power factor 114-16
switching functions 10811, 129-32
three-phase half-wave phase controlled
rectifier 83-100
circuit analysis 91-100
frequency spectrum of input current
95-8
harmonic distortion 95-8
mathematical modelling 83-91
operation and modes 84-8
power factor 98, 100
switching functions 90-1
thyristor-controlled reactor 251-62
harmonic distortion 2534, 256-7, 260,
262
power factor 255-6, 260-1
single reactor arrangement 251-7
switching functions 251-3, 258
two reactor arrangement 257—-62
time waveforms, bipolar switching function
13
total harmonic distortion
single phase ac to dc phase controlled
converter 61-2
single phase full-wave diode rectifier
76
three-phase full-wave phase controlled
rectifier 116-17
three-phase half-wave phase controlled
rectifier 95-8
thyristor-controlled reactor
262
‘transparent’ switching function 4, 14

256-7,

unipolar switching function
concept 4
definition 6-8
frequency spectrum 8



square of 13
waveform 8,9

voltage-current relations
Kirchoff’s laws 17, 27-9
parallel RC switched network 31-3
parallel-switched capacitors 24-7
parallel-switched inductors 21-2
parallel-switched resistors 20-1
parallel switches 19-20
single switch 18-19
single-switched inductors 224
superposition 17, 29-31

Index 297

waveforms

basic switching function 7

bipolar PMW sinewave 46

bipolar switching function 10, 13, 14
parallel-switched capacitors 25, 26
PWM composite 445

rectified sinewave PWM  41-2
single switch 19

single-switched inductor 23
superposition 29-31

three switch system 28

unipolar PWM 36

unipolar switching function 8,9
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