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Abstract

7

This thesis presents the description, an:

and implementation of & medivon fre

quency PWM enrrent-fed inverter for induction heating applications. The feasibility of

the application of a PWM scheme to the eurrent-fed inverter in this partieular field is

investigated. The steady

tate performance of the sys Tnated by a simmlation

program which s based on the state-space method of analysis, The

analytical results by

simulation are verified experimentally on a laboratory set-up of a power level of 100 watts

atabout 1 k1.

The current-fed PAWM inverter is designed to achieve the goal of using a simpler control

scheme to ceduce the power losses and overall maintenance cost. It does not

st

of controlled rectifier for the outpnt regulation, which has the drawback of injecting large

harmonics into the utility system. The overall control strategy atively simple, hecanse

the control loop does not include the input cirenit of the system. The current-fod PWM

inverter presented in this the:

shows the possibility o

hieving ontput power regul
by means of both the swept-frequency method and the PWM seheme. A simple 1C-hased

triggering circuit has been developed which

an provide the roquired stable PWM signals

in a range wide enough to achieve the goal of control,
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Chapter 1

Introduction

1.1 Power sources for induction heating

Thyristorized inverters are widely used in the induction heating industry. Such furnace

power supplies feature high efficiency. high power capability, reasonable power factor into

the supply line, and accurate control capability. 1

e of higgh power requiremen

important issue with the design of power sources is low to optimize the overall perfor-
mance of the equipment for a particular task while trying to reduce the unit cost of the
equipment at the same time. The latter is meaningful hecanse of the possible massive

need of such sources in the industry.

Depending on the characteristics of dilferent materials Lo be proe and the tech-
nology required, the demand for power sourees for induction heating/melting applications
can be quite distinctive. The working frequency of the systems normally ranges from the

pply-line frequencies up to radio frequencies, while the power level conld be as low as i

few kilowatts, or as high as several megawatts. No single equipment in reality, therefore,

could operate over such wide power and frequency ranges, due to the physical limitation,



The power supplies for induction heating fall into four categorics, namely the supply-

T

tor-al systems, solid-state converter and 1

frequency systems,
systems. Their applications are illustrated in Figure 1.1,

These supplies are substantially frequency dependent in terms of power levels. Among

them the solid-state inverter systems have virtually replaced the motor-alternators over

the past few decades, due to rapid developments in the solid-state devices. The inverter

systems comprising SCRs are mainly designed for * medinm ” frequency applications at

“ +

high power levels. The term * medinm * used in this field is not so clearly defined in
the literature 1, 2, 3. Actnally, the frequency of the lower bound of the systems could
be close to the supply-line frequency, while the restriction of the frequency on the upper
bound with this type of system is determined by the physical limitation of the turn-off
time characteristics of the SCRs. Current technology results in an upper frequency of
some Lens of kilohertz,

Inverter systems can be subdivided into voltage source type (VSI), also known as
* voltage-fed ™ inverters, and current source type (CSI), or * current-fed " inverters,
according to their DC inputs characteristics. In the literature, they are also normally
identified by their load connection formats, i.e., series inverters which usually correspond
to the voltage-fed type, and the parallel inverters that correspond to the current-fed type.
Either type has its own particular merits, depending on the applications.

Figure 1.2 shows Lwo typical configurations for VSI and CSI inverters, respectively.

Current-fed inverters are fairly common for induction heating, as in many cases the load

sting of the working coil together with the work-piece is tuned in parallel with a




10 Hz 100 Hz 1kHz 10kHz 100 kHz 1 MHz 10 MHz
Frequency

Figure 1.1: Induction heating systems and processes (4.
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Figure 1.2: Two different inverter configurations [5): (a) A VSIinverter circuit; (b) A CSI

inverter circuit.



compensating capacitor. The purpose of this compensation is to constitute a resonant

circuit so as to maximize the power ¢

the power Factor of

the load. More

mportantly, it can provide the

lity of load commutation. ln a
current source inverter, the actual current sonrce is realized by using a suflicient 1y lange

inductor in series with a voltage source to provide a *constant earrent™. This inductor

can sometimes provide an instantaneons protection due to a shortereuit o the lod.

However, this type of inverter usually requires a stage of controlled rectifier for the major

regulation of the enrrent. fod into the inverter hridge, Six thyristors of large ratings in the

case of three-phase supply are required which ine s the cost of the whole system, Such

a converter may inject large harmonies into the ntility s, e conld he

e, The power f

poor when the load parameters vary during the heating eyele, sinee phase angle control

of the converter is required. Furthermore. two separate Uriggering eireuits to control hoth

the rectifier and the inverter itself are needed. This makes the control tasks

essarily

complicated. These problem could be solved by regulating the outputs within the inverter

rather than using a separate variable DC link.  Althongh many other variations of the

inverters have been attempted in rece

ars, eurrent-fed inverters are still wi

The pulse-width-modulation (PWM) techuique hecomes more

Inore pop

Iso been introduced into

to the ever-increasing availability of the microromputers. It hi

power converter/inverter systems, mainly for harmonies reduction and output regulation

purposes with high efficiency. In the case of induction heating, due o the inherent. high

power levels and associated high switching losses of the SCRs, the method is not really

suitable for the multi-pulse schemes, especinlly at ligh frequencies (6. Another fact is



that the effect of the PWM methods may

depend on the type of the inverter soure

Normally, fairly sophisticated control elforts are required for realizing the PWM schemes.

1.2 Thesis objectives and outline

A PWM current-fed inverter is proposed. The PWAM scheme is to be used to achieve
the regulation of the outpat power of the inverter 5o as to climinate the need for using a
controlled rectifier for such a purpose. The objectives of the research is to investigate the

feasibility of the PWM current-fed inverter for induction heating and to characterize its

performance, Statespace approach is widely used for hoth linear and nonlinear system

For inverter systen

analy it permits 4 complete dosign with as many variables and

parameters as possible with the help of digital computers. Tn this thesis, it is proposed to

develop a PWM enrrent-fed inverter, adopting the state-space approach to describe the

performance of the inverter,

Chapter 2 gives a review of past research on inverters for induction heating. Different
sehemes including some recent applications in this area are introduced and compared with
one another. The PWM technique and numerical means commonly used for the analysis

of inverters are also discussed briefly,

In Chapter 3, the description and analysis of the proposed inverter are provided. State-
space equations are formulated and solved to obtain the performance of the inverter for
steady-state response under varying load parameters. Numerical analysis tools, such as

Runge-Kutta algorithm and characteristic roots method, and subroutines of commercial

ges (such as MATLAB, MAPLE and NAG FORTRAN) are used to develop the



efficient simulation programs for the solutions to the state cquations. Performance

curves are provided and discussed based on the sing fon results,

The implementation of the PWM hased triggering cirenit for the inverter and

experimental verification of the PWM enrrent sour

inverter are presented in Chapter 1.

A design example is given at the end of the chapter.

Finally, Chapter 5 concludes the thesis by pointing out the merits of te proposed

inverter and discnssing the aspects of a elosed-loop control sy

em for this inverter. Future

areas of investigation to enhanee the system performance are diseussed.




Chapter 2
Review of Previous Work

Significant improvements in the power supplies for induction heating facilities have been

ackiieved over the past several decades [4, 7). due to the developments in semiconduc-

tor devices of high power ratings. power invertor configurations and the relevant control

schemes. The evolution of power inverters has been in two broad ways: better perfor-

o, and designated enbancement by advanced techniques like

by means of new devi

the PWAL However, so far, the PWM technique has not been well developed for induction

heating applications. but for the motor drives (8, 9. 10]. Generally speaking. the problem

with the development of high-power inverters is how to achisve a simple-structured main
cirenit of high efliciency with a less complex electronic control circuitry to perform a com-
plicated task. This chapter gives an overview of the previous work on developments of
different inverter schemes for induction heating/melting applications. The requirements
of an induction heating power supply. principles of both power inverters and the relevant
analytical means to determine the performance of induction heating power supplies are

. Finally, the concept of the PWM technique proposed in the thesis for the

current source inverter is introduced.



2.1 Requirements and modelling of a power inverter
for induction heating

In this section an induction heating load is described and modelled mathematically. Major
requirements of an induction heating power supply are discussed in terms of its applica
Lions,

2.1.1 Electrical characteristics and mathematical modelling of

an induction heating load

Induction heating is based on three principles: electromagnetic induetion, * skin effect ",
and heat transfer. Figure 2.1 (a) shows an actual induction heating furnace which con-
sists of a heating coil and work-picce (billet). The concept. of induction heating can he
explained with the help of the transformer theory as shown in Figure 2.1 (h) and (c).
For an induction heating furnace, a transformer with a single turn and short-cirenited
secondary winding is used to describe the actual induction heating coil with the load,
where th. primary winding represents the coil, while the work-picce actually constitutes
the single-turn secondary winding [1]. The ratio of the transformer turns is determined
according to different applications, such as heating, melting and hardening, and the rele-

vant technology. The load composed of the coil and the work can be modelled equivalently

as a combination of an inductance and a resistance in series. It is shown in Figure 2.1

(d), where Leg(w) and Req(w) represent the inductance and resistance, respectively, which

are functions of frequency. In most analysis it is ient to define a di ionl

parameter called “ quality factor Q " of the load. Referring to Figure 2.1 (d), the Q value



1, LeLnN,
e I,
in et £ o
Ny (Iov:‘ valug)
4 sunply
(a) (e)
w

Figure 2.1: Basic concepts of induction heating coil and load [4]. (a) Coil and load. (b)
Transformer. (c) Shorted secondary effect. (d) Equivalent electric circuit model of an
induction heating coil (5.



of this load can be defined as follows:

3 hn
Rey(w)
where w is the frequency of the alternating eurrent Howing through the coil.

The term Q is also used for a resonant cirenit.  In this case

il a capacitor (i

connected in parallel with the coil, a resonant frequeney w, can he found and the @ is

normally defined a

_ Wakeylw,)

Qe Reyfws)

w,

(rad./sce.). (2.4)
Ve ()

For different applications, the range of Q values can be from as low as

to as high as

20; even for a particular coil with load, the effective Q conld vary over a wide range during

the heating process [1, 2, 4]. The change in load can also be regarded as impedanee and

angle changes due to the variation of resonant frequency of the tank when heated [11].
This method is actually compatible with the assumption that @ changes.
The fundamentals and details of the coil design for various applications are available in

the literature [2,4]. It should be pointed out, however, that the effe

setive parameters of the
coils in terms of Lyy(w) and Reyfw) can he subject to other factors such as temperatre,
size and type of the work-pieces. That is why both parameters are modelled as nonlinear

impedances, as shown in Figure 2.1 (d). A malching transformer wonld be needed when
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a power souree, i maxitnm power ¢ s desired or some consideration of power

ratings of the coils is required . It is common practice in the analysis of inverter circuits

1o mudel the whole load using only an /# — L cirenit. The variation in coil parameters

is reflected by the @ values of the il [1]. The design of the proposed inverter system

conducted in this research follows such an assimption. as a complete design of coils with

Lar load parameters is heyond the seope of this thes

parti

2.1.2 Requirements of a power inverter for induction heating

From the literature [1, 4], the main requi s of an incduetion heating can

be summarized helow:

Self-starting capability The processing should he started easily by firing the SCRs

without the help of any other anxiliary apparatus. Uuder some conditions, when

Q values of the load of a voltage souree in

rter are either too high or too low,

kind of inverter has a starting probletn. Or for a current source inverter, it

cannot be started from = cold 7, since at the beginning of the process, there is
insnfficient voltage across the parallel compensated capacitor. Many methods have

been developed and nsed to help start such an inverter [1, 3].

Substantial load change capability In the heating process, the parameters of the load
tend to vary considerably. especially in the case of steel heated through Curie tem-
peratures, A small change in the load parameter is reflected in the whole coil and

tank impedance, Beside

abrupt changes in load parameters due to the change

of load shape and size, or, in the abuormal condition when a short circuit occurs,




1K)

should not affect the operation of the inverter systen. is ensured by the con-

trol/protection circuitry of the s

Constant power output To both maintain a rated output power and keep the power
supplied to the load Lo safe operating conditions, elfective meaus for regulation of
the output power under wide load variations should be provided. The change during
the heating process can normally be expressed as 4 variation in the @ of the load,

Therefore in most ca:

he design of the power supply is based on the determination

of the maximum range over which the @ of the coil will vary.

Generally speaking, regulation of the output power is one of the main objectives of
the power supply designers. In fact, the variation of the resonant. frequency of the load
circuit can also affect the load impedance, and therefore the ontput. power. In this thesis,
the analysis is based on the assumption that only Q varies, since this rellects many actual

situations.

2.2 Classifications and functions of power inverters

Solid-state static inverters are extensively used today in induction heating applications.

The typical environment for the heating process is such that a three-phase supply provides

power to the inverter through a DC link. lnverters using SCRs are mainly for medium-

frequency applications, while for very high fi SCRs must, be replaced by some

high-speed power transistors like MOSFETs. There are several types of inverter schemes

available. Typically they fall into the following cl rations: voltage or eurrent inverters,
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es/parallel inveriers and load-resonant inverters, which are defined differently. The

inverter disenssed in the thesis corresponds to the type of current source inverter.

2.2.1 Comparison of voltage source (VSI) and current source
(CSI) inverters

As the nane indicates, a voltage souree inverter nses a voltage source as its DC link. while

Uhe cnrrent souree inverter nses such a sonree together with a large inductor to provide an

equivalent * current source ", An example is shown in Figure 1.2 (b). Oue of the major

differences between the two is that the VSI inverter has a stiff DC voltage source. Since

o

variation is not desirable. Therefore the

this voltage is dircetly applied to the load, large

ation of the ontput power is normally achieved by varying the operating frequency

of the inverter. In the CSI inverter. however, the constant current source is obtained by
means of a closed-loop cuirent control in the DC link. This control also provides the
function of output power regulation in a conventional CSI inverter. Dawson and Jain [2)
have conducted a comparison of the two inverters with a conclusion that VSI inverters are
better in converter utilization at higher frequencies. The CSI inverters are more rugged

id reliable; a momentary short circuit in load does not affect the operation very much.

Normally. a closed-loop control system is required to further protect the CSI inverter.



2.2.2 Swept-frequency systems and load-resonant inverters

Davies and Simpson [1] have given a good background knowledge of the solid-state static

inverters for induction heating, Two basic inverter systems, namely the swept-frequency

generator and load-resonant generator, have heen introduced and discussed, which are

shown in Figure 22, The two schemes reflect the principles of the power control of the
systems: by frequency variation or by variable D¢ supply at fised froquency. 1t should
be noted that the actual applications are sometimes the combination of both,

Swept-frequency systems have the following characteristies [4].

o They are used for melting appl rely low power lovels, and are suitable

for high-@Q loads;

o due to a large series reactor isolating the loads from the source, they enable a wide

range of load impedances to be matched;

® open/short-circuit situations in the load are tolerable;

® a series commutating circuit is used, which canses a constant loss so that the effi-

ciency at reduced power level s low;
o the range of power control is limited by the Q value of the load cireuit.

Therefore this type of inverter is quite limiited in use with a load of wide Q variation,
in terms of the output power regulation. Besides, the power factor of the system could

be poor when the load is badly tuned,
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Figure 2.2: Basic inverter circuits (4]. (a) Swept-frequency generator. (b) Load-resonant

generator.
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Overcoming the drawbacks of the swept-frequency

systen the load-tesonant system

has the following features.

-

It is especially suitable for high power levels, as in through-heating and large melting

applications with high clliciency;

o it has less losses perieularly ander reduced load conditions, and provides large range

of power control independent of load Q;

the output from the load is tapped and fed ba a commutation eirenit to turn-olf

the SCRs.

No auxiliary commutating cireuit is needed for load-resonant inverters, A special

feature of such circuits shown in I

its extinetion time, i ignre 23, This interval 1, beging

from the point at which the SCRs (the proviously conducting pair) stop conducting, to
the point where it is required to block forward voltage, as the thyristors need their furn-off

time to recover the blocking capability. This is achieved by ensuring that Ui lond phase

angle ¢ = wy(Lovertap+le) 2 walogye (wy > w,), where w, and w, are the switching frequency

and the load resonant frequency, respectively, and Loyy is referred to as the device tarn-off

L the

time. Otherwise the inverter will not commutate suceessfully. It can be seen here

parameter Ly is a decisive factor in limiting the upper operating frequency. Generally

speaking, load-resonant systems work more efficiently than the other type, at high power
level and operating frequencies, but require more attention to the control strategy.

Since the power contral of a load-resonant inverter is realized with a separate DC link,

the load could be better tuned whenever the regulation is needed. The power factor of
s
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the load circuit is superior to that of the swept-frequency on the average in this regard.

From the whole s;

stem point of view. it would not be so high as expected. The power

factor of the controlled rectifier used in th

estem is low at reduced DC ontpat level
when the conduction angle becomes small. Within a certain limit, load-resonant inverters

also possess the capability of regulating the onfput by frequency variation means.

Both systems deseribed above are of basic types. Load-resonant inverters helong to

the current-fed type, or parallel inverters, according to the load contignration. While
swept-frequency inverters are considered as a constant-voltage, vasiablo-froquency source

in series with an output inductor. In practice, many variations exist that can possibly

enhance some of the functions of the basic type,

2.3 Developments of power inverters for induction
heating

In 1969, Dewan and Havas [12] published their implementation of a phase and frequency

changer with the capacity of 100 kilowatts at around 1 &/, . This AC-AC converter
required three pairs of thyristors, and no DC link is used. Several L€/ components have
been used, apart from the compensating capacitor for the load that are used for commu-

tation purpose. This early attempt of static conve

Ler equipment overca

e SOmE common

difficulties experienced by the motor-generators. Later in 1970 Pelly (1] provided with a

detailed practical description of the high frequency power source. e thoroughly discussed

the current-fed inverters for induction heating/melting applications. Me

ts of the par

lel, series- parallel and time-sharing schemes were provided, The second type is superior
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to the fir:

in current dependent commutating capability and easy starting, but causes

more stress on the power devices. The time-sharing system was developed to solve the

frequency limit problem of current-fed inverters due to the turn-off time restriction of de-
vices, ab the cost of more power devices and complexity of the control strategy. The CSI
time-sharing inverter also avoided some disadvantages of the voltage-fed type available
in the same period of time. Pelly’s work related mostly to qualitative descriptions of the
working principles of the inverter systems. Few analytical results were provided in the
literature to evaluate the performance of the systems.

Revankar and Gadag [13, 14] presented in 1973 and 1974 quantitative analyses of the
current-fed parallel and series-parallel inverters using a simplified method. A number of
womograms were made and their use for the choice of circuit components was discussed.

In addition to the wide applications of CSI inverters, efforts have also been made to
develop voltage-fed inverters for certain induction heating situation since 1970’s. Roda
and Revankar [15] investigated a completely different scheme with a voltage source. The
emphasis of the analysis was put on the normal working conditions and the available turn-
off angle characteristics that were considered to be superior to the CSI type. However,
this scheme requires highly accurate closed-loop control in order to achieve the designated
performance as well as to avoid its possible abnormal operation.

Auimportant issue with the applications of thyristor inverters for induction heating is
how to provide an efficient means of variable DC input so that the outputs of the inverter

lated lingl

conld be reg y. In

an inverter system it would be helpful to

find the answers to the following in the first place.



. During the heating process, to what degree should the lad parameters «

will any regulation efforts he needed in the inverter sta

. What kind of means would be available/adopted for the regulation purpos

In the literature cited in this

ction two hasic types of regulation methods ave adopted in

most applications, as described in subsection 2.2.2, However, few performance evaluations

of the systems on the power regulation have been provided. Analysis of applications of

the PWM technique in CSI power inverters for indnetion heatin seldom found so far.

2.4 The PWM technique and its potential

The PWM technique is beiug used extensively in power appli

s for hetter
performance, especially in the static converter systems. Voltage-fed PWM inverters are
relatively straightforward to build, and current-fed PWM inverters have also heen under

active investigation [6, 8, 9, 10, 16]. Various PWM schemes are chosen in pract,

imainly

for the following two reasons:

1. providing an-efficient means to regulate the inverter ontputs, such as the voltage

and power;

2. intentionally reducing certain harmonics so as either to make contribution to the
specially desired output waveforms, or to decrease the equipment cost by means of

casy filtering.



Commonly used PWM strategies include [16]:

o Single-pulse-width modulation ($M)

o Multiple-pulse-width modulation (MPWM)

o Sinusoidal pulse-width modulation (SPWAM)

o Modified sinnsoidal pulse-width modulation (MSPWAM).

Among these, the last three options are in an ascending order to achieve increasing
effect of harmonie reduction with the resultant complesity of the same order.

One obvions disadvantage of these schemes, particularly the MPWM and SPWM
methods, is that due to the large number of on-off switching of the power thyristors, the
switching losses would unavoidably increase. This could be tolerable for motor control
applications, where the power level may not be of the most concern and the working
frequencies are in most cases fairly low.

The $M method may be chosen for induction heating applications. Due to the normal

Ligh-Q@ nature of the compensated lvad, the harmonics problem would not be a major

%)

concern here. The SM schemeiis used for power lations from power loss

The principal f of the dulation scheme are ill l in Figure 2.4. By

varying & from 0 to , the effective output in Figure 2.4 (b), according to Fourier analysis,
is given by:

=
o(l) = Vs s g (2.4)
n=135,.. nw¥ 2

where the item sin% controls the output accordingly.
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Figure 2.4: Illustration of single pulse-width-mdulation {19]. (a) The output waveform
without modulation. (b) The modulated output waveform.



To realize the CSI PWM scheme with inverters, some special attention is needed
[8,9, 10]. In almost all the applications that require high power. the actual current source
is achieved by using a large inductor in series with a voltage source. Rather than being

“ constant ", there are variations in the * enrrent sonree ™ when the load of the source

ehanges. This fact should be given enongh considration.

2.5 Analytical methods and numerical analysis of
inverter systems

In the early period of time, basic circuit theory was nsed to analyze inverter systems.
Assumptions and simplifications of cirenit equations limited the analysis of performance

of the systems. For instance. in Gadag's ana

1], the working frequency w, is selected

Lo be close to the resonant frequency of the load, i.e., the assumption w, = w, should be

1. All the results were obtained with the above assumption accordingly. Fourier

series method was also nsed for anal. If the source of the system is not fixed, the anal-

s will become more difficult. Later Roda and Revankar [15] used state-space method
for the circuit analysis, and obtained more accurate results with the resultant simulation

programs. They chose the characteristic roots method for the computation, rather than

the commonly used Runge-Kulta algor ing out that the latter required 2-4 times

more CPU time and also had the instability problem. This algorithm, however, results in
the equation-oriented programming so that wiv=never a single parameter is reconsidered,
the whole program would need modification. The advantage of this method is its faster

speed in terms of CPU time, if partial solutions to the system equations are achieved



analytically. The Runge-Kutta algorithim is slow hecanse a large munher of iteration is
required if a high accuracy is desired. This gets worse especially when either the equations
to be solved are of high order or more parameters are under consideration that vequires

red 1o pave the road to a more effi

more iterations. So new approaches should he discov

developed progranms,

cient computation-based design, Generally speaking, with prope

ctory ontputs.

esult i guite satis

both methods mentioned above m:



Chapter 3

Analysis and Simulation of the
PWM Current-fed Inverter

This chapter is mainly devoted to the analgsis and computer simulation of the proposed
medium-frequency PWM current-fed inverter for induction heating applications. The

PWM method is supposed o substitute for the function of the conventional controlled

rectifier used in a CSI as the variable DC link. The output of the inverter, subject to
the wide @ variation of the load, is to be controlled now by two parameters, namely the
operating frequency w,, and the PWM control angle §. To stress the effect of the PWM
scheme, only a parallel tuned load is cousidered in the analysis. State-space approach
is employed in the formulation of equations for the analysis of the PWM scheme. The
simplified analytical method and Fourier series approach mentioned in Chapter 2 are not
suitable here for the proposed inverter, because the inverter does not work all the time
at the frequency wy = w,. For the latter method, since the equivalent current source will
not be a real * constant " source, greater error would therefore result. Two simulation

methods are employed to obtain the solutions of the state-space equations. The first is

26



based on the most frequently wsed Runge-RKutta algorithm programmed with the help
of the commercial package MATLAB. The uther uses the characteristic roots tethod
supported by the newly developed MAPLE software and the FORTRAN subroutines in
NAG package. The latter is mainly developed for a comparison of the execution speeds
by the two methods.

Following the description of the inverter

e in Seetion 3.1 the working principles
of the parallel inverter, both with and withont the PWA modulation, are explained in

Section 3.2; the turn-off time for the successful commutation in both cases is analyzed in

detail. Section 3.3 is concerned with the steady-state analysis with which the performance
of the inverter is evaluated later. Finally, a brief introduction to the computer simulation
(more details are found in Appendix A ) and the resultant performance curves are given

in Section 3.4. The experimental verification is provided later in Chapter 4.
3.1 Description of the inverter system

Figure 3.1 shows the circuit diagram of the PWM current-fed inver

ter. Different system

functions are described below.

Diode Rectifier This is a 3

 bridge rectifier comprising six power diodes of Large

ratings. It converts the AC power from the supply line into a fixed voltage souree for
the inverter stage. No control circuitry is required for this stage so the implementa-
tion is simple. Additional advantages include uniform power factor, and minimum

harmonics injected into the ntility.
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Line Inductor Ly This inductor is introduced in cach phase of the power supply 1o

limit the maxinmum amount of the rectifier deviee current. It also functions as

a

filter to minimize the harmonics injected into the utility

Choke Ly Itis a type of reactor of large inductance, or choke, which allows DC current
component to pass freely. The choke together with the diode rectifier funetions as
a “ current source ™ which supplies the inverter stage. The inductance of this choke
must be sufficiently large so that a relatively smooth eurrent can he maintained,
It is dependent on factors such as the tank inductance and the range of @ values

of the coil. In order to maintain a relatively smooth current for a wide range of Q

values of the coil, the ratio of the reactor inductance to the coil inductance should

be at least seventy.

Switches T to Ty These switches are SCRs that operate at medium frequency and carey

substantially high amount of power. “The curvent from the DC link s fedd into the

bridge inverter composed of these switchies and a symmetrical square wave of high

with the

frequency current is then pumped into the tank eireuit, Snubher cirenit

components R, and C, are needed with these devices for protection from exe

dv/dl stress.

di/dt Inductor L, This inductor, including the small inherent wire inductance, limits
the di/dt stress of the SCRs. As a resull, the current waveforms are not of ideal

rectangular wave-shape.



Coil model £ and r These two parameters

models the furnace, the work-piece and the matching transformer, if used.

represent the actual coil circuit, which

Compensating Capacitor €' This capacitor is connected in parallel with the coil cir-
il

s used to compensate for the induetive effect of the load coil and to improve

the wverall power factor. Load commmtation is also achieved due to a little over
compensation to make the whole load circuit capacitive, or to have a leading pover

factor.

Induction heating loads are of the single phase type. In most applications, 3-¢ supplies

wed to provide higher power and reduce the ripple components in the DC link.
‘The rectifier used in this inverter system is uncontrolled, unlike that of a conventional
€SI system, where a closed-loop control is employed to control the DC link current and
consequently the output power, inevitably leading to a slow dynamic response. The
function of the controlled rectifier in the conventional CSI scheme is now replaced by the
PWM scheme which is introduced in the inverter bridge to control the output power.
The starting cirenit, in a form appropriate for the parallel load[1], operates for only a
few cyeles until the steady-state operation can be established. Generally speaking, the
configuration of this system is the same as that of a conventional CSI inverter, although

the two systems do not work in the same pattern,




3.2 Working principles of the inverter circuit

In this section the principle of a CSI eireuit with a parallel compensated load is analyz

Special attention is paid to the commutation process of the PWM scheme,

3.2.1 Turn-off time requirement of a load-resonant CSI with-
out PWM

Some simplification would he necessary to hetter understand the basie working prineiple

of the load t CSTinverter. A simplified ci

it dingram of the invertor i shown in

Figure 3.2. The DC source of this inverter is assumed equivalent to a combination of an

ideal voltage source of magnitude of E Volts and zero internal impedance. Besides, the

snubber components R, and €y are neglected in the ana

sinee they do not affeet the
steady-state operation of the circuit.

A lete description of the ion principle of the configuration for induction

heating without PWM modulation is available in the

ature [1, 3], Some important

points to be ensured for successful operation of the inverter are summarized as follows,

o The constant current iy provided by the voltage sont

together with the substan-
tially large smoothing inductor, Ly, is switched in opposite directions through the

load circuit by alterrativety triggering thyristor pairs 74,73 and

"ty 80 that the
load current 1, is forced to be of rectangular form. The magnitude of iy, how-
ever, may vary substantially due to the variation of cirenit parameters, so it is only

constant from the transient point of view.
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® The phase angle of the load must appear leading, at the fundamental output fre-

quency. This is ensured by a little overcompen

on of the coil by an amount
sufficient for the thyristors to commutate. In most cases, this is achieved in practice

by operating the inverter at a frequency higher 1

the resonant frequencey of the

tank circuit.

As the name indicates, the starting circuit is wsed to build up the required electrical
quantities in both the smoothing inductor L and the commutation capacitor €'y so that,
the main bridge circuit conld he tiggered promptly. The prineipleof operation is discussed
in detail in [1]. The cirenit nsed here s of the standard form, which enables e smooth
starting of the CSI circuit operation for different @ valies. The requirements of the
triggering circuit for the starting process is mentioned later in Chapter 4, together with
the design of the PWM triggering circuit.

The load commutation phenomenon is the key part in the operation of the inverter

bridge. It can be taken to demonstrate the working principle of steady-state mode of the

inverter. A full cycle of operation is described in detail in the following paragraph.

Referring to Figure 3.2, suppose Ty and Ty are conducting in the steady-state. With

both the output current i, and voltage v, being negative, Usually the Q value of the coil

is reasonably high that a nearly sinusoidal waveform of v, is obtained. Just before v,

goes 1o zero, Ty and T are triggered. Notice Uhat al the instant of triggering this pair of

thyristors is forward biased so the pair begins conducting almost at the same time, This

action 1 there

resnlts in the ion of the other pair, Ty and Ty, since

are reverse voltages across them at the instant. This proc hows th

id of negative
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half eyele of operation and the commencement of the other. The subsequent half cycle

oceurs in much the same manner. The complete cyele of aperation at steady-state of the

parallel inverter is illustrated in Figare 3.3,

In Figure 2.3 of Chapter 2, the effect of L, is emphasized with the output current

Isewe during the working cyele. Because of this inductor, the reversely biased pair of

s condueting immediately and therefore all the SCRs will be on

thyristors will not ce:

2.3, which gives rise to the non-

during a small interval v as indicated in the Figure
ideal rectangular waveform of i, [I3]. Due to the inherent turn-off time characteristics

of thyristors, they must be allowed sufficient period of time, to, for reliable commutation

hefore they can assume positive voltage again. Otherwise the thyristors would resume
condueting as a result.
There are cerlain critical issues with the load commutation process and hence the

0 1o be clarified as follows.

cireuit operati

1. The thy

stor turn-off timef,7; is the minimum time period required by the nature of

the devices to recover their blocking status from the previous conduction. The time

1, given in Figure 33 must be larger than Lyy. ¢, is manipulated by the switching
frequency w,. In the literature, it is usually called the available turn-off time of the

index. imes this

inverter cil

which s an imy circuit

interval is expressed by a phase angle, as shown in Figure 3.3,

From Figure it can be seen that ¢, is determined by ¢, phase angle of the

tank circnit. The relationship of ,,to7y and ¢ for successful commutation can be

expressed as:
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Figure 3.3: Waveforms corresponding to the circuit of Figure 3.2.
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6 = wt, (32)

The maximim working frequency is inversely proportional to the minimum width
of the working cyele. It can then he coneluded that fi,, would be mainly limited
by the turn-off time £, 7. This is also becanse normally ¢, only takes a small portion
of the period T, (1, = }: )y if tow poor a power factor of the load is not expected.

For commaonly nsed symmetrical thyristors of large rating, toss is larger than 10 us.

With chosen SCRs in use, a minimum load angle ¢ should always be maintained

during the heating process to ensure £, which is the minimum available turn-off
time provided by the system. Basically there are two schemes to realize this (1],
One method is to maintain a fixed phase angle &, In this case, since 3 = w.t,, or
cquivalently ¢, = £, demand fur changes in w, means a variation of f;. To the
extreme, w,,,, will result in £g,_ . Stated another way, a relatively large angle ¢ is
required to ensure fg, . when ¢ is fixed and the working frequency varies widely
during the process. The power factor will therefore be relatively low. The other
method maintainsa constant turn-off time', so that the power factor could be high
at low frequencies. This method is commonly used but more efforts in the control

strategy is needed than the former [4].



3.2.2 Special commutation process due to the PWM scheme.

As stated earlier, the PWM scheme is proposed to replace the function of controlled

rectifier for regulation of the output of the inverter. Specifically, the single pulse-width-

modulation (SM) is employed for the inverter. It brings about some special features of

the commutation process to be diseissed below, Even thogh thero are many diseussions
about the VST PWM principles, less attention has been paiel to the analysis of the CS1
inverter for induction heating. Nor has the side-elfoct of PWAM on the system performance
been fully explained.

Figure 3.4 shows the ideal waveforms of the cirenit of Figure 3.2 with SM modulation

under steady-state operation. To clearly illustrate the PWM mechanism, the effect of L,

is neglected.

The PWM modulation results in two dead zones of the same width in cach full eyele

of the output current, resulting in the so-called quasi-square-wave output waveform, The

ratio of the effective part to the fall cycle in width of the current can be expressed by the

modulation index p = £, where § varies, theoretically, from 0 to . The amplitude of the
output current i, under different § could be nnequal, but will still be labelled I, with any

particular 6. By the Fourier serics theory, the fundamental e

porent of the quasi-square

waveform is shown in the figure by the curve of iy, The equivalent phase angle of the

load now should be the phase difference between i, and u,, if @ is reasonably high.

Suppose at time w,t = 0, Ty and Ty were conducting witil w,t = § when T} is suddenly

triggered to conduct, which is under forward bias. This leads to the commutation of T3

accordingly. From the waveform of vr,, it can be seen that Ty will have sufficient time to
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Figure 3.4: Waveforms corresponding to the circuit of Figure 3.2 with the PWM scheme.
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turn off, so the short-circuiting of the inverter bridge will not canse a problem with the
commutation. At the end of the dead zone, or point d before which hoth 74 and T} were

on, Ty is fired to start as v, is still positive,

nilarly, 7' s foreed to cease this time, It

is fairly evident at point d that v,

camnol be negative, which is the precondition for 7,

to commutate. What is more, this condition should remain until to the point. ¢, to allow
for Ty to successfully turn off. Such a period of time is seen in the figure as that from
dto e. The next commutation is supposed to happen to Ty at f, whore another dead
zone appears. Turn-off time is not a problem here, either. and at g when 7} is triggered,
Ty is commutated as a result. So far a complete eycle of operation has been deseribed.
Again something important and special with the PWM operation of the CSI eirenit of

Figure 3.2 should be pointed ont below.
1. The basic difference of operations between the PWAL scheme and that without PWA
is that each thyristor is triggered individually, according to certain order, W oltain

the quasi-square waveform for output, regnlation. So four dif

b Uriggering signals

must be provided.

o

The above discussion shows that the load phase angle at the fundamental frequency,
1, should always be greater than the device turu-off angle. 1t is elear from Figure 3.4
that the angle shonld cover from point ¢ 10 ¢, ot just. d to e, This is becanse there iy
a dead zone between the turningoff of 7} and te starting of . 1f the zero-crossing
of u, is carlier than e, Ty will resume conduction again, resulting in an abnormal
state, even though the total phase angle is already larger than L,y7. The relationship

now could be explained clearly by the following equation




> Loy (3.3)
é = ..,,1,+’—:5 (3.4)

3. Equation 3.4 implies that the power factor of the tank could be lower than that

without PWM, if the same turn-off time is required, because in the latter case

variable DC link is available so ¢ can be smaller. While the overall equivalent

power factor could he as satisfactory hecanse of the effect of PWM scheme, This is
abserved in the simulation results in Section 3.3.5. Equation 3.4 shows that lower
power factor is the cost of using PWAL This is an importa . point to be noticed

when dealing with such a circuit with PWM.

Unlike voltage-fed inverters, the DC iuput of which is fixed regardless of the variation

of the em parameters, the am. “itude of the output current, I, in the PWM scheme,

is a function of certain parameters, such as Q, § and w,, and the analysis and control

of a ('SI PWM inverter have to cousider variations in these parameters. The effect is

discussed again in the next section.

3.3 State-space analysis of the inverter system

The state-space approach is capable of handling analyses for both linear and nonlinear

complex systems with highly accurate results, For the analysis of inverter systems of

simple configuration or with relatively straightforward working principles, other methods,

such as the simplified analytical method and Fourier series analysis, can be employed.



However, these methods are not suitable for the inverter system proposed in this thesi

The former method is intended to use cortain simplification. such as w, = w,, during the
derivation of the solutions. Therefore complex caleulations can be avoided and a relatively
simple set of equations can be obtained for the solutions.  For the PWM CSI inverter,

this approximation is not. valid. The Fourier Sories

is method may be applied to
the PWM CS! inverter. However, becanise the magnitides of the current source vary with
the load parameters, the analysis becomes much more complicated.

The state-space analysis is conclucted Lo obtain various performance curves with which

the behaviour of the proposed system is thoroughly evalnated, Nec

vy equations or
relationships are established for the selection of system components. ‘To mainly describe

the performance characteristic of the system, the computer simulation is based on a

simplified circuit configuration { a third-order system ). In addition, normalization ( per

unit system ) is adopted throughout the analysis without the loss of generality,
The detailed discussion of the starting cirenit. nsed in the system of Figure 3.1 can be

found in the literature [1].

3.3.1 Simplifying assumptions

As a common practice, some basic assumptions are made with the cirenit of Figure

as follows:

are ideal and lossle

1. thyristors and power diod witches, with zer voltage drops

in conducting state and zero current in the off state;

2. the AC source is a three-phase voltage source with fixed magnitude and frequency;



3. all the passive components are linear: inductors and capacitors are lossless:
4. the elfects of the snubber cireuits and starting circuit are neglected:
5. w0 matehing transformer is used in the analysis.

Since the input line inductance Ly practically exists, or sometimes it is intended
to introduce a relatively large amount of such inductance into the circuit, its influence
is considered in the analysis. The three-phase voltage power supply with the secondary
line-to-line voltage Vi and Ly, at the line frequency w;, is equivalently expressed as a DC

voltage source with an equivalent resistance R;. Referring to Figure 3.1, the magnitude

of the source is given by (17

Vi (3.5)

where £ = 135V} and R, equals to 2Etse | Together with the assumption made above, a

simplified circuit of the inverter system shown in Figure 3.1 is illustrated in Figure 3.5.

3.3.2 Continuous mode of operation

For & current, source inverter, the current fed into the inverter bridge is forced to be
constant due to the large inductor, Ly, between the DC power supply and the bridge.
Therefore the inverter has only one mode of operation, namely the continuous mode.
“This mode includes four distinct intervals with the PWM scheme. Respective equivalent

cirenits and waveforms i

a complete cycle are shown in Figures 3.6 and 3.4( e.g. from

the origin to the point of g in fig. .4).

i
i
i
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Interval I During this interval. thyristors T}

re condueting. The outy

current

i, flowing through the load circuit is positive and ren

s constant throughout.

This induces a nearly sinusoidal waveform of ot put voltage v, o ., if the Q value

of the tank is not too low To satisfy the commmtation

ition, e, must lag i, by

an angle of 2. The width of interval [ is controlled by adjusting & (0 < 8 < 7 ),

which affects the output level.

Interval II This is a dead zone of iy, forming part of the quasi-square-wave. [Uis achioved

at the end of interval 1 by turning on thyristor 74 and consequently foreing Ty to

commutate. The tank eurrent is isolated from the DC link during this interval,

Interval TIT According to the symmetrical operation.

the same as explained for interval I, e

d Ty are conducting o

i

cept that i, is negative. v, at this time

transfers from positive Lo negative, allowing for the same amount of angle from the

intersection of interval 11 and 111 to give the required turn-off time,

Interval IV Another dead zone appears as thyristor 7%, on the same side of the bridge

with Ty, is triggered causing 7 to cease condue

Even though i, is of a quasi-sq vave pattern, the

plitudes of i, and i, change
substantially, with the variation of circuit parameters such as Q,w, or 8.

It is noticed that in the case of § = &, no dead zone is pres

and the operation of

the PWM CSI inverter becomes a non-PWM type. These two systeis are analyzed and

compared in the thesis, under the assumption that the DC inputs are the same.



3.3.3 Normalization of the system parameters

Per unit system is a useful tool for analyzing power systems. It results in normalized

system parameters while providing general results for evaluating a system’s performance.

In this subsection, all the quantitios and parameters used in the analysis are normalized

and, whenever necessary, explained.

The resonant frequency of the s

Figure 3.2 at resonance are given by [20]:

rad/sce.,

and

wol
-

Q. =

Since in the actual case, Q is usually high, equation 3.6 can be rewritten as

1 1
@ =y e
. [T y
2 = rad/sec
T red/see
Then w, is chosen as the base frequency

wp =w, rad/scc (1pu)

em, w,, and the quality factor of the load circnit of

(3.6)

(3.7)

(3.8)

(3.9)



and the operating frequency is defined as wy.

The tank resistance r is used as the base impedance
Rg=r  Ohms (1 pu). (3.10)

With reference to Figure 3.5, the amplitude of the equivalent DC souree £ = 135V} is

o]

taken as the base voltage
V= Volts (1 pa). (#.11)

The other quantities can be derived from the bases above, The base current and power

are then given as

Ry

=

= = Amps (1 pac), (3.12)

£

&l

= I}Rp Walls (1 ). (3.13)

It should be noted that these two bases are Q-related becinse they include the coil
resistance r.
Two bases related to angle/time are also selected o evaluate the turnofl Lime and

the power factor characteristics. If ¢ stands for any pha

angle, the base time and base

angle are defined by



=
by =
I .
=g (e (3.14)
0 as
Oy = = (1pu). (3.15)

all the 1 e designated using over-lined

I the following analysis,

signs as, for instance,

3.3.4 Formulation of system equations using state-space ap-
proach

s, the necessary equations required for the computer simulation

In this part of the ar
are derived by employing the state-space method. This approach gives more accurate
results than other means commonly used. The effects of many factors changing from time
0 time, such as those due to PWM modulation, and variations of system parameters

ed. Both transient and steady-state

ily observed and di

wye @ and s0 on can be eas

em can be ohtained at the same time. Only the steady-state

responses of the inverter s
solutions are considered in this section with an aim to produce performance curves for
stem components.

evaluation of the tem and selection of the s

In Figure 3.5, iy, iy, and ve are chosen as state variables. State equations for interval

L, with the notation of positive direction of each variables, are found accordingly:

dig .
v = Lagt 4 v (3.16)



1

i, -
4 @17
and
i s
ot H1

Since iy is assumed 1o be constant, s L Using equation 3.5, vy is
given by

b
T

Y,
w‘ i (.19)
or
diy _ Lione:
At~ g

U

(:3.20)

When interval [ is over, the load is isolated from the DC link, as shown in Figare 3.6

(b) for interval 11, The corresponding equations during this interval are given by

li,

= # (3.21)

or
(3.22)

and
diy, -
%= (3.23)
de _ (3.24)
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Tnterval 1 is deseribed with a configration as that in Figure 3.6 (a), except that the

load is reve

ly conneeted to the DC link.

The equation satisfying this period can be

obtained easily from equations 3.24 to 3.13 by the positive signs of both iy, and ve:

diy

The equations for interval 1V

All the equations for the four

sions given by

diy
n
diy
ar
di
o

where

Bl

L

are obtained similarly as

dig _ ol 1
@ T T LR
diy )

o5 _Z’L+Zl'ﬁ

it )

& o L

_ 3wiLie i m 1
S S UL S
T
= -Z'”'ZU“
i

I,
chT el

Ly
b o=

! Liine
ko= 2

it ! UK+LLJE<

(3.28)
(3.29)

(3.30)

intervals can be rearranged into a set of general expres-

(3.31)
(3.32)

(3.33)

(3.34)
(3.35)



and

I, for interval |
0,  forinter I and 1V
=1, for interval 11

m=

Using the wst as the time axis, equations 3.31 to 3.33 hecome

dia
d(w,t)

diy,
Tl

dv,
()

Normalizing equations 3.39 and 340 with respect to the |

tion 3.41 with respect to the base voltage £ gives
dig

d(w,1)
diy

d(w,t)
v

d(w,t)

m
Q"

written in the matrix form as

_W"’

Equations 3.42 to 3.44 can he

3%
d |-~ L L
o s 8 =L o
qw) | A N
_ W |
v sie “wm O %

(£.37)

(3:8%)

(18.39)
(3.40)
(341)

current Iy and equa-

(342)
(343)
(3a44)
als
)
0 (3.45)
0



with initial conditions at w,? = 0 assumed as

{ [E
Tt | =0 (3.16)

Equation 3.45 s the only equation necessary to perform both the trausient and steady-
state simulation, Onee &y, ky and kg are decided, the system outputs can be fully

evaluated in terms of parameters of Q) , w, and 6.

3.3.5 Numerical solutions of the system equations

The solutions to the state variables 7y, 77 and , are normally solved numerically by

5. These variables can suffi-

computer simulation involving the solution of equation 3.
ciently deseribe the dynamic behaviour of the system. Based on the steady- state part
of the solutions of the variables, the output behaviour of the system in the steady-state

can be obtained. It is evaluated based on the discrete data of the simulation results over

a complete eyele of operation. This is achieved with the integration of functions method

introduced in [18]. Numerical integration, or quedrature, in this particular application is
based on adding up the value of the integrand at a sequence of abscissas within the range

of integration.

An alternative extended Simpson’s rule (18] is used for integration of tho discrete data.
The formula is expressed as

59

[ e = Hyni+ 24

B 49
wht gl fet.

43 59 17 =
+ Syt K/""“ + E/,\'-z + ﬁqu + 4—8le» (3.47)




A

where a sequence of abscis denoted ry, iy, apart by a constant step

h.

ro=rg+ih =05 Yy

(:3.48)
and

Jle)=h (3.49)
is exactly known at the s, It should be noted that the seleetion of & can be based on
the choice of step size used in the simulation where the diserete data come from.
Steady-state output and performance index

Applying the Simpson's rule to the data of the results of variables 77, 7 and 7 in a period,

kyy kay vy kv oor 0 S wyt < 2, all the ontput quantities and some performance indices

are obtained as follows:

Mean DC link current iy is almost constant and can be found as

N
Tie = 4 STk (pa). (38.50)
/V k=1
RMS coil current The RMS value of T, is defined as

T d(w,l) ( p). (3.51)

Tan "
Using equation 3.47 gives

h
27 % 48

T, il

Kr) + 59T (ky)



BT (k) 4 49T (ha) + T2 (k)

F T k) e+ Tk —a) + 9T (hiv—s)
A (kyaa) + 997 (k) + T (k)] ( pac) (3.52)
and additionally
T =170 | ( pu.). (3.53)

Inverter output power Ouly the resistance r in the coil consumes real power. Since r

is selected as the base resistance,

s (pae). (3.51)
RMS voltage of Capacitor C Similar to equation 3.52. this voltage is expressed as

Vi, = g7 ) 4 SO)

3T k) 4 19T (ky) + T (ks)
+ T (ka) + e+ T (ko) + 4957 (kyv—a)
+ 430 (ky-2) + 595 (kv-r) + Te(kn)] ( pw) (3.55)

and also the maximum voltage is given by

Vewa =17 | (p

(3.56)

Output _current of the load The output current of the load circuit 7, determines the

current rating of thyristors in the inverter bridge and is found as follows:

R=Tm4T (pu) (3.57)



and

( pw).

Lo, =

Referring to equation 3.44, 7, can be fonnd as

@ dm

= Qg P (:8.59)

and therefore,

L3 3.60)
oden  (puwh (:3.60)

(17752 (ky) + 597, (k2)

L, = i+

h
o 27 x 48
43T (k) + 49T (Ky) + T2 (k)

Pl

n

o

T2 (k) + or + T (e —a) 41

+

kys)

43T, (kn-a) + 595 (k1) + T(kn)] ( pa). (.61

+

Power factor .. the load The power factor of the tank circuit can be obtained with

the available output quantities as [17]:

PF

I

A
5
Tl
= e ( pte)y (3.62)

where S is the normalized apparent. power of the tank load,

Available turn-off time With reference to equation 3.4, the available tirm-off time I,

is obtained as follows.



Since the phase angle of the tank load at the fundamental frequency
| & =] arctanfQ(22 - £2)] | (rad ) (3.63)
w

and

& =wly + "—;é (rad). (3.64)

The turn-off time is then determined by

Ly = wly
_ ©e_u 5
= JarctanfQ(2* — ]| (rad). (3.65)
The normalized turn-ofl time is defined as
= (pa). (3.66)

Evaluation format of the system responses

For all the quantities defined in the preceding paragraphs, performance curves in three

different formats are considered for evaluation. These curves are the same in nature with

phasis on different They are describ

d as follows:

1. Outputs versus Q, with T, p (p = %) as parameters. This form of curves
are drawn to evaluate how the system outputs vary as the load condition changes

widely.

2. Outputs versus &, with Q, p as parameters. The effect of variation in working
frequency on - the system performance is evaluated for fixed Q and p conditions; it

is also referred to as the frequency response of the system.



3. Outputs versus p, with T. () as parameters. The influence of the PAWM scheme

on the system performance is evaluated.

It should be noted that some combinations of the parameters Q,

and p may nol be

available because of the turn-off time limitation of PWM modulation, In this chapter,

the second type, or the frequency response of tie system, with selected values of pis

included for discnssion and later reference of the design example. Some eurves of the

other two types are given in Appendix B,

3.4 Description of the computer simulation of sys-
tem equations

Both the compntation algorithm and ing for solutions to state-space equations

are of particular importance in terms of computation acenracy, speed and adaptability,

Two simulation programs for the general analysis of the PWM inverter seheme proposed

in the thesis are developed. The merits of cach method are de

bed briely in thi

All other relevant description and sonree programs a

s found in Appendix A,

Runge-Rutta algorithm is commonly used hecanse of its suitability for digital conpu-

tation of higher-order differential equations, as well as its relatively high accuracy. The

first simulation program adopts this #'eurithin. The characteristic roots algorithm belongs
I 5 25

to the type of analytic method. which however requires more attention to the structure
of the state equations. The program based on the seeond type is used as a supplementary
approach to provide comparison of the simulation rns. The performance curves based

on the first type of simulation results ssed in the next seetion.

re provided and di




o
&

The first

nilation program using Runge-Kutta algorithm is written with the com-

mercial package MATLAB, which iggh cient in operation. While the other

nses both the NAG FORTRAN package and the MAPLE analytical formula solver.
T

e results of simulation runs have provided certain information on the computation

eney, speed and instability problem with the two schemes. Normally, execution of

programs written in MATLAB langnage is 1-2 times slower than those in FORTRAN
running on the same machine, With the Runge-Kutta algorithm, the program runs on
a VAX-8530 computer where the MATLAB software resides. The second option with
the characteristic roots method uses the Dee-2000 workstation with the NAG FORTRAN

package. 1Uis found that for the solution of the same set of state equations with the

combination of parameters, muning on the DEC-2000 machine achieves over at

wd with the VAN machin

least 40 times faster speed comj terms of CPU times. The

workstation is 3-1 times faster than the VAX machine. This is due mostly to the nature

of operation. The analytical scheme contains mainly simpler operations as a result of
using MAPLE package. The ease of programming, however, is quite different. With the
Runge-Kutta scheme, a general-purpose simulation program can be developed, which may

suit many

stems of different configurat:

. The program based on the characteristic
roots method is, however, very suitable for solving a fixed set of state equations, as the

major efforts are very much dependent on the system stracture, which determines the

formulation of the equations.



3.5 Simulation results

The results prodiced by MATLAB programs according to the format mentioned in see-

tion

5 are taken for example and discussion. Performance enrves

type of format, the frequency response, are shown in Figure 3.8 - 3,13 at the end of this

chapter. All the curves in other formats are provided in Appendix 18 for further referen

The performance curves presented in Figure 3.8 to 3.13 are drawn with &, the normalized

frequency. as the self variable and Q. p as parameters. For

el pair of figures, thee curves
representing different Q values are plotted. with a particular value of p. Specifically, the

figure with p as 1.0 actually corresponds to the non-PWM scheme. The average choke

current Iy, RMS coil current Ip,,,,. RMS output cuceent 1,

(Tective output. power

1

P,. RMS and maxinum output voltages V.., Vi, tank power factor 2P and available

turn-off time f, are provide | in the normalized form.

3.5.1 Discussion on the system performance

. * Peak phenomenon:"

It is noticed in most of the current and voltage curves, a peak vadue is identified for

each particular curve peak ocenrs with T at around 1.1, Due to the inherent

characteristics of the enrrent sonree used in the CS1inverter, the steady-state value

of the source will not be nnique for different system parametors unless some weans is

provided. Normally a controlled rectifier together with a closed-loop current control

is used to maintain the

current constant, With the PWM CSI scheme, a diode

rectifier is employed, instead. U is seen in the enrves of [y, that this current



60

quite different values under different Q. The operating frequency also has an

fluence on the eurrent, especially when it is close to the resonant frequency. w,.

of the load. The ontput power, which is related to the output current, is not so

high at frequencies very close to w,, becanse hotter tuned load possesses a very high

pedance so that the DC link eurrent i

low, with a constant voltage source. On

the other hand, the DC link current reaches a higher value when w, is far away

from w,. bt e resultant output is lower hecanse of the large degree of detuning.

That is why the peak is observed. For very low @ values, such as Q,=2, however,

it is not significant. This property indicates that to achieve a designated output,

U working frequency is not necessarily

closest 1o w,, as with the conventional

inverters. Tl rak should be avoided, as th

P may result in too high a coil voltage,

which inereases the component ratings. The PWM index, p, has similar effect on

the comp stress. This is Lin the figrres included in Appendix B.

DC link current:

In addition te the operating frequency w, and parameter Q, p also affects this current
around the * peak ™ frequency. That is, when p decreases. Iy, increases, and the
output power also increases. It is different from the case of a PWM VSI inverter,
the DC link current is not constant

which is on the contrary. This is again bee

-

under ditferent parameters. [n any case, the PAWM scheme can affect this current,

and therefore the output power.

Output voltage:

The output voltage, or the compensating capacitor voltage, increases substantially



Gl

with an a

conding order of Q values. With high @ values, hoth & and p have an

obvious effe

cton the voltage, This should be taken into consideration in the design

of the inverter,

4. The output current and power:
Both normalized quantities are related to a base whizh is @ dependent, so the
actual values of these quantities with dilferent @ values should be found in terms
of the base. The tendeney of the ehinge of the quantities with a particular @,
however, shows directly the relative amonnt, Thes compatible with
the discussion above,

5. Tank power factor:

The figures shows the following facts:

® lower & ensures a higher P'F:
o p has little influence on PF, once equation 3.4 is satistied. “This property is
twofold: it is uselul because with @ fixed, the outpnt power ean he acjusted

within a range of p without affecting 72 F too mueh, while it might be different

l

ifonly swept-frequency scheme is a . On the other hand, tis condition

is more difficult to meet o parad with the non-PAM scheme, as can be seen

from Fignre 3.3 and 3.4,

6. Turn-off time

The curves also show that:
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o higher Q o a higher turn-offl time, so the case of lowest @Q provides the

smallest

o higher @ ensures a higher £,. while the performance of the system would be

poorer, it is to high;
o 1, is linearly velated to p; higher p gives  bigh ¢, (sce figures in Appendix B).

Referring to equation 3.4 again, with fixed & at certain Q, wyt, is directly

proportional to 8. This means that if the available turn-off time is determined

1o e larger than Ly7. the operating frequency is limited by the 8, Or & in this

increases if w, is not low, but this alfects PF,

This can also be observed with the lelp of the curves. For p < 1, the condition

of the PWM scheme is not satisfied with lower @, especially when Q is small.

From the disc s above, the PWA CSlinverter is able to regulate the output power

by hoth the swept-frequency method and the PAWM scheme. The working frequency of

the inverter should not be too close to the resonant frequency of the load, and this is also

beneficial to the available turn-off characteristics of the inverter. The peak phenomenon,

however, shonld be avoided. If &, is too large, the power factor will be poor and output

low. A compromise shonld be made, especially when the Q rauge of the load of the

inverter Lo he desigued is very wide,
3.5.2 Simulation waveforms

The waveforms of the simulation results of 77, 7z, T and 7,, with normalized parameters

00 Q = 2 and p = 0.8 are presented in Figure 3.7, It is seen that the choke



(%}

current iq is almost constant over the time axis. The dilference in value within half a

period of the switching frequency, becanse of the charging/disclarging effect of the choke,

can be totally neglected. Both the tank voltage and coil current have a nearly sinusoidal

wave-shape. even though Q is not high. The waveform of i, shows that the PWM scheme

is in effect. The amplitude of this current is very close to that of the DC liv:". current.
Some experimental verifications of the simulation results are provided in Chapter 1,

together with a design example.
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Chapter 4

Design and Implementation of the
PWM CSI System

The design and implementation of the PAWM CSE system presented in this thesis are

divided ino two major parts: the PWM triggering eirenit which is used to realize the

PWM scheme in the inverter system, and the inverter system including the DC link,

inverter bridge and the tank load. Both specifications amd realization of these two parts

are provided in this chapter. with a design example showing the procedure how 1o use

stem.

the performance curves obtained in Chapter 3 for the design of the inverter

Experimental verifications are supplied, which show the satisfactory agreements betwoen

theoretical and lboratory resnlts.

4.1 Realization of the PWM triggering circuit

Triggering circuits can be realized by cither hardware or software means.  Hardware
implementation may provide smaller sizes and lower cost, compared Lo those by software

method where a computer or a microprocessor is involved. The advantage of using a




i

computeris that . in addition to allow

complex control algorithms. the triggering sig:

ily

e bt aines] programming a timer. For many induction heating applications.

the control and the triggering cirenitry may be achi

wverd by hardware implementation,

hecanse the control requirement s are v simple

ggering cirenit implemented

in this thesis is an all-1¢° it which is simple s the required pulses in

went with the proposed s

me.

4.1.1 Working principle and requirements of the PWM trig-
gering circuit

Common requirements of a triggering eirenit for thyristor inverters are listed below [19].

1o All the pulses shonld have a reasonable volt . such as 5170lts from the

ouipmt of TTL «i to be coupled 1o the pulse amplifier. with a duration no

Less than 20 jes for reliable triggering. Tov wide a duration would saturate the pulse

transformer. Where the precise pulse width cannot be ensured. the usnal alternative

is to modulate the wider pulses with a 30 k1. square wave of about 33% duty ratio.

. The number of individual triggering signals for different thyristors is determined

by the demand of particular power circuits, The signals may have some relative

phase differences with one another. but should all be synchronized to the main

pulse generator. The sequence of the pulses is controlled by other circuits.

Within the designated range of working f ics, the amplitude of the
pulses should remain constant. Where PWM schemes are required, continuous phase

shifting capability is to be ensured.



4. For the purpose of closed-loop control. together with other control circuits, the

ireuit is supposed to le teristies. so that hoth

triggering

A/D and D/A converte

The operation of the triggering cireait for the particnlar inverter in this thesis can be

and the stea

divided into two basic parts: the starting pro o process, ln the

n

first case, the main task of the cirenitis to suecessfully initialize the CSEinverter sys
from a “cold” state. The PWM pattern may not e i major coneern during this transient
period. After the inverter reaches its normal operation, the PAWM seheme is then used 1o

regulate the ontput. as deseribed in Chapter 3.

In Figure 3.1, the function of 7% and 75 is 1o help build up the initial enrrent in the

choke and voltage in the tank used for the load comm jon so Lhat 1 er can

be started from cold. This starting cirenit adopts the (ype of cirenit introduced in the

literature [1).

Referring to Figure 3.1 and 3.4 of Chapter 3, it is seen that for the Usyristors in the

1 triggering is required for this

bridge composed of Ty to T, in the steady-state, indiv
i is

10 o x rad.,

PWA inverter. Besides, the theoretical phiase s pposed to range fra

with the resultant output current from its maximmm to zero.

ant wavelorins of the triggering cirenit.

Figure 4.1 shows the circuit diagram and re

wsidered. o mode 1,

In realizing the practical circuit, three mades of the operation are ¢

ation of

only Ty and T; are involved to establish the DC current in the choke. The oper

Ty, T5 and T

mode 2 is to alternatively switch thyristor pairs iy which just last for a few

cycles until a tufficient voltage is established across the tank cirenit. After that, mode 3
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:
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Figure 4.1: Starting circuit, mode control diagram and relevant waveformes.
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begins with only the thyristors in the bridge being active. As to the triggering civenit,

the actual triggering thronghout all the three modes is controlled with the help of mode

control circuit, as illustrated in Figure 4.1 (h).

ary triggering signals used for the

operation are designa START. MU ML, M2 and M2L. Take MU for example,

which means * high ™ level during mode 1.
All the triggering signals are coupled to the thyrisiors of the inverter through a dreer

circuit and a pulse transformer [19].

4.1.2 Impl tation and specifications of the PWM trigger-

ing circuit

The block diagram of the triggering cirenit is given in b is considered for

the requirements introduced in the last seetion. n the it, Vap is used to adjust the
phase shift range. while E, is the voltzge to control the frequency of the output signals.

The final signals are of a width of 20ps withont the 30k /1. modulation waveforms.

For the closed-loop control operation, hoth Vig and FE, can be

aced with A/D

or D/A converters through some anxiliary ciren

Besides, the phase angle shift range
covers from 0 to 0.77 rad.. which corresponds to the & range of 037 to 7. This is
because for the application of the PWM scheme to CSI circuits, 4 lower than 0.57 is less
meaningful.

The main specifications for the triggering circuit used for the laboratory verification
are listed in Table 4.1. The design and implementation of the specific circuits along with

theoretical /experimental waveforms are included in Appendix C.
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Figure 4.2: Block diagram of the triggering circuit.
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Table 1.1: Specifications of the triggering circuit

DC Supply Ve 0 1o 12 Vols

1y adj 32 1o 67 Volts
Ph. 0 e 0T

Ey adjust ra (1 o 20 Vi'ts
Frequency rany 00 to 1600 11,

Output voltage level: 10 Valts ( CMOS )

4.2 Experimental set-up and verifications of the PWM
CSI inverter

In this section the specifications for the major components used in the e

up are briefly introduced, followed by a design example which illustrates the use of the

cnrves to the warking as well as the ratings

of components. Experimental verifications of the simulation results are presented. Sinee

the PWM scheme is used for the purpose of ontput power regala

, an outpit power
regulation test is conducted to verify the scheme aml the resnles are compared with the

theoretical values.

4.2.1 Experimental set-up for verification of simulation results

Current source inverters normally work at power levels up to hundreds of kilowatts. Sub-
stantially high current and voltage are observed. However, prototype laboratory set-up
with power level of 100 watts is used to obtain the experimental results, The circuit

diagram of the system in the experiment is given in Figure 4.3, which is actually identical
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Table 4.2: Specifications of the experimental circuit

AC supply source: Vi = 2081
Line frequeney f; = 60 11,
Dy to Dg: Power diodes ( R110-1210 )

Line inductors:
Smoothing inductor:
Inverter bridwe;

Load circuit:

Resonant frequency: f, = 850 11,

to Figure 3.1. The values of major components used in the experimental set-up and other

specifications are listed in Table 4.2,

In the test, Vj; is selected as 45 Volls, so £ equals to 60 Volts. The power level used

for the regulation is set to 60 Watts.
4.2.2 Design example of the PWM inverter

In the design of conventional non-PWM CSI inverters, regulation of the output power is
the task of the controlled rectifier. Therefore the working frequency is normally set close
to the resonant frequency of the load circuit.

In the system proposed in this thesis, becanse of the use of PWM technique, parameters

like p and w are considered concurrently with the variation in Q values, in order Lo rea
the power adjustment. To illustrate the basic functions of this system, an assumption is

o
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made that variation in @ values is duc only to changes in the equivalent resistance, r, It
should be noted, however, that under this condition, the normalization bases also change
with @, which is to be considered in the design.

A design example is provided, which considers e extreme case when Q varies from 2

to 18. This variation can actually cover the range of any practical induction heating load.

Design example:

A combination of paramete

s is needed for the regulation of the output, power under
wide variation in Q values. Firstly the normalized power values which correspond to

respective Q values should be found under constant power assumption. Secondly, the

combination of parameters w and p in cach case is selected from the performance curves
presented in Chapter 3, satisfying the normalized power values found in the first step.
Finally, given specific requirements, ratings of the major components are determined
according to the above results.

With constant output power P, and input. voltage Vi, for different. ), values, the

relationship between normalized power, P, and Q, is given by

o]
Py = [— (4.1)

(1.2)

P, = 5= (4.3)



‘Table 4.3: Relationship of @, and P, under the constant power assumption.

Py Qu ;
7 = On 4

For the @ values of 2, 6, 10, 14 and 18, and with Pg,=; as the base, the respective
normalized power values are given in Table 4.3,

Respective w and p values can be determined with the help of corresponding perfor-
manee curves, the frequency response eurves in Chapter 3. Since the absolute value of

Trga is the largest, it shonld be selected properly so that the others can be chosen with-

out difficulty. There may be many options to choose the combination, while the basic rule
is vhat they should be decided with the overall performance as satisfactory as possible. In
addition, the important thing is to find a region where close ratios of different normalized
power levels with different Q values could be obtained.

Choose Prg, -, as 0.25, for example, at @ = 1.27 and p = 0.7 in Figure 3.10. The
resultant normalized power values at other @ values are found according to Table 4.3. In
addition, values of all other variables in normalized form are also determined with the

frequency response curves. The results are listed in Table 4.4,
lu this design of the inverter the following specifications are given:

Power supply: 3~ ¢ AC supply at G0H.;



Q| @ |p&)| % | Tt || T
2 (127 07 0.6 [ 017 | 018
G| 10S| 1.0 [0.083 | 0.09 [ 0.3 | 0.08
I ;

P T
0.36 | 0.04
0.5 [0.21

0 | 107 [ 0.7 | 0.05 | 0.055 0.08
14 [ 1.06 [ 0.6 |0.036 [ 0.048 0.13
18 | 1.06 [ 0.9 [0.028 | 0.028 031

Resonant frequency: [, =400 /I;
Rated output power: P, =10 kW;
Load parameters: L=1 mi and ), =2~ I8
Device turn-off time: Ly7; =20 ps.

Since all the parameters are selocterd hased on the constant power assumption, the
required input voltage can actually be determined in terms of any @ value. Take @, = 2

o iy po= tul o Lemyai 0Tt gl T
e is = gk = LeEnA0 o 96 ohms. The

as reference, and the equivalent %

input line to line voltage can then be decided, referring to Table 4.4, by

E =




=
4

Vu=|)

= 166 Volts.

E = 135V is then selected as the base so Vg = 225 Volts (1 p.u.). The thyristor

ratings are decided as follows,

redd at Qu,n,, = 18 is equal to the maximum

The maximum thyristor voltage Vay occr

Joad voltage n,. The corresponding maximum normalized load voltage Toqz is 3.1 ( pu.),

therefore,

Vik =

x 3.0 x

986 Volts. (45)

(3

The RMS value of the thyristor curient is directly proportional to the RMS output
current.  The maximum value of the output current occurs at Q, = 2, where T, =

048 (p.ue.).

Iq = 7k

1 s

Elgxl‘,
225

= 0.707 x 25

61 Amps. (456)

x0.48

To limit the short-circuited current of the system, Ly is determined as follows. In

this situation, because of the symmetrical structure of the 3 ¢ source, the maximum




current is selected according to fg. and can be found easily with one phase and Ly, is

determined.

Io = Ith)
Liine =
T Ak Axax =6l
= 1T mll. (18)

Choose Liine as 5 mH. Since gk > 100, as considered in the simulation, Ly is selected

asl H.

The value of the compensating capacitor is

1
€= w,?L

_ 1

T 2x 7 x 4007 x 1073

= 157 pk, (4.9)

and the maximum capacitor voltage, V.

Ve

ey B8 the same as that of the thyristors, i.e.,

=986 Volts. Since v is basically close to sinusoidal, the RMS capacitor current,

can be found as:




= 0.707 x 986 x 127 x 2 x 7 x 400 x 157 x 107¢
= 450 Amps. (4.10)
From Table 4.4, the lowest normalized available turu-off angle, when Q, cquals to 2
aud @5 equals to 127 (paw.), is 0.04 (p.u.). Therefore the actual minimum turn-off time

is given by

= 304 ps. (4.11)

This example is provided to give a brief description of how to design and estimate the
system under specific conditions. With the components selected above, the system can
deliver the rated power to the load at a range of Q, from 2 to 18, keeping the compnnents
within safe limits. It is obvious that the performance of the system covering a wide range

of @ is more difficult to design, especially at low @ values.
4.2.3 Experimental verification

“The simulation results as selected in Table 4.4 are experimentally verified with Q, from 2
to 11 The power level used in the test is 60 Watts, and E = 60 Volts (Vy; = 45 Volts, as
given in subsection 4.2.1). Both the measured values and the simulated ones that are in
the actual units, converted from the normalized form in Table 4.4, are shown in Table 4.5.

It is seen from Table 4.5 that the experimental results are close to the theoretical values.
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Table 1.5: Experimental verification of Table 4.4.

V() Pr
G7.8/75 | 0.36/0.3
1207115 | 0.5/00
T56/134 | 0.47/0.46
192/176 | 0.37/0.4

Qo = (&) | P(W) | la(A) | Iu(A)
3 [ 1.27/1.27 | 0.7/0.7 | 60/60 | 3.0/33 | 2.35/2.2
1.08/1.08 | 1.0/0.9 | 60/60 | 1.35/1.7 | 4.5/
10 | 1.07/1.07 | 0.8/0.8 | 60/60 | 1.38/1.5 | 6.0/5.0
T4 | 1.06/1.06 | 0.9/1.0 | 60/60 | 1.68/1.6 | 7.7/6.5

* Left: simulation results; right: experimental results,

The errors, which are within the acceptable range, can be subject t factors such as reading
of the measurements meters, conversions of different units, accuracy of the components
values, particularly the values of the inductance, as well as the possible minor numerical

error in the calculation of the state equations.
A, for the

Some selected waveforms of iy, iz, v, and i, are presented in Fign
verification of Figure 3.7 in Chapter 3, and Figure 4.5 for that in Table 4.5. Corresponding
to Figure 4.4, the predicted values versus those in the normalized form in Figure 3.7 are:
Iy =247 A, V, = 12V and I, = 3.44, respectively.

All the currents and voltages, such as I, and V., given in the tables and figures are

RMS values.
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X: 0.24 ms/div.

Y: 3 A/div.
Hilodw X: 0.24 ms/div.
e
V: 8 divs
¥: 90 V/div,
X: 0.24 ma/div.
Y: 15 Afdiv.

Figure 4.4: Experimental verification of the inverter steady state responses of Figure 3.7
o =2, fo=940H,, f,=850H, (@=110) and p =0.8. All upper curves: indication
of phase shift due to PWM.
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0
Y:10 A/div
H: 10 divs X: 0.24 ms/div
V: 8 divs Y: 275 V/div.

X: 0.24 ms/div.
Y: 1.75 A/div.

Figure 4.5: Experimental verification of the steady state responses of Table 4.5: Q, =
10, f, = 900 H,, f, =850 H, (@ = 1.06 ) and p = 0.8. All upper curves: indication of
phase shift due to PWM.



Chapter 5

Conclusions

In this thesis the development and implementation of a PWM CSI inverter are pre-

sented. The analytical results, verified by the experimental data, show the feasibility

of the scheme. With this scheme, a simple and low-cost system can be developed that

e available with a conventional CSI inverter.

provides the same functions

ten: simulation has beer conducted to achieve various steady-state responses

that are used to fully describe the system performance. The following characteristics are

found regarding the system behaviour.

. The * constant ™ DC enrrent source re: 1 in the inverter has different values with

different combina such as &, Q and p. This fact results in the

tion of parameters,

“ peak ™ response phetomenon, 1 is basically different from a conventional inverter

in that the working frequency is set to a value which is not very close to the resonant

frequency of the induction heating load.

. Due to the effect of the PWM sclieme, the system responses change differently

©

from a conventional system. For instance, sometimes narrower pulses in the out-
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put waveform correspond to a hi

hor RMS output, because the amplitnde of the

ontput current could be larger than that with a full ouipnt waveform. The poten-
tial meaning of the PWM scheme in this inverter is that the scheme can complete
the output power regulation task together with the swept-frequency method; no

additional control effort is needed.

. The power regulation over a wide range of Q. from 2 10 18, can be achieved, At

certain @ values. the tank power factor is lower than that of a non-PWM ('S]

inverter. On the average. the performance is satisfactory.

. The PWM scheme results in a little more stress on the components than a conven-
tional inverter. The design should therefore he based on the ratings under the worst

case.

. With the PWM scheme applied to the inverter bridge, the controlled rectifier is
eliminated. This permits a simpler design of the closed-loop eurrent control. Iy order
to provide a protection means to the inverter, which is achieved by the controlled

rectifier in a conventional inverter, line inductors are intentionally introduced in the

input lines «f the PWM CSI invert

It is a simple method without affecting the
system performance. In addition, this inductance also funetions as a filter which

improves the wave-shape of the input line current /voltage so that less negative effect,

due to the regulation of the inverter is reflected to the utility line,

The power regulation test conducted in the laboratory verified the theoretical results

« above.

and the experiment data reflected the phenomenon dis



ensuring the suceessful operation of the PWM CSI inverter. This circuit is achieved by

hardware me mple and reliable, It can be further integrated with the VLSI

techmique. The A/D and D/A interfacing for the closed-luop control task can be done

with the help of a few more anxiliary cirenits .

The simulation results show that with one more major parameter, p, the numerical

ysis is more diffienlt to conduet. Larger amount of computation is demanded, in which
se the simulation method, or the computation algorithm, is of particular importance.

The results obtained in this thesi

are based on a third-order dynamic system equation

- The s

ond method adopted in the ani

, which is mainly for the comparison of
the computation speed, ean be a better choice if the confignarion of the system to be

simulated is relatively fi

“The contribution of this thesis is that the characteristics of the proposed current source

inverter under PWM scheme are i The system behaviour has been

discussed based on the an:

is and description of the operation principles, simulation

results and the experimental verifications. In addition. the research also provides a means

of reference for the design of a practical system.

Suggestions

The research work presented in this thesis is conducted for a PWM CSI inverter other

than the conventional ones, while the basic configuration is used in order not to divert

the attention from obtaining the major characteristics of the scheme. A slightly more




o

Complex configuration. such as that with a series-parallel load, may be of interest in

order to enhance some functions of th Further eva

syste

Tnation is needed in this case

as the system equation set tends to be of fourth-onler. T

es, Turther investigation

should be conducted in cases wl

not only Q. but also the re

ant frequeney of the

tank load vary. In any case, a highly efficient simulator is neey

ary for a successful

of the system |

e. Further di

ussion on this issue may be

losired.

From the closed-loop control point of view, a carelully designed control strategy is to

be proposed, with more | s to be ¢

2 Tt the same tinee, |

Idition, how

Lo effectively sense the change of Q vales, as well as

¥ other v; ions will be also a

major task. In realiz

s the control seheme, probably  look-up table wonld be essential

and favourable, since the combinat

n of many parameters to be ensured for successful

regulation of the output power

of a multi-opticnal nature.
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Appendix A

Description of the Simulation
Programs

A.1 Simulation program 1 in MATLAB based on
Runge-Kutta algorithm

The flow chart of simulation run is given in Fignre A.1. Three major loops are used
for p, @, and @. Different choices of variables for horizontal axis in the graphs result
in curves in three different formats. Two main system functions of MATLAB are used
for iteration: ODE45.M and LSIM.M. The relative error level is controlled Lo he within
10-3. In addition, some auxiliary compntation tools are developed, which are used in
the simulation for solutions to the final results. DV.M and SPL.M mainly enhance the
functions of DIFF.M and SPLINE.M, respectively. RMS.M is developed using Simpson's
rule to find various performance indices.

Both the main source file (only frequency response is given for reference) and utility

functions are provided following the flow chart.
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Multi - Loop
p.Qand 7

Pre-Processing ( Lsim)

Figure A.1: Flow chart of simulation run based on Runge-Kutta algorithm.
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Source programs for simulaiion run based on Runge-Kutta algorithm

The main program: SIMU.M

TIETTTTLEITTILLILRBANIIIRINNRY T
%
% Simulation Program for Performance Curves: w | p,Q t
3 3
1

% I. Global Preparation

§ mommmae

clear

global AA BB CC Q mm w xtam
format long

% II. Three loops with w as variable and Q, p as parameters
%

fail=1;
for p=0.6:0.1:1, $ s=p *r

:18, %% Quality factor of tank
z2=(1;

for mn=1:10, %% Frequency W = Ws / Wo

if mn==1, w=1,06; end
if mn==2, w=1.08; end

5,
if mn==6,
if mn==a7,
if mn==8,
if mn==9, w=1.5; e
if mn==10, w=1.8; end

wWw=100%w;

2



g #*#*+ Check the turn-off angle condition ###+
¢ =atan(Q*(w-1/w)); 103
g ###+ If the condition is not OK, turn to another w:
if abs( ¢ ) > (pi-p*pi)./2,
fail=0;
% Speed up to find the steady state result as initials

t1=(0:pi/49:p*pi) '; t2=(0:pi/49: (1-p)*pi) ';
ul=ones(length(tl),1): u2=ones (length(t2),1):

AA=lel; BB=10; CC=1lel; x0=([0.182 =-0.266 -3.284);

xtam=pi/30;
cs=0; ct=0; ctt=0; x00=(1 1 1]/
ao=[ 0 0 0

o =(1/(Q*w)) 1/(Q*w)

0 =(1/(w/Q)) 0 1;

b=[1/(Q*w*CC) 0 0]'; <cl=(10 0); d=0;
while cs < 20,

if x0(3) <=0, mm=1;

else mm=-1;
end
a=(-(1/(AA*BB) ) o = (mm/ (Q*w*CC))
o =(1/(Q*w)) 1/(Q*w)
mm/ (w/Q) =(1/(w/Q)) 0):

{yl,x1]=1sim(a,b,c1,d,ul,tl,x0);
x0=x1(length(x1),:);

if p'=1,
(y2,x2)=1sim(a0,b,c1,d,u2,t2,x0) ;
x0=x2(length(x2),:):

end

for i=1:3,
if abs(x0(i)) > abs(x00(i)),
r(i)=abs(x00(i)) ./ abs(x0(i)):
else
r(i)=abs(x0(i)) ./ abs(x00(i)):
end

end



errorl=abs(l-min(r)): 104

if errorl > le-3, cs=0;
else cs=cs+1;
end
X00=x0;
end % #*#» End of while loop - 1 ##s

TIITLTRERIRIRBERRTLRRRNAL R ALY

it
%% FINALIZATION OF XX --- Formulation of the required
1% === Using Runge-Kutta method

ti=0; ct=0; ctt=0; x=[]; xx=(]; x00=[ 1 1 1 ]:
while ctt < 10,

if %0(3) <=0, mm=1;
else mm=-1;
end

if p=1,
l[:t::L x1] = odedS('rf', ti, ti+p*pi, x0);
[cx1,rx1)=size(x1);
X01=x1(cx1,:);
mn=0;
(t2 x2) = oded5('rf', ti+ptpi,ti+pi,x01);
[cx2 ,HZ]-ux:e(xz).
ti=ti+pi; x0=x2(cx:
t=[t1(l:ex1-1); tz]. x-mu.cxx 1,.), x2):
else
(t x) = oded5('rf', ti, ti+pi, xo):
(cx,rx]=size(x) ;
ti=ti+pi; x0=x(cx,:):
end

for i=1:3,
if abs(x0(i)) > abs(x00(i)),
r(i)-nbs(xoo(i)) o/ ubs(xo(l)).

el
r(1)=abs(x0(i)) ./ abs(x00(i)):
end
end



error=abs(l-min(r)):

if error > le-3,
ct=0; xx=(]:
else
ct=ct+l;
if ct > 20,
cttactt+l;
xx=(xx; spl([t x])]:
end
end

x00=x0;

end § **++ End of while Loop - 2 ####

%
% selving for ic, io
%

1l=xx(:,3): uc=xx(:,4);:
ic=(w/Q) *dv(uc):

io=il+ic;

xx=[xx ic io];

eval(('save Q' Q),'w', (ww), *.!
wxx ascii']);

(P),'

Solution to Idave, Ilrms/Ilmax, Po, Vcrms/Vcmax,

- www

#%s Idave ###

Np=(2#pi/xtam)+1; idp=xx(1:Np,2):
Idave = mean(idp):

t 4%+ Tlrms/Ilmax #*+
ilp=i1(1:Np):

Ilrms=rms(ilp);
unax-mnx(ahl(llp) )i

t **+ Vcrms/Vcmax ###

ucp=uc(1:Np) ;
Verms=rms (ucp) ;
Vcmax=max(abs (ucp) ) ;

Iorms,

PF



ane

Iorms ##w

iop=io(1:Np): 106
Iorms=rms(iop) ;
42+ PO t##
Po=Ilrms ."2;
§ 4% PP wex
PF=Po ./ (Vcrms*Iorms):
3 #rx gg  wrs Eqns: tq > toff; Phil=wstg+(pi-delta)/2:
tqq=(Phil-((pi-p*pi)./2)) ./pi : t (p.un)
§ #*%  Qutput #x%
yy=(w Idave Ilrms Ilmax Vcrms Vcmax Po PF tqq);
zz=[22; yy): % 2z set to zero outlide thls Q loop.
end %1%t End of the condition loop
end 1 End of w Loop
if fail==o0,
eval([ 'save P',num2str(P),'Q',num2str(Q),'.dat
zz /ascii')):
end
fail=1;
end 3 Q P
end % P loop
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Function of the state-space equation: RF.M

[33LY
t %
t  FUNCTION FILE REPRESENTING THE SYSTEM EQUATION 3
% CALLED BY FREQSIMU.M 3
t %
t TIITEEERLLLE

function sst = rf(xta,x)

Qw=Q*w;

sst(l)= =(1/(AA*BB)) * x(1) + (1/(CC*QW)) * (- mm * x(3) +1 );

sst(2)= (1/QW) * ( = x(2) + x(3)):

sst(3)= (W) * (mm * x(1) - %x(2)):

TE31 END  t33%



Utility function: SPL.M

P

L3111
function sp=spl (x)

This function performs splining on X, given ti,
and returns the more finely spaced X (without
the last colume ( N.B. The lst row of X is t )

xta=x(:,1):
xtai=xta(l) :xtam:xta(length(xta)):
sp=xtai; lxtai=length(xtai);
(e, rl=size(x):
for k=2:r,
sp=[sp; (spline(xta,x(:,k),xtai)));
end
sp=sp’;
clear xtai a b

313 END 3%t




109

Utility function: DIV.M

function div=dv (Uc)

S FUNCTION FILE TO DIFFERENTIATE A MATRIX
H=xtam;
sz=size(Uc);
N=sz(1);
NMI=N-1;
for i=2:NMI;
DF(i)=(Uc(i+1)=Uc(i-1)) ./ (2%H):
end
DF(1)=(2*Uc(2) -1.5%Uc (1j=0.5%Uc(3)) ./ H;
DF (N) =(1.5%Uc (N) -2#Uc (N-1) +0.5*Uc(N-2)) ./ H;
div=DF’;

TILL END 383%%
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Utility function: RMS.M

%%% 1883 i3

3
rrrr

%
% INTERGRATION OF FUNCTION BY Simpson’s Rule
3

function Irms = rms(x) % Imms = ?

%

H = xtam; N = ( 2%pi/H ) + 1; t H: Intl Step:; N: § of Points
a=17/48; b =59/48; c = 43/48; d = 49/48; % Intl coeffs.
[r c] = size(x):

if r-=1, x=x’; end

R = x(1:N) .~2; K=H./ (2%pi):

Il=[a*R(1) b*R(2) c*R(3) d*R(4) R(5:N-4) d¥R(N-3) c*R(N-2)
b*R(N-1) a*R(N)];

Irms = sqrt( K .* sum(I1) )

3333 END 33%%
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A.2 Simulation program 2 using MAPLE and NAG
based on characteristic roots method

This program is written in FORTRAN language using two commercial packages of NAG
FORTRAN, and MAPLE, a formula solver. The flow chart of the simulation run is shown
in Figure A.2. In the program, subroutine ROOT is used to find roots of the characteristic
equation (r, %, w), while SYSGEN and SYSMO do the iteration during the intervals /111

and 11/1V, as described in Chapter 3, respectively.



Given
Parameters, i.c.

112

Solving for
Characteristic roots
(NAG)

l

Provide
m, ti, i.c.

B —

Find results at t;

( MAPLE)
No Yes
m==%17
System 0 System 1
No

Figure A.2: Flow chart of simulation run with characteristic roots method.
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Source program for simulation run based on characteristic roots method

cc CCCCCCCCCECECEECeCCaCCCCCCCCCeCeeCCeccCeCCCcceeececeece
c
C  SIMULATION PROGRAM TO FIND SOLUTION TO SYSTEM EQUATIONS
c
c --- Using Characteristic Roots Method
¢
IMPLICIT NONE
REAL X,Y,Z,A,B,C,T,DIFF,X1,Y1,21,EPS,U,V,W
REAL INC,PI,A1,Q,0M,M,R,S,W1,P,T1,T2
INTEGER I,CONV,N,NC
COMMON A1,Q,O0M,R,S,W1
OPEN (7,FILE=‘cycle.dat’)
CONV = 0
nc=lel
al=1e3
eps=le-3
om=1.15
p=0.8
a=0
b=0
c=0
WRITE(#,*)’ENTER NUMBER OF ALLOWED ITERATIONS’
READ(#, #)NC
WRITE(*, %) ENTER A,Q, OHEGA,P,EPS’
mn(- -)A1,Q,ox P,EPS
G m’na(' -)'ENTI-:R THE INITIAL VALUES'
C  READ(*,%)A
CALL Room(u Q,0M,M,R,S,W1)
PI = 4.0*ATAN(1.0)
T1 = PI*P
T2 = PI - T1
N = 100
c

M=+1
CALL SYSGEN(1.,X,Y,Z,A,B,C,T1)
DO 10 I = 1,NC



10
100

14

ow>
X

CALL SYSMO(X1,Y1,Z1,A,B,C,T2)

M=-1

A=xX1
B =¥l
c =321
CALL SYSGEN(-1.,U,V,W,A,B,C,T1)

Qw>
nua
x<c

CALL SYSMO(U,V,W,A,B,C,T2)

ow»
[ ]
z<a

CALL SYSGEN(1.,X1,Y1,21,A,B,C,T1)

DIFF = SQRT((X-X1)##2+ (Y-Y1)#%2+(Z~Z1) #*2)
IF (DIFF.LT.EPS) THEN
CONV=1

GOTO 100
ELSE

X=X1

Y=Y1

. Z=71
write(*,s)diff,i,x,y,z
ENDIF

CONTINUE
IF (CONV.EQ.1) THEN
WRITE(*, %)’ AT 7,1,° ON

WRITE(7,%) X,Y,2

INC = T2/N
T = 0.
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12

13

14

DO 11 I=1,N+1
CALL SYSMO(U,V,W,X,Y,2,T)
WRITE(7,*)U,V,W
T = T + INC

CONTINUE
T=

INC = T1/N

DO 12 I=1,N+1
CALL SYSGEN(-1.,X,Y¥,2,U,V,¥,T)
WRITE(7,#%)X,Y,2

T =T + INC
CONTINUE
T = 0.

INC = T2/N

DO 13 I=1,N+1
CALL SYSMO(U,V,W,X,Y¥,2,T)
WRITE(7,%)U,V,R
T =T + INC

CONTINUE

0.
INC = T1/N

DO 14 I=1,N+1
CALL SYSGEN(1.,X,¥,2,U,V,W,T)
WRITE(7,%)X,Y,2
T = T + INC

CONTINUE

E
WRITE(*,*) 'DID NOT CONVERGE’
1P



: SUBROUTINE SYSGEN (M,X,Y,Z,X00,Y00,200,T)

IMPLICIT NONE

REAL Al,Q,OM,X0,Y0,20,M,X,Y,Z,T,AN,AD,CN 116
REAL T7,T6,T8,T9,T10

REAL A,B,C,D,F,G,H,I,R,S,W
REAL X00,Y00,Z00
COMMON A1,Q,OM,R,S,W

X0 = Xx00 ~1./m**2
y0 = y00 - 1./m
20 = 200 - 1./m

an=(om#**24r*#24q-Om*r+q) # (~qrOMAH2*aleER 424 X0-AXONOMA*2
AWk R24a1f-yO*mAC+MA*2 ¥ qAX0+2*OM*S*Z0%m)

ad =QAOm* (M #24OMAT#424q-M* A2 AT -OMAAIAEH A2 XA LAT ¥ #2Rq+Om* +2

SkQ r-q 2%al-om*#3kykA2 %2k kA2 *q+om
#a2hwha2%a] q alf-2: 2%qAr+24na*2+g)
Cn = =(-r**24aldghyQrORANIAQRR2-rRa2aqrom R4 RZ0% W2 N1+
4%a. 23 q 2+r#q**2+om
prerest 24aliraqa

-onl":l-xo-r-qnz'o-'m'tz'yon-al-s'yol'om"2'q+r
*OMWAIRZOAWA A2 4 ~rAomA R hAL AR H24Z0~r k204 mr k2 kom-qr*2 %0
fatalesty0+q 1 q 1-gq*om
*42#31" 2 2
*al-gHmA 43 #X0+qIRAA24Y0) a-/v:/o-/n

a = an/ad

b=x0-a

¢ = cn/ad

d = 1/(om#*#2#r+*24q-omtriq) *mratq

£ = -gtom/m/(-1+g*om*s)

£f= ( 2%al*b. W s*al*c-om
A2y RA]

# *al*btbraléwialscts)
g = al*g*om*a‘*r/m
i = (b*wic*s)+*alrgton/m
t6 = exp(-r+*t)
t7 = exp(-st*t)
t8 = wit
t9 = t7*cos(t8)
t10 = t7*sin(t8)
X = a*t6+b*t9+c*t10 + 1./mi*2
Yy = d*t6+(y0-d) #t9+£+t10 + 1./m
2z = git6+het9+istl10+ 1./m

RETURN
END



SUBROUTINE SYSMO(X,Y,Z,X0,Y0,20,T)

IMPLICIT NONE

REAL X,Y,Z,X0,¥0,20,T,T3,T4,T5,E,F,H,T 17
REAL Al,Q,OM,S1,W1,R,T2,5,W

COMMON Al,Q,0M,R,S1,W1

5 = llel/qlz

t2 = gt
5= uqtt( 1+4%t2)

1/q/om/H' (20-yO+q*om*y0O+s)
z0

~gqtomtotw-gqrom*fig+f

t3 = exp(-s*t)

t4 = wrt

X = t/(al*q*om) + x0

y = e*t3*cos(t4)+£+t3*sin(t4)
z = h*t3*cos(t4)+i*ti*sin(t4)

END

SUBROUTINE ROOT (A1, o,ox M,R,S,W)
CO2ADF EXAMPLE PROGRAM )ﬂ‘

MARK 13 REVIS NAG COPYRIGHT 1988.
.. Parameters ..

INTEGER

PARAMETER (NMAX=20)
INTEGER NIN, NOUT
PARAMETER (NIN’-S NOUT=6)

.. Local Scalars ..

DOUBLE PRECISION PI, TOL

REAL A1,Q,0M,M

INTEGER I, IFAIL, N, NA, T

.. Local Arrays .

DOUBLE PRECISION AC(NMAX), AR(NMAX), IMZ(NMAX), REZ(NMAX)
.. External Functions ..

DOUBLE PRECISION AO2ABF, XO1AAF, XO02AJF

EXTERNAL AO2ABF, XO1AAF, XO2AJF
.+ External Subroutines ..

EXT! CO2AD]

«+ Intrinsic Functions ..

INTRINSIC cos, SIN

.. Executable Statements ..

PI = XO1AAF(PT)
70

L = X02AJF()
N=4

AR(4) = Mh#2

AR(3) = =(A1+M¥#2) #QuOM
AR(2) = Al*OM##2

AR(1) = -A1*OM##34Q



DO 19 I = 1,N
AC(I) = 0.0
19 CONTINUE

WRITE (NOUT,FMT=99995) N - 1

D0 20 I =
WRITE (NOIJT FMT=99998) AR(I), AC(I)
20 CONTINUE
T=0
NA = N
IFAIL = 1
40 CALL CO2ADF(AR,AC, m m:z IMZ,TOL, IFAIL)
IF (IFAIL.EQ.2) TH
IF (T.LT.N) 'mzn
TuT+1
REZ(1) = (1.1DO##T)#0.15D0¥COS(24T#PI/N)
INZ(1) = (1.1DO#4T)#0.15DOASIN(24T#PI/N)
GO TO 40

ELSE
WRITE (NOUT,FMT=99996) T
I

ELSE IF (IFAIL.NE.O0) THEN
WRITE (NOUT,FMT=99997) IFAIL
STOP

END IF
WRITE (NOUT, mr-ssssn
DO 60 I =N -1, NA,
WRITE (NOUT, nn-ssssa) REZ(I), IMZ(I), AO2ABF(REZ(I),
(1))
60  CONTINUE

WRITE(*,*)’r,s,w’,R,S,W

c
99998 FORMAT (’ *,3(D13.4,2X))
99997 FORMAT (/’ CO2ADF EXITS WITH IFAIL =’,I3)
99996 FORMAT (// CO2ADF EXITS WITH IFAIL = 2 AFTER’,I4,’ RESTARTS')
99995 FORMAT (’POLYNOMIAL ORDER’,I6,//’
COEFFICIENTS or POLYNOMIAL’,
* /[ PAR IMAGINARY PART’,/)
99994 FORMAT (/' ROOTS OF POLYNOMIAL’,//'  REAL PART  IMAGINARY
# /RT  MODULUS’,/)
RETURN

END



Appendix B

System Performance Evaluation in
Two Other Formats

In this appendix two more sets of performance curves based on the simulation results are
provided. They are essentially the same in nature as those included in Chapter 3, but
in other formats to highlight the performance of the PWM CSI inverters with respect to
other parameters,

Figure B.1 to B.6 describe the load characteristics of the inverter system, or the Load
Effect. The PWM control index, p on the X-axis describes the Control Effect in Figure B.7

to B.10. They can also be used for design purpose.
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B.1 Load effect evaluation (Figure B.1 - B.6)
B.2 Control effect eveluation (Figure B.7 - B.10)
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Appendix C

Configuration of the PWM
Triggering Circuit

In order to describe the triggering circuit in mere detail, Figure 4.2 of Chapter 4 is included
again here in Figure C.1 for reference.

The production of the required signals is obtained by comparison of a sawtooth wave-
form with two reference DC voltage levels. Phase shift is made available when one of the
DC level is moving above the other, or the base reference voltage V. An IC chip of XR-
2207, which is a versatile VCO with quite satisfactory functions, is chosen to serve as the
main pulse source of the sawtooth waveforms. Resistors of 28K and 3.3K are connected
to pin 5 and 6, respectively, in order to result in the nearly sawtooth waveform in pin 14,
as shown in Figure C.2.

Two LM311 IC's function as voltage comparators which give dual rectangular wave-
forms with a phase difference based upon the two reference voltages, Vs and Vis. The
falling edges of the two waveforms are aligned and thus the other sides form the phase

difference.
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Figure C.1: Block diagram of the triggering circuit.
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The outputs of 311s go through two separate channels composed of an RC differentia-
tor followed by three inverters in scries. The results are used to trigger two 556' function
generators, which produce pulses of about 100us in width, These pulses then reliably
initialize a 4013 chip ( dual D flip-flop’s ). The D flip-flop is used here because of its
ability of giving simultaneously two pulses of opposite polarities, wiich happen to satisfy
the need of the final triggering of two pairs of tyristors,

As stated before, the signals supposed to trigger the thyristors should come into a
pulse transformer first. The ideal width of the pulses is ahout 20ps. Therefore outputs
from the D flip-flop’s cannot be used directly with the transformer. This is solved by
letting the rectangular waveforms from 4013 be ANDed with two series of 20 s pulses at
the output logic network. Those pulses are obtained from the output of 566°s followed
by series-connected six inverters that produce some delays so that the waveforms conld

reliably be ANDed, and then they trigger two other 4528's Lo gel the final 20js pulses.

This is illustrated in Figure C.3, where the mode control cireuit and output logic cir
are also presented.

In Figure C.3, 4528 square-wave generators are used to form the mode control signals.
The principle of starting process is illustrated in Figure 4.1 in Chapter 4. The function
of Mode-1 and Mode-2 circuits is to have T; and Ty invoked temporarily until enough
electrical quantities are built up in the tank so that commutation is possible. Mode-3
indicates the steady-state operation of the inverter. The first half of 4528 is connected to
a switch to help form the START signal. Another 4528 chip makes two circuits that give

both Mode-1 High/Low and Mode-2 H/L signals. The durations of the two pulses are
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determined by the product of resistance and capacitance in the circuits. The last 4528
chip is used to produce the final FIX-1 and FIX-2 signals for the AND operation. The

resultant output logic circuit is givenin Figure

Al the theoretical waveforms showitg
the steady-state working principle of this triggering circuit, aro illustrated in Figure (.1,
The waveforms are not the results of simulation and no scalos are considered, since the
synthesis of all the waves is relatively staightforward.

Finally, experimental waveforms for verification are provided in Figure C.5 and (.6,



N W

] 100ps: r“l

1l

1

Figure C.4: Relevant waveforms of triggering cizcuit in steady-state.



Figure C.5: Experi | f for verificati Wavef of points b, Var, &3, a1,
dy, dy, €3, €1, f2, f1, foy a0d foy. X-axis: 0.24ms/div.; Y-axis: 10V olts/div.
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T,
T,’
T

L

Figure C.6: Experimental waveforms for verifications: Waveforms of points Ty, T3, T3, T,
Ty, T3, T, and Ty. X-axis: 0.24ms/div.; Y-axis: 10V olts/div.
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