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SUMMARY 

Recently, the 3-phase d. c.-link inverter has. found wide 

application in speed control schemes for induction motor drives, 

and several methods of analysing such systems have been presen­

ted. For an inverter with 1800 conduction periods, a common 

approach is to assume that the motor is supplied with a precisely 

defined rectangular waveform. Several other papers have been 

based on this assumption, but have analysed the machine perfor-

mance using techniques such as Fourier analysis and transition 

matrices, or have invoked the sy11111etry of the inverter motor 

unit to allow analysis to be performed over part of the supply 

cycle. While suitable for steady-state conditions, these methods 

may be unsuitable for transient operation, where the inverter 

waveforms are influenced by the motor conditions and the supply 

and filter impedances. Furthermore with inverters employing 1200 

conduction periods, one or more of the machine terminals is open ' 
/ 

circuited during each supply cycle, and duri~g transients the 

machine terminal voltage waveshape will change significantly. 

An analysis of this type of inverter is by no means straightfor­

ward. 

Several computational methods have been presented to analyse 

the inverter circuit; for example, the resistance method , the 

model subroutine method and the tensor technique based on the work 

of Kron, and it is found that the tensor technique has significant 

advantages over alternative methods of analysis. For the analysis 

of the machine, three methods have been studied. These are the 

l 
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conventional transformed 2-axis model, the direct phase model 

and a new transformed 3-axis model. The last of these is 

recommended, due to its suitability for use with the inverter 

and its low computational time. 

The inverter and the motor programs have been combined 

into one, and the performance of the whole system has been 

studied for various transient and fault conditions, for instance, 

starting, plugging, braking and terminal open and short circuit. 

Practical results have been obtained from a 1 aboratory 

inverter-motor system and very good agreement with theoretical 

results has been shown to exist. 

When the variation of the inverter voltage and frequency 

are carefully controlled, an improvement in machine performance, 

for instance, a reduction in starting time, lower starting trans­

ients, has been achieve d. 
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CHAPTER l 

INTRODUCTION 

Many applications in industry require continuously adjus­

table speed drives. For many years d.c. commutator motors 

have been used in most situations where control of speed is 

required, because they operate at a high efficiency over a 

wide range of conditions, and their speed can be varied in a 

relatively simple manner. In many applications, however, the 

commutator is an enbarrassment, since it requires periodic 

maintenance and can present considerable problems in., for 

instance, hazardous environments. 

A.C. motors, such as the squirrel cage induction motor and 

the synchronous reluctance motor, have a simple rotor construe­

. tion which results in a cheaper and more reliable machine. 

Unfortunately these machines are basically inflexible as regards 

speed, since this is directly related to the normally-constant 

supply frequency. Variable-speed a.c. drives can of course be 

produced, for example, by adjusting the supply voltage or by using 

a variable rotor resistance,
1 

but the techniques used are either 

inherently inefficient or afford only a limited range of speed 

variation. For efficient wide-range speed control, the stator 

frequency must be varied. VariablE' frequency supplies from rota­

ting machine sets have been used for many years although they, too, 

have many disadvantages . 1 

Electronic power convertors involving thyratrons have also 

been used in speed control systems 
2
, but because of difficulties 
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encountered with these devices, power convertor technology has 

remained dormant for many years. However, there has been a 

tremendous rebirth of interest in power convertors since the 

development of transi stars and thyri s tors. The thyri s tor, 

being an efficient, rugged, durable and compact device, with 

short switching time, is increasingly being applied in solid-

state a.c. drives, while transistors are also being used in 

small power convertors. One very important advantage of power 

convertors is the production of a stable, accurate frequency, 

which being internally generated is independent of load and 

transient conditions. 

There are two basic types of static frequency convertors, 
3-7 in the first, the cycloconvertor, the a. c. suppl.y frequency 

is converted directly into a.c. of variable frequency. rn this 

case, the thyristors are used to selectively connect the load 

to the supply source, so that the low-frequency output voltage 

waveform is fabricated from segments of the. supply voltage wave­

form. The disadvantage of this type of convertor is that the. 

highest output frequency is limited to not more than 1/3 of the 

supply frequency if too high a harmonic content is to be avoided. 
7-15 

The second type of convertor is the d.c.-link 3-phase bridge 

inverter, in which the a.c. supply is first rectified to d.c. 

and then invertedtoa.c. at a variable frequency. Themain-power 

thyristors of the inverter are triggered sequentially such that 

a rectangular or stepped square wave voltage is generated at the 

output. In contrast to the cycloconverter, the output frequency 

of the d.c.-link inverter can range from a few hertz up to several 
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hundred hertz. Mainly for this reason, d.c-link inverters have 

found wide application in industry and a study of the inverter­

motor performance has consequently become more important. The 

thesis is therefore concerned with the analysis of a 3-phase 

bridge d.c.-link type inverter connected to an induction motor 

system. 

One of the important points that affects the inverter as well 

as the motor performance is the conduction period of the main 

thyristors of the inverter. It can theoretically be fixed at any 

interval between less than goo and 180°. However, intervals of 

1200 and 180° are particularly advantageous, and both are in 

widespread use! 6- 22 

Many papers have analysed an induction motor suppli·ed by a 

d.c.-link type,;nverter, and a common approach has been to 

assume that the motor supply has a precisely defined waveform. 

Based on this assumption, analytic sol~tions have been obtained, 

using for example matrix methods~3-2 f):-ourier' analysi~?-2%ime domain 

analysis based on the 2-reaction theory, 29 time domain compiex 

variable~0 and a method of multiple reference frames~ 1 - 32 While 

suitable for motors driven by 1800 inverters, these techniques are 

unsuitable for systems employing 1200 inverters, since i·n this 

case the inverter voltage no longer has a well-defined waveform and 

its shape varies considerably during transient and changing load 

conditions. However, analysis of the motor driven by this kind 

of inverter has been presented in the literature, for example •. by 

\ 

.~ 
analysing each circuit configuration separately.33 In this study, 
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the d.c. voltage across the inverter was assumed constant. 

Another study
34 

was to invoke the syrnnetry of the inverter and 

the motor and to analyse only l/6 of a complete cycle. The 

effects of the inverter supply and filter impedances were inclu­

ded in this analysis. Unfortunately all the techniques men­

tioned have been concerned with the constant speed, normal 

operation of the inverter-motor system. Dynamic performance 

of the start-up condition' has been presented using a digital 
35 

computer, but again assuming that the motor supply voltage 

waveform is known, and fixed. Altematively,an analogue corn-

puter has also been used to simulate the steady-state perfor-
36-38 

mance and some dynamic conditions of the inverter-motor system. 

Although this study has included the effect of the inverter 

supply and filter impedances, it is limited to normal operations 

and to systems employing :1s0° inverters. ·It appears from the 

literature that a study of the dynamic behaviour of systems with 

1200 inverters has not been presented.· Moreover, when 1800 inver­

ters are used, the output voltage is affected during abnormal and 

fault conditions. For an accurate analysis over a wide range of 

steady-state and transient conditions for both constant and variable-

frequency operation, including normal and abnormal conditions and 

for systems with l800and 1200 inverters, it is therefore important 

that the inverter with its associated supply and filter impedances 

are included. 

The analysis 

di gi ta 1 computer 

of the inverter-induction motor system using a ~l 
is undertaken in three separate stages, and these I 

are presented in the thesis. In the first stage, three techniques / 

' 
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of analysing an inductively-loaded inverter are presented and 

discussed, these being the model subroutine;9-4~he resistance,43 

44,45 
and the tensor technique methods. Among these the tensor 

technique is finally adopted, due to its significant advantages 

when compared with the other two methods. The technique, which 
46,47 . 

is based on the work of Kron, has been successfully applied 

to the analysis of a line-corrmutated bridge convertor. 45 

The second part of the analysis deals with the induction 

motor. Three models are presented and discussed, the direct 

phase, 
35 

the conventional transformed 2-axis 48 and the trans­

formed 3-axis models~9 Among these, the transformed 3-axis model 

is finally adopted si,nce it combines the advantages of the other 

two models. 

These techniques for analysing the inverter and the motor 

are then combined in the third stage of the analysis, in order to 

analyse the complete inverter-motor sy~tem. Several operating 

and fault conditions are studied, and results for start-up, loading, 

braking, plugging, sudden frequency changes, stator phase short 

circuitandstator phase open circuit conditions are presented. 

Finally, the variable frequency performance of the induction 
50 

motor is considered. It was shown by Lawrenson and Stephenson 

that efficient and rapid speed changing of the motor can be 

achieved by linear variation of the supply frequency with time, 

although the study was concerned only with a sine wave supply. 

In the present investigation, inverter supplies are considered, 

and the study is extended to include a constant slip frequency 
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control technique. Results of the start-up performance for all 

variable frequency starting techniques are compared with the 

usual direct-.on-line starting method. 

Throughout the thesis, the theoretical investigation is 

supported by considerable experimental work, and good agreement 

is obtained between the computed and experi rrenta 1 results, thus 

giving a high degree of confidence in the methods of analysis 

developed. 

The final appendix contains several publications arising 

from the work described in this thesis, and further publications 

are planned. 
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CHAPTER 2 

THE D.C.-LINK INVERTER SYSTEM 

In this chapter, the 3-phase bridge d.c.-link inverter 

is discussed in some detail. Various types of commutation 

methods can be employed in these inverters, and some possible 

methods are discussed. Subsequently, the individual d.c. side 

commutation method is explained in detail and is considered 

exclusively in the work described in this chapter. 

Considerable attention is given to two widely us:ed inver­

ters (i.e. those with 1200 and 1800 conduction periods). All 

possible circuit configurations for both inverters are presented, 

and these form the basis of the inverter analyses presented in 

Chapter 3. 

2.1 General 

The basic circuit diagram of the 3-phase bridge d.c.-link 

inverter system is shown in Fig. 2.1. A rectangular or stepped 

voltage is generated at the output by gating thyristors (T1-+T6} 

at uniform intervals. Diodes (D1 -+D6 ) serve as 'free wheeling' or 

'return' diodes. The inverter output frequency is determined by 

the gating frequency of the thyristors. 

The d.c. supply voltage vs is normally derived from phase­

controlled rectifiers whose control circuits operate in a closed­

loop with the inverter in order to vary the alternating output 

voltage in proportion to the output frequency and so maintain 

approximately constant air gap flux in a driven motor. 
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Since a d.c. voltage is applied across the thyristors, 

there is no natural 'tendency for them to turn off, and means 

must be provided to force the current to zero (forced commuta­

tion). The most widespread application of forced commutation 
8 

tecnniques in inverters is 'impulse commutation' which may be 

applied in several ways as explained in the following section. 

2.2 Impulse Commutation Methods 

The term impulse commutation is applied to the use of an 

impulse to reverse briefly the voltage on a conducting thyristor, 

thereby allowing it to turn off. The pulse is generally formed 

by means of an oscillatory inductance-capacitance network and it 

may be initiated, in a 3-phase bridge inverter, either 

a) by firing the thyristor which is complementary to the 

thyristor being turned off (complementary impulse commu­

tation), or 

b) by firing an auxiliary thyristor (auxiliary impulse commu-

tati on). 

The latter arrangement allows a wider choice of firing 

sequence since the turn off and firing processes are divorced 

from each other, moreover loss of gating signals does not result 

in a commutation failure. 

There are many possible circuit arrangements in which 
51 

auxiliary thyristors are used for turn off purposes. In a 3-phase 

bridge inverter, a thyristor in the upper half of the bridge may 
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be turned off by reducing momentarily the anode potential below 

the cathode potential, or alternatively by raising momentarily 

the cathode potential above the anode potential. These processes 

are termed d.c.-side and a.c.-side commutation respectively, 

since the commutation pulse is applied to the d.c. or a.c. termi­

na 1 s of the thyri s tor by the auxi1 i ary circuit. 

The auxiliary commutating circuits can be arranged either 

to reverse bias all inverter thyristors simultaneously (fully 

commutated), or half the total number (half commutated), or only 

one (individually commutated). 

Half and individual a.c.-side commutation techniques are 

widely used for medium and high power inverter motor drives 14 •52 

while full d.c.-side commutation is the normal process used for 
13,53 

low-power inverter motor drives However, the individual d.c.-

side commutation inverter is considered in this thesis since it 

has the advantages explained in the following section? 

2. 3 The Inverter Circuit 

2.3.1 Description 

The complete individual d.c.-side commutation 'inverter cir­

cuit is shown in Fig. 2.2. Each component of this type of inverter 

performs only one function, and there is no undesirable interaction 

between the various parts of the circuit. The rates-of-voltage 

rise are well-controlled under all operating conditions of the motor, 

and the circuit is particularly simple to investigate experimentally. 
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It also has the advantage that each commutating inductor has 

to withstand the commutating pulse only once per cycle, which 

gives a longer period for the decay of the resultant circula­

ting current. Moreover, in this type of inverter, there is no 

undesirable commutation failure at very low frequencies, when 

the main d.c. supply voltage is also very low. This desirable 

feature is due to the use of an auxiliary commutation supply 

(shown in Fig. 2.2. as Vr). 

2.3.2 Operation 

The operation of the inverter is such that each load phase 

is alternately connected to the positive and negative supply 

lines, by gating the main thyristors at unifonn intervals 

throughout the sequence 1-2-3-4-5-6. Each auxiliary thyri s tor 

is provided with a single pulse every cycle, which is timed with 

respect to the end of the conduction period of the corresponding 

main thyristor. The conducting thyristor is switched off by the 

action of the commutation process (as discussed in Section 2.3.3) 

and the diode in the corresponding opposite leg of the bridge con­

ducts to allow the inductive current to decay to zero. A 3-phase 

output is obtained by preserving a phase displacement of 600 

between any two successive gating pulses delivered to the main 

thyristors (and to the auxiliary thyristors). 

The inverter output frequency depends on the switching rate 

of the thyristors, which i~ controlled in turn by the frequency 

of the oscillator in the control circuit (Section 2.3.4). 
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2.3.3 The Commutation Process 

Only a brief explanation of the commutation process will 

be given here, since detailed analysis can be found elsewhere54 

Consider the instant at which thyristor T1 is given a 

reverse bias via the auxiliary thyristor A1. Fig. 2.3 shows 

the state of the relevant part of the circuit immediately before 

the commutation process begins. At this stage only thyristor T1 

is conducting, and it is therefore carrying full load current. 

The commutating capacitors et and et are charged, with 
1 2 

the polarity shown, from a previous process, and this gives 

thyristor A1 a forward bias. When A1 is triggered, point y, 

whose potential is below vs 

the anode of thyristor T
1

. 

by the amount v , is connected to c, 
Thyri s tor T 

1 
is thus reversed biased 

and its current is thereby forced to zero. 

Diode Di becomes forward bi asedand helps to shunt the 

commutated load current away from the capacitors preventing 

excessive charge building up on them. 

2.3.4 Electronic Control Circuit 

The function of the control circuit is to provide trigger 

signals to the main and auxiliary thyristors. 

Signals to the main thyristors, properly routed for the 

correct sequence, must appear at 60° intervals, and each turn on 

signal is of either 120q or 180° duration. This type of pulse is 

necessary with inverters supplying inductive loads and it also 

produces closed-loop current via the load at starting, since the 



12 

trigger pulses for the two thyristors overlap. 

The gate circuit of each thyristor is usually isolated 

from the associated triggering circuit by means of a pulse trans­

former. It is therefore necessary, and desirable, as a means of 

reducing gate di ss i pati on, to present a train of short duration 

pulses to the gates, instead of 120° (or 180°) envelopes. These 

short pulses, generated by a separate oscillator, are common to 

all six thyristors. For each auxiliary thyristor a single turn­

on pulse is used per cycle, with these pulses being sequenced 

and timed at the end of the conduction period of the main thy­

ristors. 

In the case of 1800 conduction periods, the train of 

pulse signals for each main thyristor are inhibited at the 

beginning of the conduction period for a short time, allowing 

the main thyristor on the opposite leg to switch off before the 

other one conducts, thus preventing a short circuit fault ·across 

the d.c.-link of the bridge. 

A schematic diagram of the electronic control circuit for 

120° conduction periods is shown in Fig. 2.4 which is much the 

same as for 1800 conduction periods except where indicated. Fig. 

2.5 shows the formation of the main and auxiliary thyristor sig­

nals for both 120° and 1800 conduction periods. Note that the 

frequency of the master oscillator is six times the gating fre­

quency of the thyristors. Pictures of the practical pulses for 

one main thyri s tor (and its corresponding auxiliary thyri s tor) 

for 1200 and 1800 conduction periods are shown in Fig. 2.5. 
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2.4 Inverters of Different Conduction Periods 

Regardless of the commutation method used, the inverter 

outputs are influenced by the period of the gating pulses for 

each main thYristor. In practice these periods are of either 

120° or 180° duration. 

2.4.1 1800 Inverters 

Inverters of 180° conduction periods always have three 

thyristors triggered simultaneously, to ensure continuous a.c. 

current in the motor. In general, turn-off and turn-on signals 

are applied almost simultaneously to corresponding top and 

bottom leg thyri s tors of the bridge. 

Each main thyristor.conducts for~ cycle for resistive 

loading, and less when the load is inductive. 

2.4.2 1200 Inverters 

In inverters with 120° conduction periods, the turn-on 

signal for a particular thyristor is applied 600 after the com­

plementary thyristor in the opposite half of the conducting phase 

has turned off. With a resistive load, each phase is therefore 

open circuit for a 60° period. For lower power factor loads, the 

period of open circuit is reduced, because of the time needed for 

the reactive current in the phase to decay to zero through the 

free-wheeling diode in the opposite half of the bridge • 

As the power factor decreases the decay time becomes greater, 

unti 1 it eventually becomes equivalent to 600. There is now no 
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open circuit for either the incoming or the outgoing phase, 

so that the motor is operating exactly as if the conduction 

period is 1800. This can be demonstrated experimentally with 

the inverter driving the motor under no load conditions, when 

the pm'ier factor is very low. 

The conduction pattern of the main thyristors and the 

return diodes is shown in Fig. 2. 7 for the two different con­

duction periods of 1800 and 1200. Note that the period of 

current decay through the re tu m diodes has been chosen arbi­

trari ly. 

2.5 Circuit Topologies 

The circuit topology of the inverter feeding a 3-phase 

star-connected load depends obviously on the state of the con­

ducting devices. This state is such that no two devices are con­

ducting in the same leg of the bridge, "other:"ise there is a short 

circuit across the d.c.-link. With this proviso, each of the 

three phases is connected in turn to either the positive or the 

negative line of the supply. In the case of a 1200 conduction 

period, a total of twelve circuit configuration possibilities 

exist as shown in Fig. 2.8, with six of these being due to 

periods of phase· open-circuit. However, in the case of 1800 

conduction periods, there are only six possible circuit configu­

rations. 
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2. 6 Output Voltage Wavefonns 

From the derived inverter circuit topologies of Fig. 2.8, 

the theoreti ea 1 output phase-vo 1 tage wavefonns can now readily 

be drawn. Fig. 2.9a shows the phase voltage for the 1800 inver­

ters. This wavefonn is the same for any 1 oad power factor, the 

only difference being the period of conduction of the return 

diodes (Dpl· 

When the 120° inverter with a resistive load is employed, 

the phase voltage waveform is as shown in Fig. 2.9b. But for 

inductive load with Dp less than 600, the phase voltage waveform 

becomes more complicated and is as shown in Fig. 2.9c. The lower 

the power factor of the load the higher the value of Dp• until 

60° is reached. The phase voltage wavefonn is then similar to 

that of Fig. 2.9a. 

2.7 Conclusion 

This chapter has been concerned with the description and 

operation of d.c.-link 3-phase bridge inverters employing both 

1200 and 1800 conduction periods. 

Regardless of the commutation method used, twelve different 

inverter topologies were shown to exist for 1200 inverters and six 

for 1800 inverters. A 6-step square wave voltage can be obtained 

from these inverters, except in the case of a 120° inverter supplying 

a high power factor load,. when the output wavefonn is more complicated. 
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To study circuits of this kind, the next chapter will 

present various methods for the analysis of both 1200 and 

1800 inverters. 
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CHAP1ER 3 

ANALYSIS OF THE INVERTER CIRCUIT 

In this chapter, several methods for analysing circuits 

containing switching devices are presented. These are used to 

investigate an inductively-loaded d.c.-link 3-phase bridge 

inverter. The advantages and disadvantages of each method are 

discussed and a computer program is produced. The most useful 

method is subsequently selected for the analysis of the inver­

ter-motor system presented in later chapters. 

Experimental and computed results of the inverter output 

voltage and current for the two 1200 and 1800 inverters are 

presented and compared. 

3.1 Genera 1 Assumpti ens 

Before describing the different methods of analysis, the 

following assumptions are considered which significantly simplify 

the analysis. 

a) The supply to the inverter is represented by an adjustable 

direct voltage E with an effective supply impedance incor­

porated in the impedance of the filter inductance and 

represented by Rf + plf" The filter (smoothing) capacitors 

are represented by Csh' as shown in Figs. 3.1, 3.2 and 3.4. 

b) Each parallel diode/thyristor in the bridge is treated as 

one branch, since these devices never conduct simultaneously. 

---------------------------------------------------
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c) The thyristots and diodes can be considered as instan­

taneous switching devices, since at normal operating 

frequencies, their commutation times are very short in 

comparison with the inverter output period. 

d) The commutating inductors which are in series with the 

main thyristors are neglected {because of their small 

values) although they can easily be included in the anal­

ysis if de si red. 

3.2 Methods of Analysis 

The three methods presented here are called the 'model 

subroutine', the 'resistance' and the 'tensor technique' methods. 

The aim of each is to set-up the correct system differential 

equations that describe a particular topology, and the differences 

between them lie mainly in the way the switching of the thyristors 

and diodes is dealt with. 

Since the inverter operation involves a changing topology 

and, additionally, the inverter circuit contains capacitive as 

well as inductive elements, it is convenient to use a step-by-step 

numerical integration .of the system differential equations. The 

system equations may be written in the following form suitable for 

a computer program solution: 

px = f(x,t) 3. 1 
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A numerical solution becomes even necessary when analysing 

the qynamic performance of the inverter-motor system, as will be 

shown later in chapter 4. 

At the end of each integration step, conducting thyristors 

and di,odes are tested for turn off, and non-conducting thyristors 

and diodes for turn on, to determine whether the inverter topology 

remains constant or changes, and the system equations are changed 

to suit the new topology. 

3. 2.1 Mode 1 Subroutine Method 

In this method, ·each different operating condition of the 

bridge inverter, associated with a different network topolog.)l, 

is ana lysed separately. Ki rchhoff' s 1 aws are used to produce the 

differential equations defining the circuit conditions for the 

particular topology, and each set of eq~ations is assigned to a 

subroutine in the computer solution. Since, as mentioned in chapter 

2, there are twelve different circuit topologies during normal 

operation of the inverter, twelve sets of differential equations 

(and hence twelve subroutines) are needed for a full circuit des­

cription. 

Only one set of differential equations defining one parti­

cular inverter circuit topology will be given here, since the rest 

may be formed in a similar manner. Taking, as this example, the case 

when thyristors T1 and T6 and diode o2 are conducting, the circuit 

topology is as shown in Fig. 3.1. This circuit has three nodes, 
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five branches and one capacitor, and four state variables x1-.. x4 

are needed to define completely the network equations, where; 

xl represents the source current 

Xz represents the capacitor voltage 

x3 represents the phase a current (towards the star 

point) 

x4 represents the phase b current (towards the star 

point) . 

{These variables are the same for any network topology). 

The four differential equations for this configuration 

can be written as: 

or in the form of equation 3.1 

3.2 
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Once the differential equations are established for any 

particular topology, they can be solved numerically and the load 

voltage and currents can be found. The current through a con­

ducting thyristor (or diode) for one phase is the same as the 

load current of the same phase. 

3.2.2 Resistance Method 

In this method, each parallel thyristor/diode branch is 

represented by an ideal resistor, as shown in Fig. 3.2, with the 

switching action being simulated by an appropriate choice of this 

resistor. Values of o.osn for the on state and 300 kn for the off 

state would normally be suitable. The inverter circuit of Fig. 

3.2 requires seven variables (six for the currents plus one for 

the filter capacitor charge) to define the system equations. 



22 

These can easily be developed in the form of equation 3.1. It 

is obvious that under switching operation the network topology 

remains unchanged, but the numerical values of the system para­

meters have to be changed. 

3.2.3 Tensor Technique Method 

This method is based on the concepts associated with the 

tensor analysis of electrical networks~ 7 It allows for the 

switching action of the diodes and thyristors by producing auto-
-- ·-·- -

mati.cally thecorrect transformation tensor required to assemble 
.. - ... - ... --·-··---

the appropriate network equations .. Wi lli am~ and Smith 
45

_wer! 

the first to use the method _for the analysis of a line commutated 

bridge converter and it is presented here for the analysis of the 

d.c.-li nk bridge inverter. 

Before describing the steps in th.e analysis, it is advantag­

eous to assume initially that each parallel diode/thyristor can 

be represented by one resistor branch, as shown in Fig. 3.2. This 

forms the network with the highest number of branches possible and 

is called the basic network; where all the branches are numbered 

as indicated. Note that in order to facilitate the analysis, the 

thyristor (and didde) numbers appear in a different order from 

their normal firing sequence. 
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3.2.3.1 Primitive Network 

The first stage in the analysis is to build a 'primitive 

network' by removing all connections between circuit elements 

and forming, in conjunction with each of these, the simplest 

physically realisable circuit. Using this technique, the primi­

tive network for the circuit of Fig. 3.2 can be developed, as 

shown in Fig. 3.3, from which the primitive resistance [RP], the 

primitive inductance [LP] and the primitive inverse of capaci­

tance [Sp] tensors can be determined. 

These are: 

(The devices operational resistances R1-..R6 can be set to the 

device's forward resistances). 

and [SP] = diag [0, 0, 0, 0, 0, 0, 0, 0, 0, 1/Csh' 0] respectively. 

The primitive current tensor [ip) is: 
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The primitive voltage source tensor [vp] is 

[vp] = [0, 0, 0, 0, 0, 0, 0, 0, 0, 0, E] t 

The branch voltage tensor [vB] is 

The pri mi ti ve network equations can now be written: 

3.2.3.2 Basic Network 

The relationship between the primitive current tensor [ipl 

and the independent current tensor 

of the basic network has now to be developed. With the 6-i ndepen­

dent currents defined, as shown in Fig. 3.2, the relationship bet-

ween the two sets of currents is; 



i = 5 

25 

These equations can be written in standard form as: 

where the transformation tensor [CP] is 

3.5 

3.6 
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1 

1 

1 

1 

1 

[CP] = -1 -1 -1 -1 -1 

1 1 

1 1 

-1 -1 -1 -1 

-1 -1 -1 1 

1 

This tensor is then used to transform.equation 3.4 to 

an equation whi eh describes the basic network 

3.7 

3.8 

where [Rn], [Lnl• [Sn] and [vn] are obtained from the following 

standard transformations, based on invariance of power 47 : 

[Rn l = [CP] t[~] [Cp] 

[Ln] = [Cp] t[Lp] [Cp] 

[Cp] t[Sp] [Cp] 
3.9 

[Snl = 

and [vn] = [CP] t[vp] 
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Note that the branch voltage tensor [vB] is no longer important 

since [Cp]t [vB] (representing the loop voltages) is null. 

3.2.3.3 Reduced Network 

Although equation 3.8 is valid when all devices are 

conducting, as explained earlier, under operating conditions 

only a small number of devices are conducting at any time. Again, 

the tensor techniques allow the relationship between the basic 

network and any particular topology to be established. Thus, as 

an e xamp 1 e, when only thyri s tors T 1 and T 6 and diode o
3 

a re con­

ducting, the basic network of Fig. 3.2 becomes the reduced net-

work of Fig. 3.4. With the 3-new independent current ([innl = 

[i X ,ix ,ix Jt needed for this particular topology chosen as 
1 2 3 

shown in the, figure, the relationship between the old and new 

currents gives rise directly to the transformation tensor: 

1 0 0 

0 0 0 

0 1 0 
[ c l = 3.10 n 0 0 0 

0 0 0 

0 0 1 

This tensor is produced in a mechanical way within the computer 

program every time the circuit topology changes (see Appendix A). 
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The equation describing the reduced network, i.e. 

' . 

can now be obtained using transformations similar to equation 

3. 9: 

[Rnnl = [Cnl t [Rnl [Cn] 

[Lnnl = [Cnl t [Lnl [Cn] 

3.12 

[\nl = [Cn] t [Sn][Cn] 

and [Vnnl = [Cn] t [vn] 

To rewrite equation 3.11 in the form of equation 3.1, a new 

charge tensor [qnn]may be defined as 

and therefore 3.13 

or in matrix form 
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[0] [ l] 

= + 

3.14 

Since there is only one capacitor in the circuit, the above 

systemof equations can be reduced in number by an alternative 

treatment of the capacitor. If the instantaneous charge on the 

capacitor is q ,. the instantaneous voltage of q /Csh can be used 

in a capacitor voltage tensor [sqp], which can be treated in the 

same way as [vp] 

i .e. t [sqp] =[0, 0, 0, 0, 0, 0, 0, 0, 0, q /Csh' 0] 

and therefore the new system equations become 

where [CK] is row 10 of the [CP] tensor. 

3.15 

3.16 
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After solving equations 3.16 for [inn] and q , the inde­

pendent and primitive current tensors can be found from: 

3.17 

The thyristor and/or diode currents are given by the first six 

components of [ip]. The current derivative tensors are calcu­

·lated as above from 

3.18 

The branch voltage tensor [v8] can now be calculated from 

3. 19 

It should be noted that v1 + v6 obtained from the above equa­

tions do not represent the thyristor/diode voltages when these 

devices are non-conducting, because R1-+R6 have been initially.set 

to the device forward resistances. However the off thyristor/ 

diode voltage can be found as follows: 

By application of Ki rchhoff's voltage law, an array of mesh­

sum thyristor/diode voltages (vx] can be found as 



----------------- ~--- ---~ 

where [vx] has the form 

[v l = 
X 

0 
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3.20 

3.21 

If thyristor (or diode) 6 is conducting, v6 = 0 and the 

remaining thyri s tor/diode vo ltages may ~ e ea 1 cul ated immediately. 

If thyristor (or diode) 6 is not conducting;v6 can be detennined 

from the element of [vxl which corresponds to a conducting device 

and v1 -+ v5 can be subsequently calculated. 

The inverter current idcwhi eh is the current flowing into 

the inverter as shown in Fig. 3.2 can be calculated as 

and the inverter voltage vs which is the voltage across the d.c.­

link (Fig. 3.2) is given by v10 (equation 3.19). 
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3.3 Programs and Results 

For the three methods of inverter analysis presented in 

this chapter, three programs (INVERTER 1, INVERTER 2 and 

INVERTER 3) were developed. These are described in Appendix A, 

where brief program flow charts and listings are also given. 

The programs employ the Runge-Kutta-Merson numerical integration 
55,56 

routine and the integration step length is determined by calcu-

lating the system eigenvalues, since it can be shown that for 

numerical stability, the step length of the Runge-Kutta-Merson 

method must be less than 3.5 times the reciprocal of the maximum 

system eigenvalue. 57 

As ani llustration .. of the validity of the programs, 

·experimental and computed results for both 1200 and 1800 inver­

ters and for the following inverter circuit parameters are pre­

sented: 

E = sov, Rf = o.sn, Lf = o.02H, Rsh = o.osn, csh = sooo JJF, 

Ra,b,c = lOn and La,b,c = 0.022H, frequency =50Hz. 

The values of integration step length which ensures integration 

stability and gives results with good accuracy, are given in 

Table 3.1 for each method. The table also indicates the program 

execution times for one complete cycle of output. 

Experimental tracings of the steady-state output phase 

voltage, phase current and inverter current, under normal opera­

tion for 180° inverter are shown in Fig. 3.5. Since the output 

"----------------------------------------
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voltage is a 6-step, square waveform, similar to the theoretical 

shape derived in Section 2.6, the current waveforms consist of 

parts of exponential curves with the inverter current having 

a frequency six times the inverter frequency. 

For the same system parameters, but for the 1200 inverter, 

experimental results of the output phase voltage and current and 

the inverter current are shown in Fig. 3.6. The voltage waveform 

in this case is more complicated as a result of the open circuit 

periods due to the high power factor load used (as discussed 

also in Section 2.6). The periods of open circuit are more 

clearly indicated in the output phase current waveform (Fig. 3.6b). 

The inverter current waveform (Fig. 3.6c) is similar to that for 

1800 inverters but of smaller magnitude. This is because the 

open circuit periods mentioned above make the r.m.s. phase 

voltage for the 1200 inverter less than the corresponding r.m.s. 

voltage for the 180° inverter with the same system parameters. 

As a result of this difference the power transmitted through the 

1200 inverter is less than that transmitted through the 1800 inver­

ter. This can also be explained physically by noticing that the 

thyristors in the 1200 inverter are not used as efficiently as in 

the 1800 inverter due to the difference in the conduction periods. 

Computed results for both 120° and 1800 inverters and for the 

same system conditions are also obtained and plotted in Figs. 3.7 

and 3.8. Good agreement exists between the computed and experi­

mental results, which give a high degree of confidence in the ability 

of the methods described to simulate thyristor/diode networks. 
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3.4 Discussion and Conclusion 

The first method (the model subroutine) is suitable for the 

normal operation of an inductively-loaded inverter. If, however, 

the method is to be used in the analysis of an inverter-motor 

system, two important points have to be considered: 

a) An expansion of the circuit equations to allow for the 

motor coupling coefficients results in a new system of 

equations which is mathematically cumbersome and compli­

cated. 

b) Since the system is more complicated, a study of abnormal 

and fault conditions will require additional subroutines. 

The addition of these further subroutines would lead to 

a lengthy and inelegant program which, being inefficient, 

would result in an excessive computing time. 

Although in the resistance methoct the network topology is 

constant, unfortun.ately a very small integration step length has 

to be used to ensure integration stability. This is because, 

irrespective of the circuit conditions, the maxi mum system ei gen­

value turns out to be very high as indicated in Table 3. 1. This 

small step length, in addition to the number of system equations 

required (twice the number required by other methods) results in an 

unacceptably long program execution time (Table 3.1). 

In contrast to these two methods, the tensor technique has 

several significant advantages: 

i) The approach is valid for any bridge topology. 
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ii) The analysis of abnormal fault conditions presents no 

problem once the transformations tensors [CP] and [Cn] 

are available. 

iii) The usefulness of the method is that the tensor [Cnl is 

produced in a systematic and mechanical way, which is 

eminently suitable for computer program implementation. 

iv) The analysis can easily be extended to include the motor 

circuit. In this case, it merely requires additional 

terms in enlarged system tensors. 

v) External and additional rotor circuit components such as 

saturistors or capacitors can also be included in the 

same way. 

For these reasons, the tensor method is recommended for 

the analysis of the complete inverter~motor system as described 

in later chapters. 
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TABLE 3.1 

Comparison between different models with 
regard to program execution times 

Method of Maximum neg- Integration step 
Analysis a ti ve ei gen- length 

value 
( s -1) 

. ( s) 

Mode 1 sub-
0.43 X 103 ]. 0 X 10-4 routine 

method 

Resistance 1. 5 X 106 0.5 X 10-? 
method 

Tensor 
0.43 X 103 l.Oxl0-4 technique 

method 

Program execu-
ti on time for 
one complete 
cycle (s) 

10 

15,000 

14 
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CHAPTER 4 

MODELLING TilE INDUCTION MOTOR 

In this chapter, the application of three different 

models to the analysis of the induction motor is discussed. 

In the first of these, the machine parameters and variables 

are expressed in their actual phase quantities. The second 

is the conventional, transformed 2-axis model derived by 

Stanley 48 , and employed subsequently by many authors 58-61 

The final model considered is a part transformation (of the 

rotor circuit only), with the stator remaining unchanged .. 

For certain systems, it thus combines the advantages of both 

the other mode 1 s. 49 

The merits of the three systems are compared, and for 

each a computer program is used to study the start-up perfor-

mance of an induction motor when supplied from a sinusoidal 

voltage source. The motor is assumed to operate from a 3-

phase, 3-wire system, since in an inverter-motor system, the 

neutral point is usually floating. 

4.1 Direct 3-Phase 11odel 

An induction motor can be approximated to the ideal cylin­

drical rotor machine shown in Figure 4.1, by means of the foll­

owing assumptions: 48 •58 

a) The stator and rotor windings are balanced. 

b) The coefficient of mutual inductance between any stator 

winding and any rotor winding is a cosine function of the 
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electrical angle between the axes of the two windings. 

c) The ai rgap is uniform. 

d) The effects of saturation, hysteresis and eddy currents 

are negligible. 

Based on the above assumptions, the voltage balance equa­

tions for the machine can be written in matrix form as: 

[vm] = [~](im] + P[Wm] 4. 1 

where [vm] [vsa' vsb' vsc' vra' vrb' 
t = vrc1 

[i m] = [i sa' \b• is c. i ra' i rb' 
. ] t 1 re 

and 

The relationship between the phase flux linkages [Wm] and 

the phase currents [im] are: 

4.2 

where: 



L Lsm Ms rcose M cos(e+ 211) 211) Lss sm sr T Msrcos(e- T 

Lsm Lss Lsm 
( 211 M cos e- -) sr 3 Msrcose Msrcos(e+ ~) 

\ 

Lsm Lsm Lss M cos ( 6+ 211) sr T 
211) Msrcos(e- T Ms rcose 

[Lm] = 211 211 
Lrm Lrm Msr cos e Msrcos(6- T) Msrcos(6+ y) Lrr 

w 
<D 

M cos{6+ 2
3

11) sr Msrcose M cos(e- 211) sr 3 Lrm Lrr Lrm 

211 
Msrcos(e- T) 

211 
Msrcos(6+ s-) Msrcose Lrm Lrm Lrr 

• • . . • 4. 3 
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Taking the derivatives of both sides of equation 4.2 

gives: 

4.4 

where: 

0 0 0 sine sin(e+?;l 

0 0 0 . ( 2rr) s1n e-T sine 

0 0 0 sin(e+?;l sin(e-?;) 

Cl -ae[Lm]- -Msr 

sine . ( 2rr) s1n e-T sin(e+?;l 0 0 

sin(e+?;) sine sin( e-?;l 0 0 

sin(e-z;) sin(e+?;) sine 0 0 

4.5 

By substituting equation 4.4 into equation 4.1: 

4.6 .. 

The above system of equations cannot generally be solved in 

closed form, because the dependence of the stator-rotor mutual 

inductance ·on the rotor electrical angle e makes the coefficients 

sin(e-?;) 

sin(e+?;) 

sine 

0 

0 

0 

of [Lm] variable. The equations can, however, be solved by numerical 
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techniques using a digital computer. For this purpose, it is 

necessary to rearrange equation 4.6 as: 

If a step-by-step numerical integration routine is used 

then, at any calculation step, a knowledge of e is required to 

form [Lm] and aae [Lm] and thus to calculate [Lm]-1. Additionally, 

a knowledge of [vm]' [im] and pe will yield the current deriva­

tives p[im]' from which the new values of [im] can be found. 

The total electrically developed torque Te is: 

4.8 

The rotor electric angle e and the speed pe required in 

the next step of the calculation can be obtained by integrating 

the machine dynamic equation 

4.9 

which may conveniently be rewritten 

pe ~ w 
4.10 

where w is the instantaneous motor speed. 
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Results obtained from this analysis are presented in a 

later section. 

4.2 Stationary 2-axis Model 

If the 3-phase model of the induction machine (Fig. 4.1) 

is transformed to its equivalent 2-phase stationary axis (the 

d-q form) as shown in Fig. 4.2, the relationship between the 

actual 3-phase currents and the fictitious 2-axi s currents 
62 

are: 

is a 

isb 

isc 

i ra 

i rb 

ire 

= 

= 

= 

= 

= 

= 

isd 

1 . 13 . 
- 2"" 1sd +2 1sq 

1 . ,13" 
i - 2"" \d-2 sq 

4.11 

i rd cose + i rq sine 

i rd cos ( e + 23'1Tl + i rq sin (e + .?;l 

i rd cos (8 - 23'1T) + i rq sin (e - 23'1T) 

Note that because the three actual phases are replaced by 

a system of 2-axis coils, the unit of the 2-axis currents is i 
times the unit of the actual phase currents for a constant input 

power per phase. Note also that the zero sequence currents are 
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zero since there is no neutral connection. 

Equation 4.11 gives rise directly to the transformation 

tensor 

[C ] = m 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

cos a 

cos(a +.?;) 

2rr cos(e - 3 ) 

0 

0 

0 

sine 

sin( a + .?;) 

. ( 2rr) s1n a - 3 

4. 12 

whi eh may be used to produce the 2-axis equations for the machine 

by applying the transformation (detailed in reference 63) to 

equation 4.1. The new system equations have the form 

where [vm] is now 
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1 
1 1 0 0 0 vsd -2 -2 

vs a 

0 l3 l3 0 0 0 vsb vsq '2 -y 

2 vsc =1 

0 0 0 27f) 47f vra 
vrd case cos(e- 3 cos(e- 3 ) 

vrb 

vrc 

vrq 0 0 0 si ne sin(e- ~) . ( 47f) s1n e- 3 

4.14 

0 0 0 0 

0 0 0 0 

[Gm] = 

0 lM 
2 sr 0 (L -L ) rr rm 

3 0 -{L -L ) 0 4. 15 --M 2 sr rr rm 
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L -L ss sm 0 3 M 
""2" s r 0 

0 L -L ss sm 0 3 M 
""2" sr 

and [Lml = 4. 16 

3 0 L -L 0 ""2" Msr rr rm 

0 3 M 
""2" sr 0 LrrLrm 

The above. equations· a re i denti ea 1 to those obtained by Stan 1 ey 48 

and others. 64 •65 Since the equations are functions only of the 

rotor speed pe they can be solved analytically when the speed.is 

constant, although for variable-speed operation, a numerical 

technique will still have to be used. For this purpose equa­

tions 4.13 can be rearranged as 

and the solution for the currents can proceed using a standard 

numerical integration routine. The actual phase currents are 

obtainable from equations 4.11. 

The total electromagnetic torque can be calculated from 

4.18 

The rotor speed pe which is required by equation 4.17 in 

the next step of the solution is obtained by integrating equa-

tions 4.10. 
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Using this method, a solution can be obtained in a step­

by-step manner, without the need to form and invert the machine 

inductance matrix at each computation step. However, trans-

formation of currents and voltages is still needed. 

4.3 Stationary 3-axis Model 

49 
In this section, a stationary 3-axis model is described 

whi eh combines the advantages of both the direct-phase and the 

stationary 2-axis models. The new model can be formulated under 

the following two requirements: 

a) Equations 4.1 should be transformed in a similar manner 

to the conventional 2-axis transformation, in order to 

eliminate the time-dependent terms in [Lml· This require­

ment can be fulfilled by choosing stator and rotor ref­

erence frames stationary relative to each other. 

b) The transformation should result in no change in the stator 

variables, in order to retain the advantage of the direct 

phase model. The rotor quantities must therefore be trans­

formed to a stationary 3-axis reference frame. 

The new 3-phase stationary axis model is shown in Fig. 4.3, 

where the fictitious stationary rotor coi 1 currents i ra, i ri3 and 

iry flow through stationary windings and produce the same rotor 

m.m.f. as the actual rotor currents ira' irb and ire· The two 

! 
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sets of currents are thus related to each other by 

i - ~ i ··- l i = cos8 i + cos(8,;.. 2
3

11)i
8 

+ cos(8+ 2
3
11)i 

ra '- rb 2 re · ar r yr 

i - ~ i - ..!. i = cos ( 8+ .?,;!.) i + cos 8 i 
8 

+ cos ( 8- .?..11
-) i rb '- ra 2 re ., et r r ., y r 

4.19 

Since, as explained before, the stator currents are un-

changed, the transfonnation tensor for this model can now be 

written 

0 0 0 0 0 

0 1 0 0 0 

0 0 1 0 0 0 

[Cm] = 

0 0 ·o j cos8 j cos(8- 2
3
11

) ~ cos(8+ £;l 

0 0 0 j cos(8+ 2
3
11) ~ cos8 2. ( 211) "3 cos 8- T 

0 0 0 2 ( 211 
3 cos 8- Tl j cos ( 8+ .?; ) j cos8 

4.20 
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As with the 2-axi s mode 1, this trans formation tensor is 

then used to produce the 3-phase stationary axes equations 

from equation 4.1. The new system equations are similar to 

equations 4.13, but with 

['\n] is given by equation 4.1. 

Lss Lsm Lsm Msr 
I 1 

- 2 M - 2 Msr sr 

Lsm Lss Lsm 
1 

Msr 
1 

- 2" M -2 M sr sr 

Lsm Lsm L 1 1 
Msr - '2 Msr· -2 M ss sr 

[Lm] = 

Msr 
1 1 L Lrm Lrm - 2" M -2 Msr sr rr 

1 
Msr 

1 
Lrm L Lrm 2 Msr - 2 Msr rr 

1 1 --M --M 2 sr 2 sr 

4.21 
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0 0 0 0 0 0 

0 0 0 0 0 0 

0 0 0 0 0 0 

[G ]= m 

0 

-~ 2 sr 0 

0 

0 

. l (L L ) 
7J rr rm 

0 

The total electric developed torque is given by 

l ( L L ) n rr rm 

0 

4.22 

4.23 

The numerical solution of the system equations can now pro­

ceed as before, except that the circuit voltage tensor does not 

need transformation. 
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4.4 Programs and Results 

For each of the models described earlier, a computer pro­

gram was written to study the start-up transients of an induc­

tion motor. The programs (named MOTORl, MOTOR2 and MOTOR3) are 

given in Appendix B and they can be used for either sinusoidal 

or 6-step square wave voltage inputs. 

A range of start-up transients has been considered for 

the machine having the parameters given in Appendix D. The 

results produced by the three programs are in excellent agree­

ment with each other, but the direct phase model has involved 

considerably more computation time than the other models, as 

indicated in table 4.1. 

Figures 4.4 and 4.5 show typical predicted results for 

motor phase current, torque and speed for the direct application 

of rated sine wave voltage at rated frequency, while Fig. 4.6, 

shows practical results of the phase curren:t under the same 

conditions. The oscillatory nature of the torque at starting 

causes the dips in the speed curve and also results in a starting 

current which has a rising and falling amplitude as shown. A 

good agreement clearly exists between these computed and experi­

menta 1 results. 
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4.5 Discussion and Conclusion 

With the machine described in terms of its transformed 

d-q variables, the resultant system differential equations 

offer computational simplicity, due to the absence of the rotor 

position term in the inductance matrix. These equations have 

been extensively applied in the study of the dynamic perfor­

mance of si nusoi dally-excited machines and a 1 so machines 

supplied by well-defined rectangular voltage waveforms. 

However, in a general study of a combined inverter-motor 

system, it is necessary to monitor the machine phase variables 

and a problem thus arises in defining a set of d-q var1ables 

for the opening and closing branches of the inverter. In this 

case the direct phase model seems to be more suitable. This method 

also permits a wider range of operating conditions to be studied 

conveniently. Sarkar and Berg 35 have used this approach to study 

the start-up performance of an inductfon machine when supplied 

from a rectangular waveform. However when compared with the 

stationary 2-axis model, the direct phase method suffers from the 

excessive computati anal times required to form and invert the 

inductance matrix at each step. 

In contrast to these methods, the stationary 3-axis model 

proposed by Robertson and Hebbar49 appears to be much more power­

ful for use with inverter circuits. Since this model describes 

the machine in terms of its stator phase quantities, and at the 

same time transforms the rotor quantities to a stationary 3-axis 

reference frame, it retains the advantages of both models. 

'---------------------------------- - -- - ----
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For this reason, the stationary 3-axis model will be used 

in conjunction with the inverter circuit model of Chapter 3 

for the analysis of the whole inverter-motor system. 
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TABLE 4.1 

Comparison between different models with 
regard to program :execution times 

Program execution time 
Motor Model for start-up range 

(0.37s) 
. ( s) 

Direct phase model 240 

Stationary 2-axi s 40 model 

Stationary 3-axi s 45 
model 
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CHAPTER 5 

ANALYSIS OF INVERTER-INDUCTION MOTOR SYSTEM 

From the three methods of analysis described in Chapter 3, 

and for the reasons given there, the tensor approach was selected 

for the analysis of a bridge inverter supplying an inductive load. 

Using this same approach, together with the stationary 3-axis induc­

tion motor model developed in Chapter 4, an analysis of a combined 

inverter-induction motor system was developed. Results derived 

from this analysis are· presented in this section to illustrate 

starting, plugging and braking. of the motor, and some other 

operating and fault conditions of the system. 

5.1 General System Analysis 

In the tensor approach adopted for the analysis of the 

inverter (Chapter 3), the independent equations of the basic 

network were established from various primitive system tensors. 

(The inverter is assumed to feed a star-connected inductive load, 

and with this regarded as the stator of an induction motor, the 

complete inverter-motor system can be developed by the addition 

of a rotor circuit.) The overall system is shown in Fig. 5.1. The 

new basic network contains an extra three branches and two nodes, 

and a further two independent equations are therefore required. 

The analysis of the complete system can be carried out using 

the same procedure as in Section 3.2.3, by enlarging the various 

primitive tensors to include the new rotor elements and the mutual 
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coupling between the phases. The new tensors for the system are 

obtained as outlined below: 

a) The addition of the rotor circuit requires a further two 

independent currents, iG. iH, and the new transformation 

tensor [Cp] has an extra three rows (for the three bran-

ches of the rotor) and an extra two co 1 umns (for the two 

extra independent currents) i.e. 

1 l 

1 

1 

1 

1 

-1 -1 i -1 -1 -l 

1 1 

[Cp] = l 1 5.1 

-1 -1 -1 -1 

-1 -1 -r 1 

1 

1 

1 

-1 -1 

b) The diagonal of the primitive resistance tensor [RP] is 

obviously increased by three more elements for the three 

rotor resistances, i.e. 
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5.2 

c) When the stationary 3-axis model (described in Chapter 4), 

is employed, the new primitive inductance tensor [LP] is no 

longer diagonal, due to coupling between the motor phases, 

and it takes the form given by equation 5.3. 

d) A new primitive tensor which is not present in the analysis 

of Section 3.2.3. must now appear. This is the [GP] tensor 

which corresponds to the [G ] tensor used in the analysis rn . 

of Chapter 4 and is given by equation 5.4. 

e) The primitive source voltage tensor [vp], the capacitor 

voltage tensor [sqp] and the current tensor [ip] are each 

expanded by three more elements as given below: 

t = [0,0,0,0,0,0,0,0,0,0,E,O,O,O] 

t [sqp]= [O,O,O,O,O,O,O,O,O,q/Csh'O'O,O,O] 5.5 

f) The [Cn] transformation tensor (which connects the basic 

network to the reduced network) has to be enlarged by two 

rows and two columns (corresponding to the two independent 

equations of the rotor). For the inverter topology consi­

dered in Section 3.2.3, the new [Cn] tensor becomes: 
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0 0 0 0 

0 0 0 0 0 

0 1 0 0 0 

[Cn] = 0 0 0 0 0 5.6 

0 0 0 0 0 

0 0 1 0 0 

0 0 0 1 0 

0 0 0 0 1 

The analysis can now proceed as explained in Chapter 3 except 

that the new [Gnl and [Gnnl tensors have to be evaluated using 

the relationships: 

5.7 

Finally the system equations for any topology can be established 

as: 

5.8 

For the analysis of the system when the speed is varying, the 

two dynamic relations~ips of equat~n 4.10 are 

full mathematical description. 

included for a 

L_ _______________________________ -----
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5.2 D. C. Supply Representation 

As explained in Chapter 2, the supply to the inverter is 

nonnally derived from a phase-controlled rectifier (i.e. a non­

regenerative supply), which was represented during the analysis 

by a d.c. supply in series with an effective supply impedance. 

This representation is reasonable as long as the supply current 

is positive (i.e. towards the inverter). However, in a real 

inverter-motor sys tern, and during some operating conditions such 

as plugging, the motor behaves as an induction generator which 

returns energy to the inverter. Since this is non-receptive, 

the returned energy is stored in the filter capacitor, and it is 

therefore necessary to modify the supply representation by the 

addition of the series diode shown dotted in Fig. 5.1. Within 

the computer program, this device is treated in the same way as 

any other diode (i.e. it is turned off whenever its current drops 

to zero). 

The effect of the diode, whether conducting or non-conducting, 

can be included in the system equations by the presence orrabsence 

of the column which corresponds to the source current in the [Cnl 

tensor. 

5.3 Analysis of Some Operating and Fault Conditions 

The usefulness of the tensor approach is obvious when it is 

applied to various motor operating conditions. It is shown in this 

section that the analysis of any operating condition requires a 

simple modification to the transfonnation tensors depending on the 
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particular condition being studied, while the rest of the analysis 

remains the same. 

5.3.1 Start-up on constant voltage and frequency • 

This is a common system condition to which the previous 

analysis can be applied, and no modifications of the transfor­

mation tensors are required. The initial conditions of the 

·independent variables of the system are as follows: 

a) All the currents are set to zero. 

b) The rotor speed p8 is set to zero. 

c) The capacitor charge q is set to CshE. 

Experimental and computed results for this operating condition 

are presented in Section 5 .5.1. 

5.3.2 Plugging 

During a plugging operation, the motor stator terminals 

are first disconnected from the inverter for a short period, 

and subsequently reconnected with two of the phases interchanged. 

The circuit topology during the period of disconnection 

. (amounting.normally to only a small fraction of a second) is as 

shown in Fig. 5.2, where only three loops are now active. The 

initial values of the rotor currents immediately after disconnec­

tion are different from those immediately before, and their new 

values can be obtained using the constant flux linkage. theorem, 

as explained in Appendix E. Following disconnection the currents 

• 



62 

decay exponenti ally, thus inducing exponenti ally decreasing 

sinusoidal voltages in the stator windings. At the same time, 

the rotor speed drops slightly due to mechanical friction and 

to other rotational losses. 

The period of disconnection can easily be represented 

in the analysis by the following [Cn] tensor: 

0 0 0 

0 0 0 

0 0 0 

0 0 0 
[Cn] = 5.9 

0 0 0 

1 0 0 

0 1 0 

0 0 1 

After reconnection, the circuit configuration is simi 1 ar 

to the original fonn, except that phase a is now connected to 

thyristors r3 and T4, and phase b to thyristors r
1 

and r2• 

At the instant of reconnection, the primitive transformation 

tensor [Cp] has to be updated to allow for the change in the cir­

cuit, as follows: 
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1 

1 

1 

1 

1 

-1 -1 -1 -1 -1 

1 1 
[CP] = 5.10 

1 1 

-1 -1 -1 -1 

-1 -1 -1 1 

1 

1 

1 

-1 -1 

Using this new tensor, the various independent tensors are 

recalculated using equations 3.9, 3.12, and 3.15 and the analysis 

proceeds as before. 

The in ducti on machine behaves i ni ti ally as an induction 

genera tor transferring energy to the filter capacitors, while 

the rectifier diode (in the supply) ceases to conduct. The machine 

speed eventually drops to zero and starts to increase in the opp­

osite direction. The machine now operates as an ordinary induc­

tion motor and the rectifier diode is no longer reverse biased. 

The plugging operation is· demonstrated by experimental and 

computed results in Section 5.5.3. 
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5. 3. 3 Braking 

Braking of an induction motor is commonly achieved either 

by d.c. injection66 or by using the a.c. supply with different 

arrangements of specially-included diodes~ 7 •6 Bwhen an induction 

motor is driven by a d.c. link type inverter, a very effective 

and quiet braking action is obtainable in the manner described 

below. This has the advantages that no additional equipment 

is needed, a high braking torque is achieved and the rotor is 

brought rapidly to rest and held there. 

The method adopted is to switch off simultaneously the 

inverter d.c. supply, while keeping the filter capacitor conn­

ected to the inverter, and the control circuitry which triggers 

the thyristors. The devices conducting at this instant (either 

two or three) continue to conduct until their currents become 

zero. Meanwhile the capacitor, which is initially charged to a 

value proportional to the d.c. supply volta~e, provides a d.c. 

voltage for injection to the motor through the conducting 

devices and establishes a braking action. Both the capacitor 

energy and the rotor kinetic energy are quickly dissipated as 

heat in the windings. 

Assuming for example that thyristors T2 and T4 and diode o5 

are conducting at the instant of switching, the circuit topology 

of the system remains constant as shown in Fig. 5.3. The trans­

formation tensor [Cn] for this case is also constant and is simply 

obtained by assuming that the rectifier diode is always nonconduc-

ti ng, i .e . : 
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0 0 0 0 

1 0 0 0 

0 0 0 0 

0 1 0 0 
[Cn] = 5.11 

-1 -l 0 0 

0 0 0 0 

0 0 1 0 

0 0 0 1 

Using this kind of braking, experimental and computed 

results are obtained and presented in Section 5.5.4. 

5.3.4 Stator Phase Short Circuit 

One possible fault in any motor system is a short circuit 

of one of the stator windings~9 By short circuiting, for example, 

phase c, the basic network for the system can be drawn as shown 

in Fig. 5.4. Since a circulating current through phase c will 

result from the mutual coupling between the phases, it is necessary 

for branch 9 of the network to be included in the analysis. The 

inclusion of this branch, and the short circuit, means that the 

number of branches in the network remains unchanged from the 

normal case (Fig. 5.1) while the number of nodes is less by one. 

A new independent current must therefore be added to the system, 

and this is shown in Fig. 5. 4 as i 1 . The trans formation tensor 

[CP] has now to be increased by one column to accommodate the, new 

current, as follows: 
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1 

1 

1 

1 

1 

-1 -1 -1 -1 -1 

[C ]= p 1 1 

1 1 5.12 

1 

-1 -1 -1 1 

1 

1 

1 

-1 -1 

The transformation tensor [Cn] has also to be increased by 

one row and by one column to cope with the new current which is 

present for all network topologies. As an example, consider the 

case when thyristors T2 and T3 and diode o5 are conducting, when 

the circuit topology is as shown in Fig. 5.5, and the [Cn] tensor 

is: 
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0 0 0 0 0 0 

1 0 0 0 0 0 

0 1 0 0 0 0 

0 0 0 0 0 0 

[Cn] = -1 -1 0 0 0 0 5.13 

0 0 1 0 0 0 

0 0 0 1 0 0 

0 0 0 0 1 0 

0 0 0 0 0 1 

After defining the two transfonnation tensors for such a 

fault condition, the complete analysis of the system follows 

the procedure described in Section 5.1. 

This kind of fault condition is demonstrated by experimental 

and computed results in Section 5.5.6. 

5.3.5 Stator Phase Open Circuit 

Another possible fault condition in a motor system is the 

open circuiting of one of the stator phases. By open circuiting 

phase c, the basic network for the system becomes that shown in 

Fig. 5.6. There is now no current through phase c although there 

is still an induced e.m.f. in this phase due to mutual coupling 

from the remaining phases. Without taking into account the open 

circuit leg of the bridge (shown dotted in Fig. 5.6) the basic 

network can be considered as having seven branches and four nodes 
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(excluding the rotor circuit). Six independent currents (iA ..,. iF\ 

are therefore required to define the system (including the rotor 

circuit) and with these chosen as shown in Fig. 5.6, the [Cp] 

tensor can be written directly as 

1 0 0 0 0 0 

0 1 0 0 0 0 

0 0 1 0 0 0 

-1 -1 -1 0 0 0 

0 0 0 0 0 0 

0 0 0 0 0 0 

[CP] = 1 1 0 0 0 0 5.14 

-1 -1 0 0 0 0 

0 0 0 0 0 0 

-1 0 -1 1 0 0 

0 0 0 1 0 0 

0 0 0 0 1 0 

0 0 0 0 0 1 

0 0 0 0 -1 -1 

Since only two legs of the inverter bridge are active, there 

are only two devices conducting at any particular tirre. The 

inverter circuit topologies involved are therefore among the 

greater number involved during normal operation of the 1200 inver­

ter. For this reason no changes are necessary in the [Cn] tensor 

and the complete analysis again follows the procedure of Section 



69 

Results obtained experimentally and by computer for this 

kind of fault condition are presented in Section 5.5. 7. 

5.4 Computer Program 

The basic computer program, INVERTER-MOTOR, written for 

the analysis of the complete inverter-induction motor system, 

is described in Appendix C, where a simplified flow chart and 

a program listing are given. The program employs the tensor 

technique for the inverter, and the stationary 3-axis model for 

the motor. Several versions of the program were developed for 

the study of the different system operating and fault condi­

tions. In all cases the following initial values apply for the 

various independent variables. 

a) All the currents are zero. 

b) The rotor position angle 8 is zero. 

c) The rotor speed p8 is zero for the start-up condition, other­

wise it is the synchronous speed ws. 

In this case the program is run for a few cycles before starting 

to plot the results, whi eh ensures that the motor has reached 

steady-state conditions. 

5.5 Test and Computed Results 

Results derived from the analyses of a number of system 

operational and fault conditions for both 1200 and 180° inverters 
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are presented in the following sections, where they are supported 

by experimentally obtained results. All the tests were performed 

at the arbitrarily chosen frequency of 25 Hz, with the d.c. 

supply voltage set to 250V (see Appendix F), unless otherwise 

stated. 

5.5.1 Start-up on constant voltage and frequency 

This is the normal run-up of the motor when it is allowed 

to accelerate on no-load from standstill to full speed following 

direct switching of the inverter system. Experimental recordings 

of the motor phase voltage and current and the inverter voltage 

and current when the motor is fed from the 1800 inverter are 

shown in Figs. 5. 7 and 5.8 respectively. The phase voltage 

waveform during the first few cycles exhibits a slight drop below 

the steady-state values, due to the drop across the inverter 

input filter and supply impedances, and is more clearly indicated 

by the inverter voltage curve (Fig. 5.8a) •. The frequency of the 

inverter currernt is 6 times the inverter operational frequency, 

whi eh agrees with the results obtained for the inductively-loaded 

inverter in Section 3.3. 

Computed results of the motor phase voltage and cur.rent and 

the inverter voltage and current are given in Figs. 5.9 and 5.10 

respectively. These all confirm the experimental results of Figs. 

5.7 and 5.8except that the inverter voltage curve (Fig. 5.10a) 

is smooth while the corresponding experimental tracing (Fig. 5.8a) 

contains a very small amount of ripple. This arises from the d. c. 
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supply being in practice derived from a 3-phase bridge rectifier, 

whereas in the computer solution the supply is assumed to be 

comp 1 ete ly smooth . 

Sim~ilar experimental and computed procedures described 

above were repeated for the motor driven from the 1200 inverter, 

with the results given in Figs. 5.11- 5.14. In this case the 

waveforms of the motor phase voltage (Figs. S.lla and 5.13a) 

vary considerably during the transient period, and tend to 

become fixed 6-step square waves under steady-state conditions. 

During the transient interval, when the motor power factor 

tends to be high, off periods appear in the current waveforms 

(Figs. 5.1lb and 5.13b) and under steady-state no-load condi-

tions, when the motor power factor is verY low, the voltage and 

current waveforms become similar to those for the 180° inverter. 

The inverter current waveforms (Figs •. 5.12b and 5.14b) are simi-

lar to those for the 1800 inverter, except that their peaks are 

lower during the transient interval, when the off periods men­

tioned above cause the r.m.s. motor phase voltage for the 1200 

inverter to be less than that for the 180° inverter. For the same 

reason the speed builds up a little slower in the case of the motor 

driven from the 1200 inverter than from the 180° inverter. This 

is clear from the computed speed curves shown in Fig. 5.15, where 

the dips appearing in the curves are due to the oscillatory nature 

of the torque (Fig. 5.16). The torque also has a pulsating nature 

due to the presence of time harmonic m.m.f. waves in the airgap. 
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5.5.2 Loading 

While the motor is supplied from the 180° inverter, and 

is running at its no load speed, an estimated torque of 5 N .. m. 

is applied to the shaft for a short time as a sudden load. 

The resulting experimental graphs of the motor phase voltage 

and current are shown in Fig. 5.17 and the corresponding com­

puter plots are given in Fig. 5.18. Experimental and computed 

results for similar tests but with the motor supplied from the 

120° inverter are given in Figs. 5.19 and 5.20. 

Since the motor power factor increases when load is applied 

it will be noticed that, in the case of the 120° inverter, off 

periods appear in the motor phase current waveform and that the 

motor phase voltage wave shape changes during the loading period. 

On the other hand, for the 1800 inverter the motor phase voltage 

wave shape remains unchanged but the waveform of the motor phase 

current changes in such a way that its r.m.s. value increases 

slightly. 

5.5.3 Plugging 

Experimental and computed motor phase voltage and current 

waveforms during plugging of the induction motor fed by the 1000 

inverter are shown in Figs. 5.21 and 5.22 respectively. Similar 

waveforms for the motor fed by the 1200 inverter are given in 

Figs. 5.23 and 5.24. As explained in Section 5.3.2, during the 

disconnection period (80 ms), an exponentially decaying sinusoidal 

voltage is induced in the stator phases and the speed drops slightly. 

After reconnection, with two of the motor tenninals interchanged, 
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a peak current of up to 8 times the steady-state no load peak 

current results, due to the high slip of nearly 2. The speed 

then drops rapidly to zero and builds up towards full speed 

in the reverse direction, as shown in the computed curves of 

Fig. 5.25b. 

The differences between the 120° and 180° inverters, with 

regard to the motor phase voltage and current waveforms and the 

speed curves, are due to the reasons discussed in Section 5.4.1. 

5.5.4 Braking 

The method ofi capacitor discharge braking discussed in 

Section 5.3.3 was applied to the induction motor fed from the 

180° inverter, and experimental and computed results for the 

motor phase voltage and current are shown in Figs. 5.25 and 

5.27 respectively. Results for the 1200 inverter are not 

given, since they are similar to those for the 180° inverter. 

The effectiveness of this kind of braking is clearly indi­

cated by the computed motor torque and speed curves shown in 

Fig. 5.28. This method of braking is quite impressive since the 

speed drops from its steady-state no load value to rest in a 

fraction of a second. 

5 .5.5 Sudden Frequency Change 

The motor speed in an inverter-motor system can be raised 

or lowered by making sudden increases or decreases in the inver­

ter frequency. Test results using this kind of speed control 
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were obtairned for the unloaded motor, when the inverter fre­

quency was suddenly changed from 20Hz to 30Hz and vice versa. 

Since, in the experimental scheme, the output d.c. voltage from 

the rectifier stage of the system is manually adjusted, it is 

fixed during this test at 200V, which corresponds to a fre­

quency of 20 Hz (see Jlppendix F)·. The motor phase voltage and 

current waveforms during the frequency increase for the 1800 and 

1200 inverters are shown in Figs. 5.29 and 5.30 respectively. 

Similar waveforms for the frequency decrease are shown in Figs. 

5. 31 and 5. 32. The corresponding computed results are shown in 

Figs. 5.33- 5.36. Since the exact moment when the frequency 

changes is difficult to determine accurately, there is a slight 

difference between the experimental and computed results, but 

nevertheless they show good agreement. 

It is important to note that immediately after the step 

decrease in frequency, the induction motor behaves as an induction 

generator and the corresponding braking action causes the speed 

to drop quickly to the value dictated by the new inverter fre­

quency. For a sudden increase in frequency the motor will accel­

erate towards the new speed and the acceleration period is longer 

than the deceleration period. This difference in acceleration and 

deceleration times is clearly seen when the transient periods of 

Figs. 5.29 - 5.32 and Figs. 5.33- 5.36 are compared. 

As explained in Section 5.2, when the machine is generating 

power the rectifier diode stops conducting an;d char:ge builds up 

on the filter capacitor. This is demonstrated in Fig. 5.37, which 

shows computed curves of the inverter supply current and the inverter 
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d.c. link voltage for the frequency decrease test. Conversely, 

during the step freqtency increase, the motor demands more power 

and the source current (Fig. 5.38b) increases causing the inver­

ter voltage (Fig. 5.38a) to drop slightly. 

5.5. 6 Stator Phase Short Circuit 

In this test, the motor is switched to the 1800 inverter with 

one of its stator windings permanently short circuited, and the 

inverter supply voltage set to a reduced value of 75V (at 25 Hz) 

to ensure that the motor line currents (where two of them repre­

sent the phase currents and the third the short circuit current, 

Fig. 5.4) are limited to a safe value. The steady-state waveforms 

of these currents as well as the inverter current are shown in 

Figs. 5.39 and 5.40, and the corresponding computed results are 

given in Figs. 5.41 and 5.42. The same procedure is repeated with 

the motor switched to the 1200 inverter and the experimental and 

computed results for the same variables are.given in Figs. 5.43-

5.45. In both cases, close agreement is clearly evident between 

the expe rimenta 1 and the computed graphs. It wi 11 be noted from 

these figures that: 

a) For both 1200 and 180° inverters, a phase shift of 600 exists 

between the current waveforms of the two s tator phases not 

short circuited, (Figs. 5.41 and 5.45), instead of the 120° 

occurring during normal operation. 

b) As indicated in Fig. 5.4, the short circuit current at any 

instant is the negative sum of the currents in the two phases 

.. 
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not short circuited (Figs. 5 .42a and 5.46a). 

c) The instantaneous inverter current for both 1200 and 1800 

inverters consists of either one of the currents in the 

phases not short-circuited, or of their sum. This can be 

verified from the circuit topo 1 ogi es of Fig. 2. 8, for 

example, by considering phase c as short circuit. If the 

thyristors T1 and r6 are conducting the inverter current 

is the same as the current of phase a, whereas if thyristors 

T1, T3 and T6 are conducting the inverter current is the sum 

of the phase a and phase b currents, and so on. 

d) For the 1200 inverter, periods of open circuit occur in one 

of the phases, and the various currents are reduced from 

those supplied by the 1800 inverter. For example, the short 

circuit and the inverte-r currents are less by 33% and 50% 

when compared with their corresponding values for the 1800 

inverter. 

5.5. 7 Stator Phase elpen Circuit 

In this test a stator terminal is disconnected permanently 

while the motor is running on no-load and fed from the 1800 inver­

ter, so that operation continues in a 2-phase mode. Since in this 

case the tl_'lo remaining phases are connected in series (see Fig. 

5.6), their steady-state current (and also voltage) variations are 

the same and these, together with the inverter current and the open­

circuit induced voltage of the disconnected phase, are given in 

Figs. 5.47 and 5.48. The corresponding computed results are shown 
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in Figs. 5.49 and 5.50. Experimental and computed results for 

the same test, but repeated for the 1200 inverter, are given in 

Figs. 5.51 - 5.54. As previously, good agreement exists between 

the experimental and computed graphs, from which it will be 

noted that: 

a) The phase current waveforms (Figs. 5.49a and 5.53a) are the 

same as those during normal operation (Fig. 5.9b) except 

that in this case one of the peaks disappears every half 

cycle due to the disconnection of one of the phases. 

b) The inverter current waveforms for both inverters have zero 

periods every supply cycle, as indicated in Figs. 5.49b and 

5.53b. These periods occur during the time when the stator 

phases (ex cl udi ng the open ci rcui ted one) are effectively 

connected in parall~l. (This particular topology can be 

seen in Fig. 2.8 after open ci rcuiting one of the impedances). 

c) When using the 1200 inverter, the inverter current waveform 

(Fig. 5.53b) has extra zero periods every supply cycle, in 

addition to those mentioned above. These periods are due to 

an open circuit in one of the conducting phases, which since 

the stator phases are in series, results in zero current. 

d) The small curved portions appearing in the phase voltage wave­

forms (Figs. 5.50a and 5.54a) are due to the circulating 

current in the stator phases when these are effectively 

isolated from the supply. 
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e) The open-circuit voltage present in the disconnected phase 

is a rotational e.m.f. induced from the rotor and it is 

therefore of sinusoidal form (Figs. 5.50b and 5.54b). 

5.6 Conclusion 

The analysis of various operating and fault conditions which 

may arise in an inverter-induction motor system have been dealt 

with efficiently and accurately using the tensor technique. This 

has the desirable feature that every operating condition is 

analysed in a similar systematic way, after adjusting the trans­

formation tensors-f'O('the particular operating condition. The 

close agreement between the experimental and computed results 

obtained for all cases gives a high degree of confidence in the 

computer work described. This technique may now be applied to 

the study of the variable frequency performance of the system, 

which is continuing in the following chapter. 
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QlAPTER 6 

MOTOR STARTING PERFORMANCE FROM A 
VARIABLE-FREQUENCY (v. f.) SUPPLY 

Changing the speed of an induction machine using a varia­

ble-frequency (v.f.) supply has· been studied by Lawrenson and 

Stephenson 50 and by Berg and Sarkar. 
70 

Lawrenson and Stephen­

son have shown that the motor speed can be changed rapidly and 

efficiently, by varying the supply frequency uniformly with 

time, while maintaining a constant voltage/frequency ratio. 

Under these conditions, run up from standstill can be achieved 

more quickly than by the usual step application of voltage.at 

rated frequency (the direct-on-line case) and the machine 

currents are also reduced. However, the optimum rate-of-change 

of frequency is obviously different for different motor systems, 

and depends also on the motor load. Using this v.f. starting­

up procedure, a complete reversal from full Sp:!ed in one direc­

tion to full Sp:!ed in the reverse direction .also takes a reduced 

time, with the motor having lower losses than in the usual 

plugging method. 

70 Berg and Sarkar have given approximate analytic expressions 

for the rates of (linear) change of frequency with time for opti-

t t t . f B th' . SO' 70 'd 1 mum moors ar 1ng per ormance. o papers cons1 er on y 

sinusoidal voltage supplies in their analysis, whereas in prac-

tice v.f. supplies, as derived from inverters, are of nonsinusoi-

dal waveform. In this chapter, computer predictions of the v.f. 

start-up procedure for an experimental induction motor system, for 

both sine wave and inverter wave inputs, are presented and compared. 
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Two starting techniques are investigated, these being: 

a) linear frequency variation (open loop operation), 

b) constant slip frequency control (closed loop operation). 

Since the inverter is intended to be part of a speed 

control drive, the study is presented for typical operating 

frequencies of 50, 60 and 100 Hz. 

6.1 The Motor Input Voltage 

Normally in v.f. a.c. drive systems, the voltage supplied 

to the motor is varied with the frequency in such a way as to 

maintain constant the airgap flux. This ensures the same 

normalized output torque-speed characteristic at all operating 

frequencies. 

In this section, the derivation of the magnitude of the 

supply voltage to the motor for both sinusoidal and inverter 

waveforms, as a function of frequency for constant flux, is 

presented. These equations are used 1 ater when i nves ti gating the 

v.f. behaviour of the machine. 

6.1. 1 Sine Wave Input 

From the steady-state motor torque equation G .2 it is clear 

that, except at very low frequencies, the supply voltage/frequency 

ratio should be kept constant to maintain approximately constant 

maximum output torque. However, at very low frequencies, the 

stator resistance drop becomes significant and results in a 



\ 

81 

reduced driving torque. This is clearly indicated in Fig. 6.la 

whi eh shows the steady-state torque-speed curves of the motor 

under investigation for different operating frequencies, using 

a constant supply vo 1 tage /frequency ratio to give rated flux 

density at rated voltage. 

In order to obtain the same maximum output torque at 

all operating frequencies, it is necessary that the voltage 

should be boosted at low frequencies to compensate for the 

stator resistance drop. For this purpose the general form of 

the input voltage as a function of frequency can be approximated 

by an equation of the form: 

V = A + B ·f max 
6. 1 

where Vmax is the peak input phase voltage and A F. B are machine­

parameter-dependent constants, which may be found by calculating 

the voltage required to ensure the same maximum output torque 

at different operating frequencies using equation G.2. Values 

of voltage versus frequency obtained for the motor under investi­

gation are plotted in Fig. 6.2. If an approximate straight line 

is drawn through these it will have the equation 

Vmax = 36.2 + 5.5f 6.2 

so that A and B of equation 6.1 are detennined. Using the above 

equation, the steady-state torque-speed curves are now as shown 

in Fig. 6.lb which clearly indicates that the same normalized 
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torque-speed characteristics are obtained at all frequencies. 

6. 1.2 Inverter Wave Input 

When the motor is supplied from a d.c.-link inverter, 

the motor terminal voltage is controlled by varying the d.c. 

voltage E applied to the inverter. According to equation F.2, 

E should be 1.61 Vmax for an inverter output peak fundamental 

equal to Vmax· Therefore, if the motor torque caused by inver­

ter output harmonics, is neglected, an approximate equation 

relating E to frequency for constant maximum output torque 

is obtained by multiplying equation 6.2. by the factor 1.61, 

i.e. 

Vmax = 1.61 x 36.2 + 1.61 x 5.5f 

thus E = 58.3 + 8.85f 6.3 

This same equation will apply for both 1200 and 1800 inver­

ters (see Appendix F). 

6.2 Starting Performance From Variable Frequency Silie Wave 
Supply 

6.2.1 Linear Frequency Variation 

Program MOTOR3 (described in Appendix B), in whi eh the motor 

is supplied by a sinusoidal voltage, is used to compute the per­

formance of the motor under i nves ti gati on from stands ti 11 to 
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no-load speed, with the frequency varied linearly from zero to 

the steady-state value Fs (50Hz in this case) according to: 

f = F s 

( t < H) 

( t > H) 

6.4 

where H is the time in seconds for the frequency to reach Fs. 

With the input voltage varied according to equation 6.2, 

results were obtained for several values of H, and from these it 

is found that a value of 0.18s gives the minimum starting time. 

Figs. 6.3 and 6.4 show the input phase current, phase voltage, 

torque, speed and frequency curves for this case. 

The starting time, defined as the time required for the 

speed to rise from zero to 95% of synchronous speed, is 0.247s, 

which is 15.8% less than the corresponding time taken following 

the sudden application of the supply (Figs.·4.4 and 4.5). The 

starting current is also reduced by 22.4% and the torque is less 

oscillatory, as indicated in Figs. 6.3b and 6.4a. The differences 

in the motor performance between the direct-on-line and the v.f. 

starting procedures can be explained as follows; when the motor 

is started on a fixed-frequency supply, a small torque is produ­

ced at the beginning of the starting period due to the low rotor 

power factor at high rotor frequencies. If, however, the v.f. 

starting method is used, the low frequency at the· beginning of the 

starting period improves the rotor power factor and so increases 

the torque per ampere, and consequently the start-up time and 
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starting currents are reduced. 

The curves of frequency and speed (Fig. 6.4b) with time 

show that the frequency is in advance of the speed by a roughly 

constant value, except when both are initially zero. If, 

however, the frequency is varied not from zero but from a 

certain initial value Fin' while still maintaining the same 

time H taken to reach Fs' a further reduction in the start-up 

time is possible. The new frequency variation is: 

f = F s 

( t < H) 

( t > H) 

6.5 

Several values were tried for Fin and a value of 11.8 Hz 

was found to be the optimum for this motor. As indicated in 

Fig. 6.lb, 11.8 Hz is in fact equal to the slip frequency Sf 

at which maximum torque is produced, and this is the same for 

any supply frequency. Using this technique, the starting time 

is now reduced to 0.22s, a 25% reduction from the direct-on-line 

case. The motor phase current,_ voltage, torque, speed and fre­

quency curves are shown in Figs. 6.5 and 6.6, in which the fre­

quency and speed curves are now displaced from each other by an 

almost constant value. 

6.2.2 Constant Slip Frequency Control 

The above methods of voltage/frequency variation are for 

open-loop operation. In practice, however, closed-loop operation 
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is more satisfactory, since the slip frequency can be controlled 

to ensure that operation always occurs at a predetermined value 

whi eh does not exceed the rotor breakdown frequency? 

As shown in the last section, for optimum results, the 

frequency should be in advance of the speed by an almost con­

stant value. For constant slip frequency control operation, 

the frequency of the supply in program MOTOR3 is now controlled 

according to: 

6.6 

with the voltage equation remaining the same as equation 6.2. 

Using Sf = 11.8 Hz, the start-up time is now 0.225s 

representing a 23% reduction from ·the direct-on-line case. 

This result is not surprising, since the frequency and speed 

curves (Fig. 6.8b) for the constant sl_ip frequency technique 

are similar to those of Fig. 6.6b for the Tinear frequency varia-

tion technique, and the motor phase current and torque curves 

(Figs. 6.7b and 6.8a) are also similar to those of Figs. 6.5b aDd 

6.6a. From this similarity between the two techniques, it can 

be concluded that the constant slip frequency technique is more 

favourable, since the starting results are optimum irrespective 

of the motor parameters and load conditions, whereas for the 

linear-frequency variation technique it is necessary to establish 

the optimum rate of change of frequency for each particular motor 

and load conditions. 
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The above study was concerned with the nominal motor 

frequency of 50Hz. The constant slip frequency technique 

was applied again for higher operational frequencies, and 

for the purpose of illustration, frequencies of 60 and lOO Hz 

were selected. It was found that the v.f. starting technique 

becomes more and more useful as the operational frequencies 

become higher. For instance with Fs =100Hz, a considerable 

reduction in the start-up time (56%) is achieved, as well as 

a reduction of 36% in the currents, when compared with the 

dire ct-on-1 i ne case. 

The results obtained so far are summarized in Table 6.1. 

6. 3 Starting Performance from v. f. Inverter 

The program INVERTER-MOTOR used previously for the analysis 

of the jnverter-motor system and described in Appendix C, is 

again employed to study the behaviour of the induction motor 

when s upp 1 i ed from an actua 1 vari ab 1 e-frequency i nve rte r. 

Firstly, computed results for the direct-start-up condi­

tion at 50, 60 and lOO Hz and for both 120° and 1800 inverters 

were obtained. The d. c. input voltage to the inverter for each 

frequency was calculated from equation F.3. 

Secondly, a linear variation of frequency from zero to 50Hz 

(equation 6.4) was considered, with the d.c. input voltage varied 

according to equation 6.3. It was found that for both 120° and 

180° inverters, there was an optimum start-up time for a fre-
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quency rate corresponding to H = O.l8s. This is exactly the 

same rate obtained in. Section 6.2.1 when a sine wave supply 

was employed. Using this optimum rate and the same voltage 

equation, the program was then used to CO!llpute the performance 

with the frequency varied according to equation 6.5. 

Finally, the constant slip-frequency technique for 50, 

60 and lOO Hz operation were considered. The resultsofthe 

start-up time and the peak starting current for all cases for 

both the 1200 and the 180° inverters are given in Tables 6.2 

and 6.3. Discussion of these results is presented in section 

6.5. 

To give an idea of the motor performance when driven from 

the v.f. inverter, computer graphs for four cases are presented. 

These are: 

a) Direct-on-line starting for a .50Hz supply from a 1200 

inverter. 

b) Linear frequency variation starting technique (utilising 

equation 6.5) for a 50Hz supply from a 120° inverter. 

c) Direct-on-line starting for a 60Hz supply from a 180° 

inverter. 

d) Constant slip frequency starting technique for a 60 Hz 

supply from a 180° inverter. 

The motor phase voltage and current waveforms, and the 

torque, speed and frequency curves for these cases are. shown in 
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Figs. 6.9 - 6.16 respectively. The graphs of the direct-on­

line cases (Figs. 6.9, 6.10, 6.13 and 6.14) are similar to those 

presented in Section 5.5.1 for 25Hz frequency operation. 

Graphs of all other cases (Figs. 6.11, 6.12, 6.15 and 6.16) 

clearly demonstrate that the motor starting performance using 

the v.f. starting techniques is improved over the direct-on-

line method. ·This conclusion also applies to the sine wave 

case. 

6.4 Speed Reversal 

In this section, it is shown that it is possible to reverse 

the motor speed far more rapidly than with the usual plugging 

process. The procedure is to apply the braking technique {des­

cribed in Section 5. 3. 3) whi eh allows the motor speed to drop 

to zero very quickly, the stator supply sequence is then reversed 

and the motor is allowed to accelerate in the reverse direction 

using one of the v.f. starting techniques. Reversal of the 

phase sequence can be achieved using the inverter control cir-

cui try, and no switching of power leads is necessary. 

ThOs it has been shown by computed results that the motor 

speed, using the usual pluggin~J process, changes from full speed 

in one direction to 95% of synchronous speed in the other direction 

when operated from a 180° inverter at 50 Hz frequency in a time 

of 1.4s, with a peak phase current of 29A. If, however, the 

combined braking-v.f. starting technique is used, the motor speed 
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drops to zero in a fraction of a second and accelerates to 

95% of synchronous speed in the reverse direction in 0.242s, 

with a peak motor current of 12.4A (see Table 6.3). This means 

that the reversing time and the peak current are reduced by 

80% and 57% respectively from the va 1 ues when the motor is 

plugged. 

6.5 Comparison of Results· 

From the results given in Tables 6.1-6.3 for the start­

up times and motor peak currents of all the starting methods 

for sine wave and inverter inputs, it can be concluded that: 

a) The start-up times and motor peak currents for direct-on­

line starting using 1200 and 1800 inverters are almost 

the same as for a sine wave supply. 

b) The start-up times for all v.f. starting techniques for 

the 180° inverter are slightly greater than those for a 

sine wave supply, and for the 120° inverter they are 

greater sti 11. Two reasons can be given for these diff-

erences: 

i) As the inverter frequency begins to increase, the 

electromagnetic torque (and consequently the speed) 

remains zero for some time (Figs. 6.12a and 6.16a), 

as a result of the effective d.c. voltage applied to 

the motor. This period is about 11% of the start-up 

time, when the frequency is varied according to equa­

tion 6.4, and about 5% when the frequency is varied 
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according to equation 6.5. In contrast to this, 

the torque and speed for a sine wave supply increase 

from the instant the supply is applied. 

ii) Since the d.c. input voltage to the inverter follows 

the same variation for both the 120° and 1800 inver­

ters (equation 6.3), the actual r.m.s. motor phase 

voltage during the starting period for the 120° 

inverter is less than that for the 1800 inverter due 

to the periods of open circuit involved. 

c) Whichever starting variation method is chosen, the peak 

motor current of the 180° inverter is lower than the 

direct-on-line current, by roughly the same amount as for 

the sine wave supply. For the 120° inverter the current 

is even lower, for the reason given in (ii) above. 

6. 6 Con cl us ion 

The use of an optimum rate-of-linear-frequency variation 

for starting an induction motor driven from a v.f. sine wave 

supply offers a reduction both in the start-up time and the 

motor current, and results in a less oscillatory torque when 

compared with the usual direct-on-line starting method. The 

optimum rate-of-change of frequency depends on both the motor 

parameters and the load conditions. The same improvements in 

the starting perfbnnance are also obtainable when constant slip 

frequency control is used. This has the advantage of giving opti­

mum results i rres pecti ve of the motor parameters and the 1 cad 

condi ti ens. 

I_ 
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Computer-predicted results· relating the start-up time, 

motor current and torque for the motor driven from a 1800 i nver­

ter using the above starting tectiniques are roughly similar to 

those for a sine wave supply, while when the motor is driven 

from a 1200 inverter, the improvement in start-up time is 

slight, but the motor currents are further reduced. It is 

also noticed that the reduction in start-up time and current 

become more significant when it is required to accelerate the 

motor to high speeds. 
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TABLE 6.1 

Results of v.f. starting technique for the 
sine wave input 

I S ta rti ng Starting % Reduc- Peak 
Method Time, s ti on in Input 

Frequency, I Starting Current, 
Hz Time A 
( Fs) (f> Fs) 

50 Direct- 0.2935 - 16.9 
on-line 

50 f = 50 t 
0,18 0.247 15.8 13. 11 

50 f = 11.8+ 0.2199 25 12.4 

37.2 
.o:lS 

50 f = 11.8+ 0.2255 23.2 13.0 

pa/211 

60 Direct- 0.377 - 18.2 
on-line 

60 f = 11.8+ 0.256 32 13.3 

pa/211 

lOO Direct- 0.8796 - 21.5 
on-line 

100 f=ll.8+ 0.3852 56 13.8 

pS/211 

i_ 

% Reduc-
ti on in 
Peak 
Current 

-

22.4 

26.6 

23 

-

27 

-

35.8 

I 
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TABLE 6.2 

Results of v.f. starting technique for the 
1200 inverter signal 

Starting Starting % Reduc- Peak 
M! thod Time, s ti on in Input 

Frequency, Starting Current, 
Hz Time A 
( Fsl {f t Fsl 

50 Direct- 0.2958 - 14 
on-line 

50 50 
f = o.nit 0.3174 - 7.3 10 

50 f=ll .8+ 0.29 1.96 8.12 

37.2 
o:T8 

50 f=l1.8+ 0.306 - 3.4 8.6 -
P6/2TT 

60 Direct- 0.369 - 18.38 
on-line 

60 f=ll.8+ 0.345 6.42 8.7 

p6/2TT 

lOO Direct- 0. 818 - 18.4 
on-line 

lOO f=ll. 8 0.507 37.95 9.0 

p6/2TT 

% Reduc-
tion in 
Peak 
Current 

-

2R.57 

42. 

38.6 

-

52.66 

-

51.08 
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TABLE 6.3 

Results of v.f. starting technique for the 
1800 inverter input 

Starting Starting % Reduc- Peak 
Method tirre, s tion in Input 

Frequency, Starting Current, 
Hz Ti rre A 
( F s) (ft Fsl 

50 Direct- 0.29 - 16.7 
on-line 

50 f= 50 t 
o:TB 0.271 6.4 13.4 

50 f=ll.8+ 0.2325 19.77 12. 26 

37.2 
o.T"S 

50 f=ll.8+ 0.242 16.5 12.4 

p6/2rr 

60 Direct- 0.369 - 18.3 
on-line 

60 f=ll.8+ 0.2733 25.9 12.8 

p6/2rr 

100 Direct- 0.8365 - 22.8 
on-line 

1 OD f=ll. 8+ 0.404 51.7 13.2 

pe/211 

% Reduc-
tion in 
peak 
current 

-

19.76 

26.58 

25.7 

-

30.05 

-

42.1 
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CHAPTER 7 

CONClUSIONS 

Advances in thyristor/diode technology in recentyears have 

enabled these devices to be increasingly utilised in speed con­

trol schemes for induction machines. Their increased power­

handling and reliability ensures their continued adoption for 

such control applications, and a technique is clearly required 

for the prediction of the performance of existing systems, and 

those which may be developed in the future. 

A tensor technique has been employed in this thesis whi eh 

can de a 1 efficiently with the varying topo 1 ogy of the inverter 

system as the thyristor conduction pattern changes, and which 

also enables the equations of the combined inverter-motor systems 

to be solved in an accurate and efficient manner using a digital 

computer. As an example of the advantages of the tensor technique 

over possible alternative methods (for instance, the resistance and 

model subroutine methods), a typical program run required 14s to 

produce one cycle of output for an inductively-loaded inverter, 

whereas 2400s for l/6th of a cycle was needed for the resistance 

method. Although only lOs was needed for the model subroutine 

method, the mathematically cumbersome and complicated equations 

involved when studying the camp 1 ete inverter-motor sys tern more than 

outweigh the small computer time. It has been illustrated how the 

tensor technique may be extended to include the motor system in an 

easy manner without adding complexity to the system equations. A 

transformed stationary 3-axis model has been employed·for the motor 

system, which combines the advantages of the direct-phase and the 

conventional transformed 2-axis models. Using the direct-phase model, 
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it is possible to monitor the machine phase variables directly 

and the technique enables the combined inverter-motor system to 

be studied conveniently. However, the method suffers from the 

excessive computational times required to invert the system induc­

tance matrix at each step of the numerical solution. The trans­

formed 2-axis model, on the other hand, has the advantage of a 

low computational time (only one-sixth that of the direct-phase 

model) although difficulties are encountered in expressing the 

machine variables when the branches of the inverter open and close, 

and also when studying fault conditions. As the stationary 3-axis 

model describes .the machine in terms of its stator phase quanti­

ties, and at the same time transforms the rotor quantities to a 

stationary reference· frame, this method thus retains the advantages 

of both the other models, and has been used extensively in the work 

described. 

To prove the validity of the models used in the analysis of 

the inverter motor systems, computer solutions for the performance 

of both 1200 and 1800 conduction period inverter systems, were 

obtained. The studies included system operating conditions such 

as start-up, braking, plugging, step frequency changes and variable 

frequency operations. Also included were fault conditions at the 

motor tenninals. The computer solutions were complemented by typical 

experimental results taken on a small laboratory inverter-motor 

system and, in the majority of cases, the agreement obtained was very 

good. 

It was concluded that the performance of the motor when fed 

from the 180° inverter was slightly different than when the 120° 
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inverter was used. The motor phase voltage waveform for .the 

1800 inverter, for example, remained always of the 6-step square 

shape, whereas that for the 1200 inverter, changed significantly 

during transient and loading conditions due to the open circuit 

periods involved in the motor phases during each supply cycle. The 

motor phase currents for the 1800 and 1200 inverters are also diff­

erent; for example the motor peak current for the 120° inverter 

during plugging was 22% less than that for the 1800 inverter under 

the same conditions. In general, the power transmitted through 

the 1200 inverter is less than that transmitted through the 1800 

inverter for the same system parameters, which is due obviously to 

the difference in the conduction periods of the inverter thyristors. 

Finally, when studying the induction motor starting performance 

from a variable-freqt.ency inverter, it was concluded that if the 

frequency is varied linearly from a certain initial value (rather 

than from zero), a better starting performance is possible. The 

same performance is also obtainable when the frequency is controlled 

in such a way as to keep constant the slip frequency at which maxi-
\ 

mum torque is produced. 
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Suggestions for Further Work 

This thesis has been concerned with the analysis of an 

inverter-induction motor system, and any continuing research 

could usefully be directed towards a number of areas, ·including 

for example: 

a) The transformed stationary 3-axis model, which has proved 

successful and powerful for induction machine systems may 

prove useful for synchronous motor applications, such as in 

the textile industry, where a closely-regulated speed is 

required. 

b) The versatility of the tensor technique may be usefully 

employed in studying more complicated systems such as those 

involving switching devices in the rotor circuit of an induc­

tion motor. An example of a system of this type, presently 

used in industry, is the modified Kramer drive, used to 

recover the bulk rotor power loss when adjusting the speed of 

a large induction motor by controlling the slip. 

c) The tensor approach could also be applied to a cycloconverter 

system and, since there are a large number of thyristors in 

this application, the tensor technique would prove to be a .. 

powerful tool. 
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FIGURE 3.3 The primitive model of Figure 3.2. 
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APPENDIX A 

COMPUTER PROGRAMS· FOR TilE ANALYSIS OF TilE INVERTER SYSTEM 

A general simplified flow chart for the computer programs 

INVERTERl, INVERTER2, and INVERTER3 is shown in Figure A;l, 

/ollowed by the program listings. The variable names used 

in these programs have been chosen to be as far as possible those 

used throughout the analysis. The solution of the system equa-

tions is obtained from the NAGF library routine D02AAF which is 

based on the Runge-Kutta-~ rson method of numeri ea 1 integration. 

At each step of the solution, a special subroutine CHECK is 

called to test nonconducting devices for turn on and conducting 

devices for tum off, and if there is any change in the conduc­

tion states, the system equations are changed accordingly. When 

_employing the tensor technique another special subroutine CONNl 

is called to generate the required transformation tensor for the 

new system topology. 



Up date all 

Read in system parameters 

Feed in correct start-up 
initial conditions 

Form system differential equations 
for the present circuit topology 

Call Runge-Kutta numeric routine 
and get new values of system 

state variables · 

Calculate currents and voltages of 
the devices and other branches 

system state Yes 
variables 
using linear 
interpolation 
routine 

Print result 

No 

FIGURE A.l The general flow chart for the inverter system analysis 



., 

.~ .. :: . 
•. 

c· ----------~----·--------------·---------c ~ROGRAM l N V E R T E ~ 1 
C ANALYSIS OF THE 3-P~ASE BRIDGE INVERTER 
C 'ISI~G l·l~i)El SUBROLITINE 'HTHOD 

·C ··--·------~~---·-·------:-------~-----~-

c 

R ~ .\ L L F , L ~ , L B t L C , LA l B , 1. ~ L C , L 8 L C , L ~ L B L C 
Dli!ENSION X(5l,XP(5l•F.~R(4),A(!o)•B(4),C(4),0(4) 
DIll F. N S 1 0 tJ I 5 S ( r,) t IT ( 6) , TT ( 6) • I f H Y ( 6) , LA a F. L ( 1 8) 
l>lii~NS!Oi'l CTHV<Sl ,CTHVp(6) ,VTHY(6) 
C 0: 1110 ~ I B L 0 C K 1 I~ F , L F • R-, H • CS H • RA , R 9 ,"RC , LA , L R , L C 

,, iLALB,LALC,LBLc,LALRLC 
"i~o\RBrRAR:,RSRC,SSH,RCsH 
t"l ,£,ti 

011'10~ /BlDCK~tEPS 
C J 11'4 0 ~ IS L J C K .51 T, S T , •HI G LE , ALP 6 , TT 2 ,'TT ' I T , I T H V , I I THY, NE :l 
E< H R ~ ;1 L ~ J X 1 
D ~TA L ,\BEL I 3 7, 2 5, 2?. , <! '> , 3 8, 41 • 3 5 , 3 3 ,' 2 4, Y ·, 1 8, 6 

'' , I, (J • .! ) ·: 3 4 , , 7 , , () • 5 I 
fOS=,lt:-10 
T=O . 

. ;EA" IN CIRCUIT P~RA~EfERS 
RC;, 0 ( ~ , 1 ) ~ F , L F , q S H , CS H , RA , R B • RC , L ~ ,' L B , L C 
F 1 f! !1 ~ T ( 1 0 F 0 • 0) 
REAnC?;2>~.FREti,STEP•TflriNV~T 

. FJH!1AT(4f0,0,!0) 
Sf=STti' 
ALp::1./F~f.~ 
it '· P r,; ~ LP I 6 • 
i", •! G I. t: = 1H fl S • ( I N V~ T + 1 > 
S~ii=1 .ICSH 
R:~;H=qs~•CSH 
L \ t.11= LA+ La 
L-\._r=L,1+LC 
L 'l L C ~ L li + L C 
L \ •.11 L S =I. A • U +~A • L C +I. B * t. C 
R ; I( n = < •\ + ~ IJ 
R'•f;r.=<,1 ... ~c 
K3;~c;~B+RC 

NE 'l = 4 
. EE1 TN TilE COk~ECT ~TART UP INITIAL CONDITIONS 

I ) S (1 ) ·; I S S ( I, ) 1 I 5 S ( Gl = 1 
IT(1)tJT(4):1 
TT< 4) =,\LP6 
!T;,y(1'j:6 
1 fd•te?j:.S 
rr:~vO~=<! 
1 THV(t.j:) 
ITHy(S)='• 
iTIIV(S)=1 
ll'TiiY=1 
XCs>=J. 
XC4>•-EI(RF+RB+QC) 
x<n=-:-«4> 
X<2>=E 
X r "' > = ·X ( .J ) - X C t, ) 



c 

c 

r 

1 0 0 
502 

504 

oOS 

soo 
1 ? 

s 01 

!IAI~ i_OJP 
tlE'1=S 
C DIH 1 ~ U E 
KK:!SS(6)t2•1SS(5)+4*1SS(4l+~•!SS(3)+16•!SS<2l+32*ISS(1) 
D) 50~ n,=1.Ul 
l~(KK,[Q.LABE~<Il))GO TO 500 
CJiJTI~IJE 

fiR 1 TE <:!, :>JS) I Ss 
FJR~AT(1~•6I1t• INVAL!n T0POLOGV 1

) 

GJ Tll 1000 
Dl 12 1:1,5 
XP(T):!((l) 

lF(AtiS(STl,LE,EPSlGO T~) 501 
;ALL THE RU~GE-KIJTTA !NT~GRATIDN ROUTINE 

CALL '02AAF(XtERR,r,Sr,4,AUX1,A,S,C,Dl 
x<5l=-xc.5>-x<4l 
CO!JTI~lJE 

;\ L C iJ 1. 1\ T E T H Y R I S T) RI~ I U D F. CURRENTS ~ N D V 0 LT A r, E S 
P:l 32 l=lo6 
I'<TSS(!l)33,33,0 
K•3•I/3+115-I/6 
CTfly(I):X<Kl 
CfdVP( I)=XP(K) 
VTHV(Ij:U. 
GJ TO 32 

·;1 CTHV(I)=Q. 
CT;JVP(I)=O, 
VTriVII):X(2) 

5? CJ,JTi'lUE 
J "r, 
CALL C~ECK(XrXPoCTIIV•CrHYP,VTHYriSS•J) 
I r ( .J ) 5 I) , 5 J r 1 0 0 

)0 (J~l 31 I=,.!> 
31 Tf!Tl•JT(IJ•<TT(il+STJ 

T r;::TT~+ST 
ST,STEr 

C ,,;LCIJI.idF. L3~0 CtJRRE'JT A~D VoLTAGE 
C P~!NT RESULTS 

D [ 1. T = ( (3 ) -X P (.S l 
V1cT=X(3~*RA+DELT/ST*LA 
ll R 1 T E ( 3 , 6 J I S S 1 T , X , V 0 LT 

•, FJi~'1Af(1 X,611 rF7o4o9F11 ,5) 
!Fcr·TFI)5J0,50D•O 

lODIJ STtJ~ 
EllD 



SU,.qOJT!tlE ~UX1 CF ,z, Tl 
ll C\ I L S , U , L B 1 1. C , LA L B , '·A L C , L B L C 1 L U H C 
D Ill F N S I 0 lj F ( 4 ) , Z ( 4 l 
Dli!F:NS !O'l LABEL(1 8) 
CJtif!O~ /8LOCK1/RS 1 i.S•RSHrCSH•RA,RB';RCrLA,LFI,LC 

& ri.I\I.O,LALC,LBLC,LALBLC 
~ ~qARU,RARC,RBRc,SSH,RSHG 
l't , f. , T I 

CJtt'i0~ /BLOCK2/EPS 
GJ TO (101,10~,103,104,105,106,107;108,109,110 

,, ·: 11 1 , 11 ?. , 11 3 , 11 4, 11 5 , 11 6, 1 1 7, 11 8) d I 
101 Ff2J=(L(1)-z(3ll*SSH 

F < 1 J = (F."~ S • z (1 l "R S 'I G * F I 2)- z <l l l I L S 
F(~J=LnLC*{E•Rs•ZC1l·L~•F(1)·RA•ZC3l+RFI•ZC4l·LB/LBLC* 

• ~~~·Z<4l+~CoZ(~J+RC•Z<•>>l/LALBLC . 
F<4J•·(R~*ZC4l+RC•z<5>•RC*z(4)•LC•FC3l)/LBLC 
RF7UR~ . 

102 F<2J=Cz<1l-z(4ll•SSH 
F C 1 ) = ( E • f{ S • Z (1 ) • R S 1i G * F { 7.) • Z ( 2) ) I L S 
f{~)=L~LC*(E•RS•ZC1)•Ls•F(1l"RB•Z(,)+RA•z(3)·LA/LALC• 

• IR~•Z(J)+~C•Z(4)+Rc•Z(3)))/LALBLC 
FI~I=·(RA*Z(3)+RC•z(4)•RC*Z(3)+LC•FC4))/LALC 
R ETIJH ~ 

~03 F<2)=CzC1 >•z<J>•Z(l,)lo~SH 
f(1J~(~-HS•zl1l·RS~~·Fc2>•z(Z))/LS 
FIJJ=Ln•<·E+RS•Z(1)+LSoF(1l•RC•CZC3l+ZC4ll·RA•ZC3)•LCILB* 

·· ~~·z<5f6LC/LB•RB*Z(4ll/LALBLC 
f(,,)={RA*Z(3)•R~*ZC4l+t.A•F(31)/LB 
RF.i'IJR~ 

104 F<2l=(z(1l+z(3ll*SSH 
Fl1l=IE·HS•z(1)•RSHG*FI2J•z(l))/LS 
F ( 3) = L R L.; • ( • t:: + R S * Z { 1 ) + 1. S * F (1 > + R B * Z ( 4) -RA • Z ( 3) • L Jl/ L B L C * 

• IR~.•l(4J•~C•(Z(3l+Z(4)))1/LALBLC 
FI~)=·(R6*ZI41+~C•cz<3l+Z(4)l+LC*F(3).)/LBLC 
RE ·r 11 k 'I 

'05 F<2>~<zc1>+z(4ll•SSH 
F<•>=IE·N3•z(1)·RSHG*F12>•z(2))/LS 
FI~>=L~LC•(·E•RS*ZC1l+I.S•F(1l•AB*Z(4)+RA•Z(3)•LAILALC• 

• (Qn•l<l>•RC•Z(4l+RC•ZC~I))fLALSLC 
F <:;1~- (Rfi*Z {3l+RC•z 14l•RC•zC3)+LC•f (41 1/LHC 
RE T IJ N 'I 

10~ F<21=<zc1>-z<J>.zc4>>•ssH 
FI1)=1E·RS•z(1).R511G*F<2>·z<2))/LS 
> C:ll =L11• CE·qS•zC1 l-LS•F (1 I-RC• IZ(3) +Z (4) l•KA*Z<3) ·LC/ La• 
R4•715)+~C/LB*RR*ZI41JiLALeLC 
F C.,)= C RA* Z ( 3 I ~R 3 * Z {4) + 1. A* F ( 3 I ) I L B 
RE'rll~~ 

107 F(2l=<z<1>-z<1>>*SSH 
FC1)"(~-RS•z(1).RSIIG*F!2l•z(2))/LS 
Fl3l=CE·R5•zC1J·LS•F<1l•(RA+RBI•Z(3))/LALB. 
f(I.)::·F(5l 
RETIJR~ 



108 F(i~)=Cz(1l·z<3>l*SSH 

F I ·; ) = ( r:- R S • 7. ( 1 l • R S H G * F I 2 l - Z I ' l ) I ~ S 
Fll>•IE·RS•z<1>-~S•F<1>•1Rc+RAI•Z(3lliLALC 
f(,,)::J_ 
RE':"iJR~ 

JO)l• F(?.J=Ct(11+ZCill*SSH 
F <1 l•IE-RS•7.(1 I·RSHG*F C2l•z(2})1LS 
FC3)•-cr:·~S•Z(1l•LS•F(J)+CRA+RS)*Z(3l)I~ALB 
F ( I,) = • F ( .5) 
RE'rUR~ 

110 FC;!)•IZ(1.)•Z(4Jl*SSH 
~(' )•(E·RS•zll l·RSHG*FC21•zc.!))I~S 
FI~)=Ce·RS•z(1l-LS•FI1)·1RR+~CI•ZC4JliLBLC 
FU>=J: 
REi'IIR~ 

111 FC!l=Cz(ll+z(3Jl*SSH 
F ( 1 ) = I F.- R S • Z ( 1 ) - R S :1 r, * F C 7.) • Z I 2 ) ) I L S 
f(3)•·(E•RS•Z(1l"LS•FC1l+IRC•RAl*Z(3lliLALC 
f(,,)=J. 
RE'f!IR~ 

:12 F(2)•(Z(1l+Z(4Jl*SSH 
f(1 l•(E·ilS•zl1 l•RSHG*FC2l·zC.OliLS 
FC4)•·(E"~S•Z(1l"LS•F(1)+CRC+RSl*Z(4lliLRLC 
FU>=J:· 
RtTIJR~ 

't13 FI;:)=Z(1l*SSH 
F<1 l=<E·RS•zl1 l•RSHG*FC2l•z<ll)ILS 
F(4)•·RARR/LA~R•Z(4) 

r<:»=·r<4> 
ll E ·,·u R ~ 

114 FI2>•Z(1l*SSH 
F (I)" ([·RS•7.(1) ·RSH(j*F c2l•z(2) l ILS 
FCI,)=·HARB/LALR•Z(4) 
rC3>=·F(41 
RE ·:·11 R ~ 

i 1 5 F I ;; l " Z ( 1 ) * S S H 
f(i)•(£-RS•z<1>·AS•i(j*FC2l•z(2)liLS 
F ( :0 ~-RA tl C I LA~ C • Z 13) 
F(I,)~J.' 

I~ETtJR~ 

116 f(~)=Z(1l*SSII 
F ( ·, l ~ ( t: • K S • Z ( 1 l - R S 11 r, * F ( ?. l • Z ( ' ) ) I L S 
rc:;)•·RARC/LALC•Z(J) 
F( ·•>"J. 
rn:--:-1JH'I 

i 1 7 F C !. > = Z < 1 l • S S 11 
F (•, )= <t:-RS•z (1 l ·RSHG*F <2 l·z (2)) ILS 
F ( ., l • • H 0 RC I L r. ~I. • Z ( 4 l 
FC:i)=J:· 
RE'~IJR ~ 

1l3 F<n•Z(1l*SSH 
F ( ·, ) = ( 1: MRs. z ( 1 ) - R s 11 G .. F (2 ) M z u ) ) I L s 
FC4)=·NR~C/LBLI.•Z(4) 
F<:;)=J. 
RE'II!R\f 

[ll) 



c ------~-----~--------------------------c ,, R 0 G i; A~~ l ii V E R T ~ ' 2 
C . , IJ A L'i S 1 S 0 F THE 1- P 11 AS~ '' R l D G E I N VERT ER 
C iJSl~G THE RES!ST4NCE t!ETHOD 

c ----------------~---------------------~-
I ~ H G E H I ~ T 1 ( 0 l , IIH 2 ( 6 l 
RE/11. L~,L4,LBti.C 
R <:"id. R J' ('I 1 ) , R ·~ ( 3 6 ) , I. P ( 11 ) , L N ( 3 6 l t S Q P ( 11 ) ; S Q N ( 6 ) 7 (I P ( 11 ) , V ~ ( 6 ) 
R ~ ,; 1. I I' ( 1 1 ) , I :> p ( 11 l , X ( 7 ) , X p ( I l 
D I 11 F.~~ 51 0 N C T H \' ( 6) 1 C THY P ( 6) , V THY (I> l 
0 I 11 f: N S 1 011 C P ( 6 f,) 1 C ;> T ( 6 '>) , R ( 61'>) 
D 111 E IJ SI 0 N ERR ( 7l , A ( 7) , R ( 7) , C ( 7) 1 D ( 7> 
D 111 F. II SI CJII I SS ( 6) 1 l T ( 6) , n ( 6 l • l THY ( 6) 

·C:ltJWH /BLJCK1/QNI i.IJIS1N,VtJ 
CJ:1:.10~ /tlV>Cr.ltEPS 
C J11 '1 ll ~ /IJ L 0 C K 3 I T , S T , i\ N G LE • A LP 6 , TT?.·; TT , I T , I THY 1 I I T H V , H S '1 A Ll., 
CJiP!O~ /BLJCK4tNEQ 
C ')I 11·1 :J 'J I B L GC 0 I! 1 ,J K S , J J 

· l X H R ~ 1, L A U X 2 
D~TA l.p/1-1•. 00()1 I 
lPS=.1r;-10 

C ; EA D I IJ C I RC U I T ~A RA '1FT E ~ S 
R £:. n ( 2 , 1 ) I~ F , L F , ~ S ll , r. S H , R ,\ , H B • RC , L ~ '," L B ' L C 
FJI\MAT(1llF0.0) 
REAni?,2JE,FRea,STEPtTfi•INVKT 

2 FJ~MAT(4FO,O,J~) 
iP:11n < 2, 3) GP 

·; i'JtH111T(11F0.0) 
Sf,STEJ> 
AL~=1 ,/FKEQ 
ALP6=ALPIS. 
A~GLE•ntPS•CINv~T+1) 
orrRES=3uJ~oo, 

N t ·~ = / 
C 1 EE~ IN THE COA~ECT START IN!Tl~L CONDITIONS 

I > :; (1 ) , I S S ( 4 ) , I S S ( 6 ) = 1 
Jr(1),If(4)=1 
TT(4)•,uP6 
ITIJyC1):6 
1TiivC2)=.S 
I THV( 3)=2 
I T:iY(4):5 
IT!iV<S>='-
ITHYI~)=1 

IITHY=1 
~ (1 l =E•CSrl 
XC~)=ErS 
XC5>•-F./IRF+Ra+RC) 

C FOR~ RP,LP,SQp AND VP 
HP\7l=RA 
RP(~l=i~R 
RP(?,)•RC 
KP(10);;RSH 
RP(11 l:.RF 
S~i>(1 J):o1,/CS~ 
VP(11)::E 

C .;ALCIJLAT!.: ~N1LNI'JV1SQN AND VN 
c t, L I. :; t!T RA ( c p , c p T , , 1 I 6 • 6 6) 
C'IL1. :>t1P~D<cPT, saP ,stiN ,6,11 ,1, 66• 111 6> 
c ~ c L :; 11 p ;{ D ( c p T. V p , V N I 6 : 11 I 1 I 6 6 , 11 I 6 ) 



C :lAIN LU:lP 
:Qv DJ 4J I=1r$ 

HP(J)=O, 
IF(!SS(Il)O,Ot43 
H?(J)=tJFFRES 

'· 3 C J rJ T l ~~I) E 
LP (7) =t.A 
LP(P.l=tR 
LP,9)=LC 
LP<11li:Lf 
C~LL PROPICPTrRPrq,6r11r66,11,66) 
C~l.l. :it~PHD(R,CP,RN,6r1 1 ,6,66•66,3~) 
CA~L PRODICPTrLPrA,6r11,66,11,~6) 
C~:.t. :;npRD(R,CP.~~.6,11,6,66r6o,36) 
C~~l. 4!NV(L~,6,nET,INT1,INr2,36,6) 

C ~nR~iCf THE CUR~E~TS INITIAL CONDITIONS 
IF(J~·1)10,Q,1Q 
Ir(yKS~NE,6lX(tKS+1)=Xci1+1) 
I F ( !1 , :~ E , 6 ) X ( 11 +1 l = 0 , 

10 CJ;HI~IJ~ 

C ... 1\LL Tll': RUNGE-~IJTTA TNTF:GRATION ROUTINE 
500 D~ 47 I=1r? 
47 >\P(l>=xct> 

IF(ABS(STl-EPS)S01;501,0 
C4LI. D02AAF(Xr~QR,r,ST,7rAIJX2,A,B,C,O) 

'i01 CJ,sT! ~llt 
C .. ALC•Jt.I,TE nYRISTOR/il!llDF. CURREN/'S AND VOLTAGES 

D) 1,4 1:1,11 
)P(TlrtP?(I)=i.J. 
D:1 44 Jc1., 5 
K=~1*(,J-1)+1 
1 Pp(! ):!P?(I )+CP(K) "XP(J+1) 

44 IP(tl=IP(l)+C?(Kl•X(J+1) 
D:> 45 I=lr b 

crdv<I)=IP(Jl 
C r .I V P ( I ) = I PP ( I l 

4 "> v r c~ v o ) :er 11 v (! > • RP c T> 
C , .. \ L '·- \il ECK S :.J BR 0 ll T I r~ E 

J=G 
CA,t_ CHECK(Xr>\p,CTHY•CrHYP,VTHYriSS;J) 
I F ( ,: ) 5 0 , ~ 0 , 1 0 0 

sn DJ 31 1=·1,5 
31 H,I)=IT<l)•(Tr(I)+Sl) 

rr;;:TT~+ST 

S f>,STEP 
r. .. AL C , J L t, rE '0 A 0 C IJ R R E rH A '' ~ V 0 LT A G E 
C .'RI ~ T RES IJ 1• r S 

PF~r=!p(fl•!PP(7l 
VJLT=Ip(/l•qP(?l+D~LT/sT•Lp(7) 
W~!T~(J,6)ISSrTriP(71,tP(~),IP(9),VOLT 

~ FJ~'1Af(1Xtbl1 rF7,4,9F1 1,3) 
IF(T·Tr-I))QQ,500r0 

1000 SftJP 
Erl~ 



SJhRDJTI"E AUX2(F,x;T) 
P I liE tl <; 1 0 N X <7) , F ( 7 l , F F < 6 l 
~<:~~I. IIJ (b) , RN (3 6 ) , I. N (3,, l , S Q N ( 6) , V~ ( 6) t RI ( 6) 
PIIMDII /Bl,OCK1/~N, LN• SQN,VN 
FC1>=~(7J•KC2l-~(4l·XC~l 
DJ 10 !=·1,6 

10 H(!l=~{(l.+1) 
C-LL GMP~D(RNt!~tR!,6,S,1t36t6,6) 

D:J ?.0 J=lt6 
20 FF(J)=vN<Il-X(1l*SQN(Jl•RI(l) 

0') 30 t=1,6 
F<t+ll::O, 
D::l 30 J:1,6 
K"(J-1)~6+1 

~0 F<!+1l•F(I+1l+L4(K)*FF(Jl 
RSTUR~ 

CN:l 

• 



c 
c 
r 
c 
c 

w--------------~--------~------------~-
>RDGMAM l N V E R T E ~ 3 
~NALYSIS Of THE !•PHASE BRIDGE INVERTER 
U:>l!<Jti TH~ TE!JSOR TECHNIQtJE METHOD 

- '" 
-------~------------------~-----------~~ REAL INVCUR,!NVDL 

l~r~GER l~T1(J),!NT2(3J 
R~AL LFoL•\oLBti.C 
REAl. ~p(111,R~(36),RNNc9),LPI11loLNC36),LNN(9)~RI66) 
HEAL 5QP(l1),SQ~(6),SQ~N(3),VP(1l)iVN(6),VNN(3) 
R E id. I p ( 1. 1 ) , I Pp ( 1 1 ) , D I P ( 11 I , I N ( 6 I , I N P ( 6 ) ; D I N C 6 I , I N N ( 3 ) , D I N N (3 I 
RE ,H C THY ( 6 I , C T ~ Y P ( 6) , V THY ( 6 ) , V X ( 5 I ·; R I ( 6 I , I, D I ( 6 I 
D f 11 OJ 5 I 0 W C P ( Q 6) 1 r. PT ( 6 '.) , C N ( 1 8) , CH (1 8) 
D f : 1 E fj 5 I 0 ~ X ( 4 I , ~ P ( 4) • E ~ R ( 4 I , A ( 4 ) , a ( 4 ) , C ( 4 ) , 0 ( 4) 
D I 11 r: N 5 I 0 lj I SS ( 6) r I T ( 6) , TT ( 6) • I THY ( 6) 
c:Jr1'J0~ /~LOCKl/RNN,t.NN,SQNN,VNrJ,I~,'INN,DINN,ND 
CJii'10~ /!lL:ICK~/EPS 
C 'JJ1 '1 0 ~ I lll. 0 C K 3 I T • S T, A NG lE • ALP 6 , TT 2 ,·TT r I T , IT H Y 1 I I T H V ; H S "i A L ~ 
!:JII'IU'l /BLOCK4/NEQ 
E~TER~AL AUX3 
E"~=.1E·10 

C ,,E,~D IN CIRCUIT PARA'1F.TERS 
R t" 0 ( 2 1., ) R F • L F • R s H ' c s H • RA , R B I R c • L ~ ·; L 8 I L c 
F J 1: '1 AT ( 1 0 F 0 • 0) 
R~~n(2~2lE,FR~Q,STEPrT~l,INVRT 

~ FJ~~AT(4FD,D,I0) 
RS,nU,3)Cp 

J F 1 f! 'I A T ( 11 F 0 • 0 ) 
sr,srEP 
I~Lp,1 ./FHE~ 

AL~(,=~t.P/6, 
A'.JGr.E=r,LP6• CI 11VRT+1) 

C , EEO IN THE C:JRREr.T STARr UP III!TIAL CONDITIONS 
I s ·; ( 1 ) I I s s ( 4) , I s s ( 6) = 1 / 
!T(111IT(4J=1 
T T ( 4 ) = ,\ L P 6 
IT!!V(l'j:6 
I T ,, V ( 2 )" = .S 
I TH\'<3):~ 
l THY( 45"=~ 
I T tl V ( 5) : 4 
l TdV($):1. 
llr~Y=1 
X'~l=E*r,SH 
I~(ti=-E/(KF+~R•RC) 



C ,o~~ RP,t.PoS~p AND VP 
RP (7) =t<A 
Hl'(lll =r:B 
RP ( 9 ·) = H C 
RPt10):oRSH 
RP (11 l=RF 
lP<7l=t.A 
LP(f\)'1.8 
L;> P•) =LC 
LP\11 luLF 
S1;.•C1 Jl=1 .tcs~ 
V?t11l::E 

C '·· 1\ L C 'Ji.f, T(; R ~ , L N 1 S Q N o\ N D V N 
C ~ U. S 11 T ~A ( C P , C PT, 11 ' 6 ; 6 6 > 
GAL!. ?~QD(CPT,~P,R,6•11,66,11,66) 
C·\t.l. ~t1P~D(R 1 CP,Rfi,6,11,6,66,66,3S) 
C~LI. P~OD(CPT1LPtR,6•11,66,11,66) 
C~ .. L S!tPRD(R,CP,~N,6,11,6o66,66,3S) 
C ; " 1. :; 11 P R D ( C PT , ~ Q P , S lHJ , 6 , 1 1 , 1 1 6 6 , 11 , 6 ) 
C \ •.1 :; HP R D ( C PT , V P , V N • 6 , 11 , 1 , 6 6 , 11 , 6 l 

C :lA I'~ LllJp 
100 H~=!SSc1l•ISS(2l+ISS(3J+ISS(4)•ISS(5)+1SS(6) 

NEq:-:<>D+1 
C~1.1 CoN11!1(CN,!SS,fJO•Kl 
IF (K) 4(1, 1;0, 0 
11 R l T f. ( :; , 4 ) I S S 

" F ! ::'·I A T ( 1 X , 6!1 , 1 I IJ V A L I ~ T 0 P 0 L 0 G V' ) 
G) '!'0 10()0 

C "'' L~:Ji •\ TE RN~J, L~N, ~fllJI NV, SQNN o\ND V~~J 
LO C~LI. ~IITHA(CNtC~T 1 6,ND,18) 

C\Ll :it1PRD(C~T.~N,~,ND;6,6,1H 1 36o66) 
C ~ ~ L :; !I P R D ( R , C 'I , RN ~~ , N 0 ·; 6 , N I> , 6 6 , 1 8 , 9 ') 
C~~L ~IIPRD(CNT,LN,w,ND;6,6,1H,36o66) 
C•\Lf. ~f!PrlD(R,CIJ,~W;,No'."6,ND,ci6,18,9). 
C .·, '· L :; 11 PR D ( C N T , S Q IJ , ~ Q N ~ , N D , 6 • 1 , 1 8 , 6, 3) 
C; L l. ~ 11 PR'> CC N T, V N , V N N , ~ D , 6 , 1 , 1 8, 6, 3) 
CA~I. ~JNV(LNNoNt·•DET• I H1, !NT2,9, 3) 
IS=?•<1-LSS(1)-!SS(2)l 
XC n = I 11 C 1 +IS)+ I~ ( 2 +IS) 
XC3l=lli(Sl+tN(4l 
X(l,)~l!j(61 

C .• ALL THE f!J,%E-~IITTA INTEGRATION ROUTINE 
sno DJ 41 1=1•Nn+1 
-.1 x~ll>=x<I> 

I r \ h b 5 ( S T) - E PS l 501 , SU 1 , 0 
Ch~t. :lo2AAF(XoERR,r;sr;NEQ,AUX3,A,BlCoDl 

':; 0 1 C J I i T I Ill E 



C Lt.LCiiL•\TE THYRISTDR/DI0DE CURRENTS AND VOLTAGES 
DJ 4i!. I=1,5 
PIP(! l:It-1<1 l 
I '11 ( I ) , D I ll ( I ) = il • 
DJ 4 2 J = 1· , N D 
K=o .. <J"1>+! 
D I 11 ( I ) :0 IN (I l ~ C ~ ( K) *DIN N ( J) 

I. 2 I 'J \ 1 l =I N ( I ) + C 'l ( K) • )( ( J + 1 ) 
D) 43 J::1,11 
l?F(I>::IP(!) 
IP(!),p!P(I):O. 
D:J t.:> J:1,6 
K=·!1 *<J"1 )+I 
Df~(ll:OIP(!)+r,P(K)•DI~(Jl 

43 IP\tl=IP(I)+CPCK)•IN(J) 
C~LL ~t1PRD(ANtl~•RI~&,~,1 ,]6,6,6) 
C ·\ ..1. G !1 P ~ D ( Ul , 0 I 11, L D I , 6, 6 , 1 , 3 6, 6 , 6) 
D J I, I. I = 1· , 5 
V )( ( I ) =V N ( I ) "R I ( I ) " L 0 I ( I ) "S Q N ( l l * )( C 1 ) 
IF(ISS(Il.EQ,1)VTHY(6):"V)((ll 

41, C)IJTl~liF. 
DJ 45 !=1·5 
VT!iV<I):VX(T )+vrHV(£,) 
C r ll V ( I ) = l P ( I ) 

~s CTrlVP(J)=Ipp(j) 
C r rl V ( S) = ~ P ( 6) 
Cf1JVP((>)=IPP(6) 

r. .: A Ll r. li € c K 
J ~ (, 
C .1. L I. citE C K (X,)( P, C T H V' C rH V P, V T H V, IS S, J) 
IF<J>So,so,o · 
CAcL lllTEqP(JN,JNp,ST,~S~ALl•6) 

(j:) TU 10U 
so DJ 31 r=l,6 
:l1 TT(I)•JT<Tl•(TT<I)+ST) 

Tr?.=TT2+Sf 
sr~sfEP 

r. ~A L C t1 L '' T E L J r, 0 CUR RE ~JT AND V 0 l TAG E 
C .·LOT RtSlltTS 

V J LT = I I' ( ll • R P ( 7l + L r ( 7l • D I P ( 7) 
I 'I V r. ,J R" I P ( 1 ) + I P ( 3 ) ~ I P ( 'i ) 
WR!T~(],6ltss,r,IPC7l,JP(8),1PC9l,VOLT 

~i FJi<'·1Af(1X•6I1 tF7.1,,9F11,3) 
Nil= I, 
W~!Tf(b)NV,r,IP(7),!NVcUR,vOLT 
IF(T•Tfil50Q,50Dr0 
C~t.L PLOT 

1000 STuP 
r;ND 



SJsROJT!NE AUX3CF,x;T) 
D I q F. :1 S I 0 N X PI~ Q I , f ( NE a l , F F C 3 I 
REAL RRNC~1,LNNC~),SO~N(3l,V~NC3l,R!(3) 
REAL IN(6l,tNNC3),D!NN(3) 
C J 111-10 ~ /EH LJ C K 1 I R tiN , L N N , S Q N N , V N 11, I ~ ;·1 N N , D I N N , N 0 
CJrt•10~ /BLOCK4/~Ea 
f C 1 I = I ~J C 6 I - Pl ( 1 I - I 'I ( 3 I - I N C 5 I 
llJ 1 o 1=1 din 

10 I~NCII:X(I+1) _ 
C ~ Ll. G ~I PR D ( R i'HL t N N , R I , ~ 0 , N D , 1 , ? ', 3 , 3 l 
DJ 20 1=1 •~0 

2 0 F F (J I= VtHl< I I • RI Cl I-S Q N ~ (I l *X (1 ) 
D1 30 I=1•ND 
F<L+l>=Oo 
DJ 30 J:::l•ND 
K=(.l-1 )•llD+I 

~n FC,+11;oiNN(Il:::F(l+1>+t.N~(K)*FFCJI 
I<E'ilJR~ 

END 

SJG~DJTY~E CONN1(C~;Is~.~D.KJ 
Dl,fFIISyON C~(1 ill,! 0:<;(6) 
K=J 
DJ 7,~ !=1,1'3 

30 C'J(J)•(l. 

GJ Tll (0t2,3)t1JD 
K;: i 
RETIJK ~ 

2 DJ 4J t:1,4 
!F(!SS(!llO,Ot41 

1.1 CHt1=1 _ 
PJ 4~ Jt=I +1 ,!:i 

42 lf(I~S(lli.E0,1 >CN(Il):•1 
HE'rliR~ 

3 D~ ~2 !=1•4 
J=[+ll"j•6 

1? IF(!SS(!I,Ea.1>CN(J)"1 
IF(!SS(51133,3),0 
C~(5l,r.NC11>="1 

n C~(1HJ:1 

. . 

RE TiJRt< 
F;ND 

• 



SJbROJTt~E CHECK(X,XP,cTHV,CTHYPoVTHVoiSS,J) 
Dlrtr:NS!Ofl XCN~Ql rXPCNEQ) ,CrHY(6l rCTHVP(6) ,VTHVC6l 
DlttFNStOIJ ISS(I)), IT(O), TT(I)) •ITHV(6) 
C~IH10~ ta~OCKi1/EPS 
CJ tt M 0 ~ I B ~ 0 C K J IT, S T, ANGLE' A U' 6 , TT 2; TT • I T , I T H V, 1 I T H V; H S '1 ALL 
C?WtD~ /llLDCK4/'JF.t'l 
Hl,H2,fi3=sr 

C CHEC~ FJR ANY THV~ITOR T, BE SWITCHED OFF 
v:> 13 t=1o6 
IF(tSS(tll13r13,0 
IF(TT(t)•EPS.LF.ANGLE.AND,TT(I)+ST+EPS ,GT.ANG[EJGO TO 14 

1 3 c:>trT nrrr: 
GJ TO 15 

11. J=J+1 
I 1 " I 
Hl ~A;~:iLE·TT Cl) 

r .·HV~ISf)N ll IS EXPECTED TJ sWITCH OFF AFTER H1 SEC, 
c 
C lEST rOR A~Y THYRISTO/DI~DE TURNING OFF 

15 DJ 16 t=1d 
IF(!SS(I)l16,16,0 
I r (!, ~ S ( C T H V P ( I l l , l. F. • , 1 F. • 4 ) C T 11 V P ( I ) " 0 , 
IFccYHyp(l)•CTHV(I))17,16,16 

;r, CJ,fTi~IIE 

c;J rO Hl 
:7 J=J+2 

Hl=AB3(CTHYPClll/A9SICrHY(t)•CTHVP(lll•ST 
I 2" I 

C :HnisTJ;ol.ODE 12 15 EXPrCTED TO TURN OFF AFTER H2 SEC, 
c 
C ,,HtC~ FJ11 THE GATE SIGNAL ON TrlE NEXT THVRJSToR IN THE SEQUE~CE 

113 IFCTT~-EPS.LE.ALP6.AND.TT2+5T +EPS,GE.ALPI\lGO TD H· 
(j') TO 21 

~~ I5~tTHYCllTHVl 
liLAL~r,-TT2 

~=.}+4 
C ; ,, rE S J 3 ti A L 0 ~ T >i V R l ST 0 ~ l 3 STARTS l N H 3 SEC , 
C iHYQI~TJR 13 IS EXPEXTEO TO SWITCH 0~ AFTER H3 SECt 
c 
21 IFCJ>5o,::>o,o 
C , IN D H S 'lA L L J F H 1 , H 7. AND H 3 

KK~=1 
HS;tALL:;H1 
I F ( fl S ~ 1\ L L • ll 2 ) ~?. , 0 , 0 
tiSIIALL~H' 
K~~::Z 

~2 IF(HS~ALL·H31~3,0,n 
HSIIAI.Lr;H.S 
K ~r;d 



C :Jp04TE TilE VARIABLES AT HS~IALI. BY LINEAR INTERPOLATION 
23 C~LL IflTERPCX•XP,ST,HS~ALL,NEQ) 

T = "i'·S T+H S.'lA L L 
DJ 32 lK=1 ,6 

3? TT(JKl:ITI!Kl*(TT(IKl+HS~ALll 
TT 2::TT;:+tl S 'lhl ~ 
GJ TU (74•25,~6l•KKK 

C :.wiTCH ~FF THVRISTDR r1 ~NO TURN ON ITS COMPLEMENTARY DIODE 

c 
c 

r. 
r. 

21, !5S(l1):0 

?5 

2 

?6 

!T(J1):0 
Tf(l1>"0• 
K S ~.: 1 
IF(I1/2•~-11,EQ,0)KS=·1 
IK;;:ll+KS 
r<;:;<r~sl=1 
W ~ 1 H < ~ ·,'1.l!1 , l K S 
F.JH,1i\f(1X• 1 THYR!STOR 1 .!2• 1 I$ 5WITCHEO OFF AND Dl0DE 1 .!2• 

''TURNED 0!~ 1 ) 
G1 T'J 50 

IIR~ oFr THYR!STOR/CI!ODE 12 
rss<r2~=U 
W:<:Jrti3,Zll2 
FJRMAT(1X, 'THYR1STO/DIODE 1 ,IZ,' IS TURNED OFF') 
G J TO 50 

.. WIT~H )N THYRIST~R 13 
l T( J3l:1 
TT(l:S)::O,' 
TT;;:i.l, 
llTHV=t !THY+1 
IF(JI rtJV,GT,6)1JTHV=IIrHY·6 
\J~JTL(3,3l!3 

:. F J '' .'\ t, T ( 1 X , 1 GATE SI G N A L 0 N THY R 1 S T J R 1 ,.I 2 , I l S START E 0 1 l 
50 DJ 101::1,6 

H \ISS(I)lJ,0110 
IF\TT(t)l1~.1\),, 

l>S(I):1 
W"'l TE<j,l,) I 

4 F)1:4AT(1X• 1 THYR!STOR'.J2, 1 J!; SWITCHED ON') 
10 CO~lTI~IJE 

RETliR~ 

F.ll~ 



-------

APPENDIX B 

COMPUTER PROGRAMS FOR 1HE ANALYSIS OF 1HE MOTOR SYSTEM. 

A general simplified flow chart for the computer programs 

11JTOR1, MOTOR2, and MOTOR3 is shown in Figure B.l, followed by 

the program. listings. Again in these programs, the variable 

names used are as far as possible those used in the analysis, 

and the solution of the system equations is also obtained from 

the NAGF library routine D02AAF. No special subroutines are 

used in these programs. 



Read in system parameters and 
initial conditions 

Form various system tensors and cal­
culate the inductance tensor inverse 

if required 

Calculate phase voltages & voltage 

Call Runge-Kutta numeric routine 
and get new values of currents, 

rotor angle and speed 

deve aped torque 

Print results 

No 

ElGURE B.l The general flow chart for the motor system analysis 



C------~------~~----~------·-----
C ~RQ~N~:1 ~ Q T 0 R 1 
C l~DUCTJJ~ MACHiiiE ANALYSIS 
C IJSI~G ~IRECT PII~SE HOD~L 

RS.u I NE I~ 
K E ,I L L S ·; L ~ 1 L S !1. l R 11 , MS R 
~EAL LP(JS),RPC6)1!P(611VP(6>1DL(3~) 
fll:JEtlStON YC8),ERR(IIl,4(~),B(8)1CC8>1D(8) 
c '111'-t 0 ~ I R l :> c K, 11. pI D 1. I R ~ I V p ' V M A X. lol. p I I NE R •• c [) E F F1 ; T 0 R Q • T 0 R Q M • R, 2 0 

,~ ,Ls,L~7LSM,LRM,~SR 
UtJIV~LEr-lCEcv<1 > •THETA>, cvc2> ,spEED>, <vo>. tP<t> l 
EXTER~AL ~UX4 
Pl::t.. *ATAN(1.) 
111 ;!n=2:J.L •PI 
REAnC2;1lRS 1RR,LS,LR•LSMolRMIMSR1VMAX•FREQoPiiNER,COEFF 

1 FJ~HAT(15FO.Ol 
11=2.•Pt•FREQ 
ST::.SE-3 
TF!=2. 
RP(1),~p(2) 1 RP(3l=RS 
RPC41,RP(5)1KP(SI=RR 

100 CJ:ni~UE 
C'LL D02~~F(YIERR,T,ST,R,AUX4,A 1 B,CID) 
TJtiQ= 

~ •(\JP(1)*!P(4)+JP(2)*!PC5>+IP(3l*IPC6)l•S!NCTHETA) 
u + (!P(1)*1P(5l+!P(2)*!P(6)+IP(3)*1P(4))•S!~(THETA+R120l 
,, + (!P(1)*lP(6l+!P(2l*l~(4l+IP(3l*IPC5ll•SINCTHETA~R1201l•P•MSR 

WqiTE(3,~)T,lrtETAISPEE~.TORQIIP,VPC1l 
~ F J IUI AT ( 1.~ 1 F 6 • 4, 1 1 F1 0 , 3 l 

I ~ ( T • LT • r F I ) G •) T :> 1 0 0 
S T l) P 
~ .~ ,) 



SUoROUT!ilE 4UX4CF,y,T) 
R E.\1. I ~J E R 
l~TEGER ~~T1 (6), ltJT2(6l 
REAl. Ls,LR,LSM.LRH,HSR 
RE~L LP(l6),RP<5l,IP(6),VP(6l,DL(36) 
PIIJENSIOii F(8), V(8), FF(61 
C:lli'lO~ ttHOCI(1/LP, DL• RPrVP,VMAX, \./, p, INER ;·coeFF'f";TORQ, TORQM, R1 20 

~ tLS,LR,LS~,LR~.~SR 
TYETA=y(t) 
I. P ( 1 ) , L P ( o ) , LP ( 1 5 ) = L S 
LP(~2),LP(2~~~LP(36>=LR 
LP(~) 1 LP(3),LP(7),LP(9),LP(15),LP(14l•LSH 
LP(23);LP(24ltLP(28)tlP(30)tlP(34);LP(35)•LRM 
LPC20l;LP(27ltLP(31ltL~(6),LP(10l,LP(17l=MSR*COS(THETA·R120) 
LP(?1l;LP(25),LP(32ltLP(5l,LP(12),LP(16):MSR*COS(THET4+R120) 
LP(4l,LP(11).~p(18),~P(1?l,LP(26),LP(33)=MSR•COS(THETAl 
CA~L ~1NV(Lp,6,0ET,INT1 ,INT2•36,6) 
DL(4l•OLI11lrDL<18),DL(1j),OL(26l,DL(33l:SIN(THETA)•MSR 
0L(5loDLI12),DL(16),DL<21l,DL(2SlrDLC32l=SIN(THETA+R120>•MsR 
P L ( 6 l , 1i L ( 1 0) , DL ( 1 7 l , D L< 2 0) , D L ( 27) , ~ L (31 ) = S I N (THETA • R 1 2 0 > • M s R 
VP(1l•VM~X•siN<~*Tl 
vocz>•VHAX•SIN<~*T-R120l 
VP(1l=VHAX•s!NC~*T+R120l 
F(1)=((2) 
F(2J•(TOR~~TORQ~~COEFF1•Y(2)l/INER•P 
[)) 10 x=1r6 
DI.I:O, 
[l} )0 J=1,6 
K~;+<J-1>•6 

30 DLI=ULt+PL(K)*Y(J+Zl 
10 FF(!l=yp(l)-R?(Il•Y(l+?.)+OLI•Y(2) 

PJ 20 t=l•6 
FCI+2l:O, 
IJ) ?0 J=1,6 
K•I+CJ-1lt6 

20 F<l+~l:F(l+2l•LP(K)•FFCJ) 
11Ef11R~ 
E~u 



C--~-----------~~---"-·-------·--
C ;•ROGkA:I 1·1 '1 T 0 R 2 
C lND~CTil~ ~ACHINE ANALYStS 
C USI~ij STAT~ONARY 2•AXI5 "ODEL 

(------~-------~----~--"-----~~--
I~TEGER ~NT1<4>,1NT2(4> 
~EAL I~ER 
REAL Ls,LRrLSII,LRM,HSR 
HEAL LP(16),R~<4lriPi4>rVP(3l,GC1~) 
DlttF.NSIOtj YC6) ,ERR(6l ,~(6) ,B(6) ,C(6) ;0(6) 
ClMHO~ /QLOCK1/LPrRPrG,VPrVHAX,WrP;INER,cOeFF1;TORQ;TORQ~rR120 
E~iiTV~LEIICE CY<!) r1'HETA), (y(2) ,sPEED) • (Y(3), IP(1 )) 
E)(HR~AL AUx5 
PI ::4, *ATI\N(1,) 
R120=2>PI/3, 
STtP=.se~3 
TF.::: • .S• 
REAn<2,1lRS,R~.LS,t.R•LSM,LRMrMSR 

,; , lilt A X , F RE Q, I NE R , P, C 0 E F r 1 , T 0 R Q M 
FlRHI\T(7F0,Q) 
Li=?.. • PI•F RcQ 
Rll(1) rRP<'l=RS 
RP(3) 1 RP(4):R~ 
L i' ( 1 ) , LP ( 6) = L S- L S 11 
LP\11),LP(1~)~i.R•LRM 
L ~' ( ~ ) , LP ( 8) , L f1 C ~ ·) , LP ( 1 I,) = 1 . 5 *MS R 
G ( 4) = ·1 • 5 * '1 S R 
G(:')::1~5*'1SR 
G(1/.)=.(L~·LR1l 
GC15l=LR".LR\1 
CALl. ·~INV(LP,4,0ET,INT1 ,INT2•16,4l 

i 00 CO,iTI ~UE 
c•LI. D02AAf(YrERR,T,ST~p,6,AUXS,A,s,CrDl 
T ·1" 11= 1 : 5 *1 , 5 •11 S ~ • P • ( I P ( 2) * I P ( 3 l • I P ( 1 l *I P ( 4) ) 
\J ~ l T E ( 3 , 0 T , T ~ET A, S PEEn , T 0 R Q • I P, V P ( 1 )· 

?. FJi<•i•\T(1XrF~.4,11F10,3l 
I F ( T • LT • T F I ) G 1) T 0 1 0 0 
srur 
L •J D 



5 J ll R 0 J Tl N.E A U X 5 (F , V, T) 
R E ,\I. I tJ E R 
llEr,L LP(15),R?<4l,VPC:3l,VDQ(4),G(16l 
Dl!IENS!Ofl F(6),y(6),FF(4l 
CO!Hlil~ /EILOcl<1 /LP,RP•G,VP,VMAX,WrP/INER,cOEFF1';TORQ,TORQ~,q120 
V?(1l"VHAX•Sl~(W*T) 
VP(ZJ•~IIAX•Sl~(J*T•R12D> 
VP(3l•VHA~•sl~(J*T+R12D) 
V 0 tj ( 1 ) : ( t! , *V P ( 1 ) • V P ( 2) -V P ( 3) ) /3, 
VD,l<C!l: (VP(2l"VP (3)) IStlRT(3,) 
F<' l"Y(2l 
F<2l=(TOR1•TORQ~·COEFF1•V(2ll/INER•P 
tlJ zn t='t, 4 
GI::O. 
DJ10J:1,4 
K•I+iJ-1i"4 

;o (;I=<Gl+-G(~l•Y<J+2l 
?0 FFCil•~nY(ll•Rp(I)•V<I+2l•GI*YC2) 

DJ 30 !=1. '• 
f(I+2l:O, 
DJ 30 J=1•4 
K•t+< J-1> *4 

30 F(t+2l:F(I+2)+LP(K)•FF<Jl 
llETUR~ 
E~D 



c-----"~-------~--------~--------
C ~RDGMAM M U T 0 R 3 
C ,NDUcrlJN M~CHlNE ANALYStS 
C IJSI'JG STAnONARY 3"AX!S ~ODEL 

c------------~-~--------~--------
I~TEGE~ INT1(6),1NT2(6> 
REAL INER 
REAL Ls,LR,LSM,LRM,MSA 
Rf<d. LP(36) ,RP(I,), iP<6> ,VP(6l ,G(35) 
Dli1F.NSIOI'l Y<81 .tRRUll oA(8) ,B(8) ,C(8) ,D(8) 
C) 11 ~I 0 ~I B L 0 C K 1 I LP , RP , G , v P, V fl ~X , 14, P , I NE R , C 0 E F F 1 , T 0 R Q, T 0 R Q M , R 1 2 0 
E~lJIVALENCE <Yc11,rHETAI•(V(2),SPEEOio(V(3),1p(1)) 
E;(H~~AL AciX6 
Pl~4.•tiTI\N(1,) 
R1 ?.0=2.~•1'1 I 3, 
RE 1\ n ( 2 , 1 I R S , R R , L S , L R ' L s M, L R M • MS R 

.. , ,>II!,\X,FRF.Q,p,l~ER,COEH1oTORQM 

i F:lk~ATC7~0.0I 
4=2.*Pl•FREQ 
T :) 1~ f. = 1 ,' 5 * S Q R T ( 3 , ) * P * 11 S R 
srcr=.sf·d 
H l =. S· 
kP(1),RP(2),RPc3l=RS 
IIP(41,~P(5),RP(~l=RR 
L P ( 1 l , L P ( 8 I , L P (1 5 ) = 1. S 
LP(~21;LP(2;1,LP(3SJ=LR 
LDc?l,LP(3),LPC7),LP(9),LP(13),LP(141=LSM 
L~c?SJ;LPC24ltLPC2~>•LP(30),LPC34>;LP(35>=LRH 
LP(4)oLP(111,bPC18),~P<1?l,LP(26),~p(331:MSR 
LP(5),LP(5),L~(10),LP(12),LP(1$),LP(17),LP(20);LP(211 ,LP(25) 

,, , LP (a) , LP <31 ) , LP ( 3 2 I =- , 5 * tl S ll 
C~~L 1rNV(LP,6,~ET,JNT1,1NT2,35,6) 
G(5),o(1GI,G(16l=~SQRT(3.1/2,•~SR 
G ( o l • :i ( 1 U) , G ( 1 7l =~ ~ ( S) 
G(21),~(3J),G(34)=-(LR-LRH)/SQRT(3,) 
G(24l ,,;(t!3) ,G(351::-G(23) 

100 CJ!Tl~UE 
C'cl. )02AAFIYrERR,r,STEPoH,AUX6,ArBoCo0) 
TJ~Q•TQRF•(JP(1I*IP(6)-JP(3)*[P(4)) 
4R!TE(3~llT,Trl£TA,SPEEn,T0RQ•IP,VP(1) 

2 F)RI·1•iT(1X,F6,4,11F10,3) 
IF(T,LT,TFI)Gf.J TO ~00 
STI)p 
E~.> 



SJORDJTINE AUX6(F,y,T) 
HEAL U4 E fl 
"EAL LP(l6l,RPC~),ypl6l,G(36) 
Dlr1EilSIOtj FC8), V(8), FF<6l 
C :.111 MU~ I R ~ 0 C K 1 / LP, ~ P '; G , V P, Vt1 A X, ~, P, I NE R , C 0 E F F 1 , T 0 R Q, T 0 R Q M, R 1 2 0 
VP(1l=~r1AX•siNCJ*Tl 
VP(2l•VHAX•SIN<~*T•R120l 
VP(3l•VHAX•SI~(~*T•R120l 
F<1>=tc2> 
f(2)c(TOR1-TORQ~·COEFF1•VC2ll/!NER•P 
DJ 10 I=1r6 
Gl:O, 
DD ?0 Jc1, 6 
K•r..CJ-1)*6 

20 ~I=r.l•GC~>•vCJ+2l 
10 fF(tl•vPCI)-RPCJ)•V(i+2)•GJ•V(2) 

01 ~o r=1,,6 
r<l•2>=o. 
DO ~0 J:1o~ 6 
K=r+<J-1)•6 

~0 FIJ+~>=F(l+2l•LP(K)•fF(Jl 
RF.TIJR~ 

E '4 D 



APPENDIX C 

COMPUTER PROGRAM FOR THE ANALYSIS OF THE INVERTER-MOTOR SYSTEM 

A general simplified flow chart for the computer program 

INVERTER-MOTOR is shown in Figure C.l. followed by program 

listings. As explained in Chapter 5 this program is a combina­

tion of the programs INVERTER3 and MOTOR3. The subroutine 

CONN2 is used to generate the transformation tensor for any 

system topology. This subroutine basically is similar to CONNl 

for the inverter system analysis, but here it has been modified 

to cope with the additional rotor circuits and the rectifier 

diode. 



e 
Read in sys tern parameters and 

initial conditions 

I 
Set up the devices'conduction 
states according to the requi-
red switching angle 

I 
Form [RP], [LP], [Gp],[v p] and 

[sqp] tensors 

Calculate [Rnl, [L l, [Gnl • 
[vn] and [sqn]n tensors 

I 

-0 Generate a transformation tensor 

[Cn] for the present topology 

I 

Calculate [Rnnl, [Lnnl, [Gnn l , 

[vnnl• [sqnnl and [Lnnr 1 tensors 

Correct currents initial condition 
for the present topology 

6 -

FIGURE C.l The general flow chart for the inverter-motor system 
analysis (continued next page). 



Call Runge-Kutta numeric routine 
and get new va 1 ues of currents, 
charge, rotor angle and speed 

Calculate [i ], [in], p[i ] & p[in] 

Calculate thyristor/diode currents 
and vo ltages 

Yes No 

Up date all system 
state variables 
using linear inter­
polation routine. 

Calculate torque 
and branch currents 
and vo ltages 

No 

Store result 
on fi 1 e 

FIGURE C.l (continued) The general flow chart for the inverter-motor 
system analysis 



c 
c 
c 
c 

c 

. -
---.--------·--~-----·-···-·---·--·--·~··•••-•"•-·7•••• 

· R 0 ii F. A 11 I tl v E q T E H ~ ·~ 0 T 0 R 
•,ENERAL f1NI\LYSIS OF THE INVERTER-INDUCTION MOTOR SYSTE"1 

··----~----~-------------------------~~~-------~--~~----
I~TEG5R l~T1(6)11NTZ(6) 
REAL l~ER1!NVCUR1INVOLr 
REAL LF,LSS~LRR~LS~~LR~,HSR 
RE t\ L ~ i> ( 1 l s ) I c p T ( 1 2 6) I r. N (54) I c N T (54) 
R:: ·i L 'p ( , 5) I R 'H 81 ) ' RN N ( 3 6) I R <1 211) I K I ( 9) 
R c .\ I. L p ( , } ., ) I L N ( 81 ) I L N ~ ( 3"' ) I L D I ( ~ ) 
R r. .\!. :; r c , 1 ·s , I G" c s1 > I G N ~ c 3 6 > • G 1 < 9 > 
R !: ;\ L l p ( , 4) • I I' p (1 4) I D I p ( 1 4) I HH 9 ) I D I N (9) ~ Pl N ( 6 ) ; D I N N ( 6 ) 
REt.t. vp(14) ~v~O·) 1VNNC~I 
R : " L s Cl p ( 1 '• ) I s Q ~ ( 9 ) I s Q ll N ( 6) 
R E 1\ I. V~ ( , 4) I V ~ ( 1 4) ' VG ( 1 4) ' V X ( 5 ) I V Tff y ( 6 ) I c Tff y ( 6 ) '; c THy p ( 6 ) 
R E Ill. y ( 0 ) I '( p ( 9 ) I F ( ? •) ' E R R ( 9 ) , A (9 ') I 3 ( 9 ) ' c ( 9 ) I D ( 9 ) 
D Ill E N 5 I 11 tl l s s ( ") ' I THy ( ~) I I T H y 1 ( 6 ) I I T ( 6 ) I TT ( 6) I H ( 5 ) I J J ( 6 ) 
c ')I j :1 lH I ll L 0 c K 1 I c p I c N I I p ' (I~ I I N N I () I N ~ 

" I Rilfl, LIHl ,·GNN I RI, G!, R, ViHl, SQNN 
., 1 L, 1 a,, . L L 1 ~ E Cl 1 :·1 , ~ 1 4, M L 
, ,r,,.qF1TORCl1TR!h1.Cr'lF.FF1 ,!NER,P 

C J 1 ~ '1 n ~ /1~ VJ C K 4/ E PS 
u:,rV\tF•~C[ <Y<1 > ,rHETr.> 1 <v<•1> ,sPEED>, <V<3J ,CHARGE> 
f..<HH~AL •\LIX7 
D57A ITiiY/411r6,3,2,~/ 
DATA ITHY1/0il,215,4r1/ 
PI "I.. *ATA'H 1.) 
Rl ;:;!~2.•PI /3. 
[0~::, I E·1 :J 
s ~ :1 ~ ~; 1 R T <3 • l 

C :EAD tll sVSTE~ PA~AHETERs 

c 
C ,1,6 rnR FOR THE STAT:'lR P~ASE OPEN CIRCUIT TEST 
C ::" Y F n R F 0 R HiE :; TAT) R P ~AS E S H 0 R T C I R c.U I T T F. S T 
C :::ll rnR 1\I.L OTfiER CASFS 
C 'NV~T =1 FU~ 120-J~VERTOq 
C .NV~T =2 F!J~ 18U-INVERIO~ 

RE,', 0 ( 2 , 1 ) R F , l. F , R S H , CS H , R S r fl R , L SS ' L R R 1 L S M , l KM , MS R; P 1 I NE R 1 C 0 E F F 1 
FJki~AT(2UF0.0) 
RE~n<~,1JEIFREa,STEPrTFioALPHA,T5J(TCH1,TSW!TCH2;SPEEO 
NE,;n(2,2)1NVRT.~ 

2 fJ~r~i,T(1qiOJ 

Ml 4,1·1•1 4 
1-1 ·I" ·1• 1 
REAn<~,3J(CP(J) ,J:~,M14l 
F :1 ii ~-1•\ T ( 1 M 0 • 0 ) 
Tlr>F=l ~S*S,<J•P.~SR 
IJ::;?,•I'I•F~EQ 
Alp::i, /FRE~ 
fll;>f,= ~LP/6. 
A~GLl"(lilVMT+1l•ALP6-STEP/10. 
I F (I iJ\.1 !l T • E (l • 1 ) 1 ~ 0 = I, 
lF(!IlVRTiEJ.2)I!3=1 
Si::s1Ep 



C .ETEHHl~E TrlE DEVICE cU~nUCT!O~ STATES ACCORDING TO ALPH~ 
l)J ous p:1 d 
IF(ALPIIA.U.A~P5*I)G0 rO 904 

/03 C?11TI ~liE 
?0'• ITiirJN1:rnY(l) 

1TiiON2:1TYY<I•1•1/~•6l 
I SS < I T 110 rjl l , l SS ( I T 110 N?. l , IT <I T H 0 N 1 l ; IT ( I T H 0 N 2) = 1 
TT(ITrloN\l=~LPH~•(I·~l•ALP6 
TT(JT~ON~l~ALPH~·(t-1)oALP6 
TT2dT(ITH:JN2) 
TT·,-=ALPHA 
l J ·; H Y = l + ~ 
!F(TNJRT•1) 906,906,0 
I T idHI hI n Y ( I,. 2 • 1/5 • 6) 
ISS(ITfi0~5),!T(ITH~NJ):1 
TT C T T -l 0 N 1 l =A U' H ~ • ( I • J) • ALP 6 
TTLIT~ON~l=~LPH~·(I·l)•ALP6 
Ti(TT~6N3l=ALPHA•(I-1l•ALP6 
TT~=TT< J'TrlJ~3) 
liTHY=r+..i 

;DD C')I;Tl~IJE 

l D"' 1 
CY;,qGE:E*CSH 

C ,OR1 Rf'oLI'rGr',Vf' AND SOP TENSORS 
NP(71,RP(8),RP<~?~RS 
RP(10l~RSY 

flD(111:RF 
R P ( 1 2 I , R P ( 1 3 ) 1 R P ( 1 !, l = R R 
LP(1)1):LF 
L I' ( n ., I ·; L r' ( 1 0 6 ) , l P ( 1 21 l = l S S 
l P ( 1 l> S ) ·; L t' ( 1 8 1 l , L I' ( 1 il 6 l = L RA 
LP(O?l,LPI)1),LP(1Q5l,I.P(1n71,LP(119lrlP(120l=LS~ 
LP(~h1),L~(165),LP(1BOJ,LP(1B2),LP(194),LP(195):LRM 
LP ( o I> l ',' l. P ( 1 1 1 ) , LP ( 1 ?. 6 l , I. P ( 1 t\ 1 ) , LP ( 1 7 6 ) , LP ( 1 9 1 ) =MS ll 
l P ( ? ·? ) , I. P ( i ~ ) r L P ( 11 0 ) , 1. P ( 1 1 2 ) , LP ( 1 2 4) ·, L P ( 1 2 5 ) , LP (1 6 2 ) , L P (1 !'> 3 ) 

,, , I ,, ( 1 7 5 ) , L? ( 1 t 7 ) , l r ( 1 8? •) , l, P ( 1 9 J) = ·, 5 * f1 S R 
G~ l ~·?> ,'G>' ( 11 2), !iP ( ~ 24) =·SQ31.!., •MSR 
G ~ (I !l I , G f' < 1 1 0 J , :; P ( 1 2 ~ l = S Q .S I 2 , * >1 S R 
GD(1<J?'j ,G?(18') ,Gp(1Y4J=-(U~R-LRM)/SQ3 
GP ( 1 I> 3) , GP ( 1 8 0) , GP ( 1 9 S l= ( L RI< -L RM) IS Q 3 
V~(11l:E 

S'),.•<1 J')=1 .ICSH 
C .ALCULAT!i R~.L~,G~rVN A~D SQN TE~SO~S 

C-LI. 3HT"~(CP,CPT,14•~.M14) 
C 1, i- 1_ 'H 0 tJ ( C P T r R ~ , R , I 1 t 1 ~ , '·1 1 4 , 1 4 , I~ 1 4 ) 
C ~ '· L ; ~1 PH tl ( R , C p , R f.! , 11 ' 1 1., '1 , M 1 4 , '11 4 , ~1 M ) 
C ·\ ,_ L S 11 PI{ 0 ( C PT , 1. P , R , 11, 1 4, 1 4 , M 1 4, 1 It\ , M 1 4) 
C ·\I_'- :; 11 PI{~ ( R , C P , ltl , H • 1 ~, ·'1 t i11 4, '11 4, fj M) 
C 4 '- l S i1 PH 0 ( C PT , G P , R , I~ , 1 4 , 1 4 , M 1 4 , 1 } '6 , M 1 4) 
C 4 L L j HP R 0 ( R , C p , G 11 , f1 , 1 4 , '·1 , f' 1 4 , .~ 1 4 , IH~ ) 
C 4 L L S '1 P :< D ( C PT , 1/ P, V N , '1 , 1 4 , 1 , 111 4, 1 4, M) 
C ~ I_ L S 111' ~ 0 ( C PT , ~ Q P , S Q fJ , M , 1 I, , 'I , '1 1 4 , 1 4 , M ) 



C ;ti\l~ L01p 
100 DJ 6!> t=1r6 
66 IF(JT(l),Ei1,1>tSS(tl=1 

NO:IS$(11~1SS(2l•I~S<3l+ISs<4)~ISS(5)+!SS(6) 
lF(~.EQ,6)1SS(5lriSS(6)•0 
I F ( I P L 1J G 1 , ~ Q. ~ • ~ N 0 . I PLUG 2 1 E Q, 1 ) N 0 •1 
LDor=~b+tD+~/9+1 
LL::tOJr•LOOP 
tll.::: ~I " L D 0 P 
NE!,= LJOP·d 

C ~ORRECT CURRENT t~ITJAL cONDITIONS FOR THIS STEP 
I S"2* (1-~SS(1l-I SS (2l l 
I :1 r 1 ( 1 ) = I ~ ( 1 + I S ) + I P ( 2 + I .> ) 
I~N(2l:IR(3)+1P(4) 
l~N(IIO):V(11) 
l N ti( U 0 P •1 ) =I P ( 1 2) 
I :H; < L) 0 P ) = I P ( 1 ~ l 
PO 71, t=1rLOOP 

74 Y(J+ll=I~~(I) 
C~LI. CONN2(CNriSS,ND•I),~l 

C c A L C !J 1. ATE RN N , L N N , L N NI N V , G :1 N , V N N AND S Q N N TENS 0 R S 
CALL GHTRA(CN,C~T,~t,LOnP,MLl 
C~Ll ~IIPR0(CNT,~N,R,L01P•M,M•ML,M~;ML) 
CALl. SMPRD(R,CN,RH~,LOnP,M,LDOP,ML;ML•LLl 
C ,, 1. 1. :; fl PR D ( C tJT , L N , P. ·; L 0 l P, 11, f.l • M L , '1 'I , M L) 
CALL lNPHD(R,CN,LN~.LO)P,M,LOO?,ML,'ML·LL) 
C~i.l :;:tPRD(CNT,GN,R;LOJP,M,Mo"'L,"'~,MLl 

C ~ 1. L :; t1 PR~ ( A , C N , G N 'J , L 0 'l P, 11 , I. 0 0 ;:>, '-1 L ; 11 L, L U 
C ~ L I. :; 11 P ~~ D ( C ~JT , V~ , V N N , 10 0 P , M • 1 , M L , rt ,' l 0 0 P 5 
CALl :;nP~)(CNT.sQN,SUNN,LOOP•H,1o~L.MrLOOP) 
C~LL 1JNV(L~NrLnDP,nET,!NT1 ,INT2rLL,L00PI 

r .ALL TilE R'lNGE-KUTTA !NT~GRATIO~ ROUTINE 
I~(Ail3(STl~EPSJS01,501,0 

500 C 1~n I ~tiE 
(l'l 75 !=1•14 

75 lPi>ll):JP(!) 
YP(1l=\'(1l 
pppy(t!l 
YP\~):y(Jl 

C ~ L 1. 0 0 2 A A f ( Y , F. R R , T ·; S T ·; N E Q , A U X l , A , ll , C , 0 ) 
c;01 Ot,ri~iJF. 

DO '13 !=l•LOOP 
!~ I~N(ll:V(l+3) 

C ,:ALC,JL~Tl lN,n!~.TP AND DIP TENSJRS 
D :J I. J I = 1 • 'I 
I~' 1), n I·~ (I l ='J. 
DJ 1,5 J=1, LGOP 
K=n.<J-1>•1 
~I 11 ( 1 ) :0 I~ (I l "'C ~ ( K) • D I ~ N ( J) 

43 I~:Tl=JN(Il+CN(Kl*INN(.I) 

ll J I, '• I = 1 • 1 4 
I P ( T l , I> I P ( I l = 0 . 
DJ I,'-+ J = 1., '1 
K=11,* ( J-1) +I 
I> I i• ( 1 l ::: n I ;:> ( I l ., C P ( K ) • 0 I ~ ( J l 

44 !r(ll=tPO)+CP(K)*lN(J) 



C GALCULATE T~V~ISTOR/DI0DE CURRENrs ~NO VOLTAGES 
C ~ Ll. G tl PR 0 (RN t I ~ dl! 't1 ' '·1 , 1 ' M~~ • M ' M) 
CALL ~IIP~D(GNti~tGI;M,~,1,MH•M,M) 
CA~L GMPRD(LNtniN,LDI,~,M,1oMM,Ho~) 
DO ~0~ p:1,5 
CTii\'(l):LP(!) 
CTuVP(t)=IPPCI> 
V X < l ) =V rJ 0 ) "RI ( I ) ,. G I ( I l • SPEED" L 0 I ( I ) • S Q N ( I > • CHARGE 
IF(TSS(Il.EQ,llVTHV(6)="VXCI) 

?02 CJinl~tiE 
CT;,v(S):I,~(S) 

CThV1'(6)=1PP(6) 
D0?07t=1,5 

?n7 VTIJV(I)=VX(t)~VTHVC6) 
C ~HECK FJN A~V C~ANGE IN DEVICE CJNDUCTION STATES 

J=( 
(!J .~4 I=1·5 

34 fl<I>=sr 
C ~HtC~ F1H A~Y THVRISTDR TO aE SWITCHED OFF 

DJ 1 3 I = 1·' 6 
!F(tS5(!ll13,13,0 
IF(TT(I),EPS.~E.ANGLE.AND,JT(!)+ST•EPS,Gr,ANGLE)GO TO 14 

13 cow•·t~uE · 
GO TO 15 

14 J=j•1 
I 1 " I 
ii < 1 ) = ~ tl G LE~ TT ( I l 

~ -!IY~!~fJR 11 IS EXPECTED TO s~ITCH ~FF AFTER H(11 S, 
c 
C iEST Fll~ ANY THYR!STOR/OJODE TURNING OFF 

15 DJ 16 t=1,6 
!F(tSS(Ill16,16,0 
I F < A~ S CC T ~ Y P ( I l l , L € • , 1 E ~ 4) CT.H Y P ( I ) = 0 , 
IF\CT~y(ll•CTrlyP(!)l17,16o16 

ih CJNTl~liF. ' . 
~~~ ru 111 

17 J=.J .. i 
!?= t 
H(2)=~nsiCTHYPCJ))/ABSCCTHyll)-CTHYP(i))•ST 

C ,HYRiSTJ~tDlJOE !2 IS !XpECTED TJ TURN OFF AFTER H(2) S. 
c 
C ,;llt:Cr: FJr. THE GATE SIGNAL 1N THE NEXT THYRJSTOR IN THE SEQUENCE 

18 lF(TTZ-EPS,LE,ALP6.AND.TT2+ST+EPS.GE,ALP6lGO TO f~· 
(;~l TO ?.1 

1? J=J•1 
I3~IL~Y(LITHY) 
11 ISl qLp6-TT2 

C ,ATE ~IGiJAL D~ THVRISTUR 13 STARTS IN H(3) S, 
C :HYR;sT)R 13 IS EKPEcrt:D TO sWITCH GN AFTER HC3) s, 
c 
C .HlCK IF r~E RECr!F!ER DIODE IS TO BE TURNED OFF 

21 !F(lD)~1,51,0 
IF(!P(11)*JPP(11))0,51,51 
J = J + 1 
H(,,l~ARS(lPP(11 )1/•\BS( rP(11 J-IPP<11 I)*ST 

C ,f:CT1rlER DIODE 15 EXP~CTEfl TO TURN OFF AFTER H(4) S, 



C :HtCK IF THE RECTIFIER DiODE IS TO BE TURNED ON 
51 lF(Illl0,'0,52 

R DV= E- C ~ r\ R G E I CS~ 
IF<~DV)S-!,52,0 
J =J + 1 
li<5l=)': 

C KtCT!FIER OIOOE IS EXPECTED TO TURN ON AFTER ~(5) S, 
c 

sz Ir<Jl53,53,o 
C riND HS~AL OF ~ ARRAY 

H S 11 A L = ti ( 1 l 
KKK:1 
DJ 33 t:::Z,S 
lFCHS~AL-HCil)3J,33,0 
llSIIAL=fiCil 
KKK:I 

<;3 C~!irl ~UE 

C IPD~,·~ THE VARIARLES AT HS~AL BY LINEAR INTERPOLATION 
C~~l. IllTERP(YrYP•ST,HS~Alt1l 
C ~ r. L lilT E q P (! P, I PP , S T , H S '1 A L , 1 4) 
!J) )2 IK=1,5 

32 TTt!Kl~IT(IKl•CTT(!Kl+~SMALl 
TT(:= f T2+H S 'IU 
TTT=TTT+HS ·lA L 
ST=:sT-HSf·IAL 
T=T"ST 
GJ TJ(;?2o,5,24,~5,~6) ,KKK 

C , tl I T '- H ) FF T H V R I S T 0 R !1 AND T lJ RN 0 N I T S C 0 r~ P L HIE N TAR Y 0 I :J 0 E 
2?. lSSCII'):V 

I r.r·; 1:::0 
TT•.T1):::0, 
KS:1 
Ir,>l/2•~-It.Eu.D>~s=-t 
p·:.=, 1 .~;s 
I s :·. r : < s l = 1 
W~JT[I3.~lltriKS 

5 Flii"1AT(1Xr'THVR!STJR',r2,' IS SWITCHED OFF AND Ol0DEI,J2, 
., I t<; TURNED ON 1 l 

GJ Tll 50 
C ruR~ OFF rHY~!STOR/DIODE 12 

21 IS;> (12j":U 
W~jT[(:;,6l!?. 

·, FJ>ut.H(1Ar'TnYRtST;'lRIDIODE 1 ,l2, 1 IS TURNED OFF'> 
GJ ro sn 

r. "1·11 T ( 1! ) 11 THY RI S T1 R !3 
24 Ii(l3)i:1 

TT(J3):::0," 
ru,o. 
IlnY=I!TiiY+l 
IFc!ITifV,Gr,6)IITHY:::ilrHY-6 

11 < , TC < :; • n I 3 
:' fJ ''"I/\ T ( 1 X • ' GAT F. S I G N A L 0 I~ T H Y f<l S T JR 1 ,I 2 , r 1 S START E 0 I I 

GJ ru so 
C ~UR~ nFF THE RECTIFIER DtODE 
~5 ID~.:() 

>I R ! T[ ( 3 , "d ) 
r, f),. '111 T (1 { ' ' RE C T !F IF: R D I 0 DE I S l" ll RN CD 0 F F ' l 

G:l Tll 50 



" '• 

26 

)' 
50 

l 1 
·i 0 

12 

c 

·uR'J ON rHE RECTIFIER DI:JDE 
I~;, 

~J~ITL (31?') 
F3h~~TC1X1 1 RECT!FIER DtODE IS TURNED ON'' 
DJ 1ll I=1 16 
IFtiS5(lllO,Or10 
IF(!i(I))1Q 1 10,, 
IS:,(!l:1 
fl~rTE(3,11)I 
FJ~~AT(1X1 1 THYRI5TOR'•I21 1 !S SWITCHED ON') 
CJ ~. T I ~ lJ E 
GJ TO 10lJ 
DJ ':1 tK=1~~ 
TT\!Kl::IT<IK)~(TTC!Kl+~T) 
TT(dT2+ST 
TT ,·::TT T + S T 
ST:csTEp 

~A~Ciil.'' TF. BRANCH vOLT AGEs VB 
c;1.1 :;nrKDCLP10!PIVL111, 114111196114114) 
c ,, L L :; t·l pH D ( G p , I p I V r; .I 1 4 • 1 4 , 1 I 1 9 6 I 1 4 , 1 4) 
\I Cl 1 ,: 1 ::,., 1 4 
V 3 ( I l =RP ( 1 ) • I f' ( I ) +VG ( I l • S PE E 0 + n ( I ) -V P ( I ) 
I~vr.ll~::>JP(11 l"'IP(1~) 
TJ f~ Q = T ll RP ( I P ( 7) • I P ( 1 4 l -1 P C ~ ) * l P ( 1 2) ) 

.·LOT RlSIJLTS 
~J' 1 n <3 • 4 > 1 ss 1 r , rH ET A , ,, PEEn 1 r oR Q 1 r :> c 7> 1 I P Cll> • I P et·> 1 I N v cuR , J B c 7l 
Flr'·lAT(1X,6!1r F7,1.,9F11.3) 
NV:-:)· 
w H l T E ( (,) tl V I T I THETA , s p E F 0 I T 0 R Q, I p ( 7) I I p ( 8) , I p ( 9) ·; l N V cuR ' V 3 ( 7) 
Ir(T-TFI)5jQ~~OOr0· 
C~;.L ~LOT 

S T '' P 
E •J;. 

I 

• 



SJ~ROJT!~E AUK7CF,v,TI 
REt.t. IllER 
REAL lp(14), !NO•), HJI'i(61 rDINN(6) 
RrAI. <NN(361ri.NNC36)rG~JN(36)rRlct')','GI(9),R(1261 
REAL ~NNI6),S~N~(6) 
REt.t. Cp(l26) rCNC54) 
REr,L FcNEQ) ,Y(NEQ) ,FF(~) 
C~!l'llJ·~/RLDCK1 /CPr CNr I P, Ji~ r tNN, D!NN 

~ .~w~.L~N,GNN,Rt,G!,R•V~N,SQNN 
~ .~O~PrLLr~EQ,M,~14,ML 
,, , TU R F , T 0 R ~ , T R Q '1 , C 0 E F F 1 , 1!'1 E R , P 

D~ 11 I=l•LODP 
1 1 l 1! 11 Cl l i: V ( I +3 ) 

C \ L 1. :HIP R D ( RN 11 , Jl1 N , RI , 1. 0 0 P , L 0 0 f' , 1 , L L, L 0 0 P, I. 0 0 P) 
C~LL 3MPRD(GNN,!NN,GI,tOOP,L00P,l,LL 1 LOOP,L00P) 
CA L 1. ~ 11 PR D ( C N r I N N , l N r '·1 , L 0 0 P , 1 , 11 L , L U 0 P, ~1) 
C ~ t. L :; 11 P ~ D ( C P, IN r ! P, 1 4, ~1, 1 , M 1 4, M, 1 4) 
TJkQ=TdRF*(tP(7l*!P(14>·1P(9l•!PC12ll 
F C~ )=Yc2> 
F <;· l = ( T 0 HQ • T R tHI• C 0 EF F 1 • Y ( 2) ) I I 11 ER* P 
F <:: l = I p ( 1 1 l •I P (1 I • I P ( 3 l • I P ( 5) 
PJ 10 1=1rLOOP 

1 0 FF ( 1 ) =V fl ll( l ) • ~ I ( I ) • G l ( I ) • V ( 2 ) • S Q N ~ ( I ) * Y ( 3) 
DO ?.0 t=1 r LOOI' 
F<!+3l:O, 
DJ ?.V J=1•l.OOP 
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1,() CJiiTl~liF. 
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APPENDIX D 

Inverter and Motor Details 

D.l The inverter: 

The principal components of the inverter system are: 

a) Main and auxiliary thyristors: 

Westcode semiconductors, type P036QH12FGO, 

average on-state current 36A, 

maximum repetitive peak reverse voltage 1200V, 

ci rcui tcommutation turn off time 35 vs. 

b) Return diodes: 

Wes tcode semi conductors, type SF6GN64, 

average on-state current 64A, 

maximum repetitive peak reverse voltage 600V. 

c) Commutating capacitors (Ct and Ct ) 
1 2 

8 vF - lOOOV each. 

d) Conrnutati ng i nductors ( Lt , Lt , .•. ) 
2 1 2 

180 turns, 2.5 mm , 15A continuous rating, 1.1 mH each. 

e) Smoothing capacitors (Csh) 

niade up to 5000 vF across the inverter main and 

auxiliary supplies, using 10,000 vF, lOOV electro-

lytic units. 



D. 2 The motor: 
'-, "" 

1 HP, 6-pole, 50Hz, 220/240V (for~ connection) 

, moment of inertia J = 0.045 kg.m 

-~ Rs , Rr = 5. 09fl 

'-,, L L = 0.499H 
ss • rr 

Lsm'Lrm = -0.233H 

Ls~'Lri = 0.034H 

Le = 0.697H 

"'-M sr = 0. 465H 

2 

all values are referred to stator. 



APPENDIX E 

Calculation of the rotor currents following 
stator supply disconnection 

When the stator of the induction motor is disconnected 

from the supply, the stator currents will normally.fall to zero 

in an extremely short time, dependent on the characteristics of 

the switch, and this time is assumed here to be zero. Since 

the flux in the machine cannot change instantaneously, the rotor 

currents adjust themselves in such a way as to maintain constant 

flux linkages with both the stator and the rotor windings imme­

diately before and after the switch is opened. 

In terms of the transformed stationary 3-axis variables, 

the flux linkage of the rotor ciruit with respect to the currents 

immediately before disconnection are: 

1/Jra Msr - ~M - ~M . L Lrm L sr sr rr rm 

1/Jrs = - ~Msr Msr - ~Msr Lrm Lrr Lrm 

1/Jry - ~Msr - ~Msr Msr Lrm Lrm Lrr 

E.l. 

(where suffix 1 denotes the currents immediately before disconnec-

tion) or with respect to the rotor currents (i , i S , i ) 
ra2 r 2 ry2 



immediately after disconnection. 

1/Jra ILrr Lrm Lrm i 
m2 

1/Jrfl Lrm L Lrm i E.2 

I 
rr rs2 

·1/J 
r( LLrm Lrm Lrr i 

r(2 

From the two equations E.l, and E.2, the new rotor currents 

are: is 
al 

-1 Msr -!Msr -!Msr Lrr Lrm Lrm 
;ss 

i Lrr Lrm Lrm 
1 

m2 i syl 

i Lrm Lrr L -!M Msr -~Msr Lrm L Lrm 
i = ra1 rfl2 rm sr rr 
i 

i Lrm Lrm L -~Msr -~Msr M Lrm Lrm L 
rs1 

r(2 rr sr rr ir( 
1 

E.3 



. 

APPENDIX F 

Inverter d. c. Supply Voltage 

The peak fundamental component 

Vpeak of a 6-step square waveform of 

amp 1 itude V A (Fig. F. 1) is : 

F. 1 -

FIG. F.l 

If the waveform represents the phase voltage of a motor 

driven from a 180° inverter, then the d.c. supply voltage to 

the inverter (E) ,for a fundamental phase voltage equal to the 

nominal motor phase voltage Vmax after allowing say 2% regula­

tion is, 

Substituting 310.6V for Vmax into equation F.2, for 50Hz fre­

quency operation: 

E = 1.61 X 310.6 = 500V 

at any other operational frequency Fg the value of E to maintain 

approximately constant flux inside the motor is calculated from: 

-

F.2 



E = ~· x F = lOF 
:>U S S 

although this is not applicable for very small values ofF. . s 

When the motor is supplied from a 120° inverter, the phase 

voltage waveform is different from that shown above, except when 

the motor is running on light load. To avoid saturation .inside 

the machine, the same voltage E is therefore used for both 

1200 and 1800 inverters. 

F.3 



APPENDIX G 

Steady-state Motor Torque Equation 

From the single-phase Rs j ws Ls2 Rr j ws Lr2 

equivalent circuit of an 

induction motor (Fig. G.l), 
( 1-S) j ws Le 

the steady-state torque Vmax 
s s 

equation is given by 71 

FIG. G.l 

G .1 

where: 

The maximum torque is given by: 

T = max 
0.75V{a 

G.2 
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ANALYSIS OF INVERTOR-INDUCTION MOTOR DRIVES USING A DIGITAL COMPUTER 

D. A. Al-Nimma and s. Williams 
Department of Electronic and Electrical Engineering, 
Loughborough University of Technology 

INTRODUCTION: Recently, the three phase d.c. link invertor has found a wide 
application in speed control schemes for induction motor drives,and several 
methods of analysing such systems have been presented.l,2 For an invertor 
with 180° conduction periods, a common approach! is to assume that the motor is 
supplied from a precisely defined rectangular waveform. Alternatively2 the 
symmetry of the invertor-motor unit has been invoked to allow analysis to be 
performed over a. part of the supply cycle. While sui table for steady state 
conditions, these methods may be unsuitable for transient operation where the 
invertor waveform will be influenced by the motor conditions and supply imped­
ances. Additionally, for inverters with 120° conduction periods, portions of 
the terminal voltage waveform will depend on the rotor currents and consequently 
may be difficult to define precisely. 

3,4 
To overcome these problems, a tensor technique based on the work of Kron· . has 
been established both to deal efficiently with the varying topology of the 
invertor circuit and to allow the whole system to be analysed simultaneously. 
Using this technique, investigations of unusual operating and fault conditions 
present no problem. 

TENSOR ANALYSIS OF THE INVERTOR: The most common d.c. link invertor is the 
three phase bridge shown in Fig. 1, where the input voltage E is frequently 
derived from a three-phase bridge controlled rectifier. The sequence of thy-. 
ristor switching is 1 6 3 2 5 4, and a total of 6 circuit configurations are 
possible in the case of an invertor with 180° conduction periods. For 120° 
conduction periods the situation is more complicated and 12 different topo­
logies are.possible. 

In order to facilitate the analysis of the circuit, the following assumptions 
are made: 
a. All the diodes and thyristors are perfect switches. 
b. Each diode/thyristor combination is treated as one element since they 

ne~er conduct simultaneously. 

The circuit of Fig. l (considerin~ the stator as a road only) has 11 branches and 
6 nodes; 6 independent currents l in] (i.e. ia ~if) are therefore necessary to 
completely define the system. w~th these chosen to be as far as possible the 
thyristor currents (the last being the sou:rce current) a transformation tensor 
linking the primitive· currents of Fig. 1 and the independent currents follows as 

1 
1 

[cP] -1 -1 
= 

1 1 

-1 -1 

-1 

-,; 

The primitive resistance 
are given by: 

1 
1 

l 

-1 -1 -1 l 

l 1 

-1 -1 

-1 -1 1 

1 

1 

[ 1 d t he p'rimitive inductance tensor llpJ tensor Rp an 



[Rp]= diag [ O, o, o, o, o, o, ra, rb, re, rsh' rs' 0]. 2a 

(Lp]= diag [ o, o, o, o, o, o, La, Lb, Le, 0, L5 , 0] 2b 

and the primitive voltage tensor [ vP] by 

[vP] = [o, o, o, o, o, o, o, o, o, o, o, E] • • • • 3 

If the voltage across· the capacitor is treated as the source voltage, the 
primitive capacitor voltage tensor [sQp] is given by, 

[sQJ = [o, o, o, o, o, o, o, o, o, Q/Csh• o, o] .... 4 

where Q is the charge on the capacitor. Since this is an additional inde-
pendent variable, [sQP] must be calculated at every step. 

Having determined the primitive imfedance and voltage tensors, the equations 
for the indpendent system (i.e. [ Vnj = [ Rn][ in] + [ Ln][ in'] + [ SQn}) could be 
established using the famiiiar.relationships: 

Sa 

Sb 

Although the approach above is mathematically rigorous, since the operation of 
the invertor is controlled entirely by the triggering and commutation of the 
thyristors, in practice only two or three thyristors may conduct simultaneously. 
Gonsequently,only two or three independent currents are necessary, and this 
leads us to form another tensor rcnl which links the new currents [inn, and 
the independent currents [inl. ±n ~he program this tensor is produce~ by a 
special subroutine whenever'~he circuit topology changes. 

The new resistance, inductance and voltage tensors are therefore calculated as 
follows: 

[Rnn] = [en] t [ Rn][ en] [ Lnn] ~ [ Cnjt [ Ln][ Cn] 

[vnn] = fcnjt [vn] [ SQn] = [ Cn] t [ SQnn ] 

Solution of the network equation: 

[in~] = [Lnntl { [ Rnn] [inn] + [ SQnn] - [ Vnn] } 

Q' = [ S<J[ inn] 

6a 

6b 

7a 

7b 

(where[cK]is a row matrix linking [inn] and the capacitor current) 
can now proceed numerically. Once these variables have been found, the 
currents [in] and all branch currents [ipl can be determined from the primitive 
transformation tensor using the relationsbips: 

• • . • 8 

The stator voltages can be easily calculated using the stator impedances and 
the stator currents and their derivatives. 

EXTENDING THE ANALYSIS TO INCLUDE THE INDUCTION MOTOR: For ease of' establish­
ing the validity of the invertor model, in the previous section it was assumed 
that the load was simply a star connected inductive impedance, and if a simple 
induction motor model is adopted, this could well form the stator of such a 
system. The extension to include the rotor circuit merely require.s: 

a. additional terms in the enlarged connection and impedance tensors. 
b. the includion of the well-known dynamic equation of the motorl. 



Direct solution of the machine equations in phase quantities is used since this 
permits a wide class of operating conditions to be studied conveniertly 
In this case it is more convenient to solve for fluxes [P] (from [dP = (Rnn][ in~ 
+ [sQnn] _- [vnn}1 the core- losses, saturation effects and space···harmonics being 
neglected) rather than for currents and to obtain the currents from: 

[inn] = [ Lnrr [ P] 9 

COMPUTER PROGRAM AND RESULTS: A simplified flow chart of the computer program 
used in the analysis of the invertor-motor system is shown in Fig. 2. The 
fourth-order Runge-Kutta numerical integration procedure is used in the solution 
of the system equations, and an appropriate step length to ensure stability is 
chosen from a determination of the system eigenvalues. The program operation 
is controlled by a system state array (which has six elements associated with 
the six bridge thyristors) and this is updated whenever a change in the state 
of the bridge occurs. A special subroutine then uses this array to produce 
the correct [en] tensor. 

Two sets of computed result~ are presented. Fig. 3 shows motor phase current, 
electric torque and motor phase voltage for an invertor with 180° conduction 
periods. Fig. 4 shows the same information but for an invertor with 120° 
conduction periods. Both sets of results show the machine running up from 
rest under no ~oad, until at t = 0.3 sec full load torque is applied. 

The experimental data is taken from the results of a previous study5 and is as 
follows 

Invertor E 

Rs 

Ls 

= 

= 

= 

540 V 

o. s n 
0.02 H 

i'sh = o.os n 
5250 JJF 

Motor: Name plate details, 3.7 KW 230 V 4 pole 50Hz 
Stator resistance = 1.28 S1 Rotor resistance = 1.3 S1 
Self inductances of three phase stator and of rotor circuits = 0.118 H 
Mutual inductances between stator phases and between rotor phases = 0.054 H 
Maximum mutual inductance between three phase stator and rotor circuits= 0.108 H 
(All values referred to stator) • 

CONCLUSION: An efficient method of analysing an invertor motor system using 
a digital computer has been presented. The technique is able to cope with all 
operating conditions of the system, including transient, unbalanced and fault 
conditions and it may be used to study systems with both 180° and 1200 invertor 
conduction modes. 

For the computed results obtained, excellent agreement has been shown to exist 
with experimental results obtained previously for steady state operationS, and 
this gives a high degree of confidence in the ability of the program to solve 
transient and fault conditions satisfactorily. 

REFERENCES: 
1. DE SARKAR, A.K. and BERG, G.J.: 'Digital simulation of three phase induct­

ion motors', IEEE Trans. Power App. -& Syst., Vol. PAS-89, No. 6, July/ 
August 1970, pp. 1031-1036. 

2. LIPO, T.A. and TURNBULL, F.G.: 'Analysis and comparison of two types of 
square wave invertor drives', IEEE Trans. Ind. Applic., Vol. IA-11, No.2, 
March/April, 1975, pp. 137-147. 

3. 
4. 

KRON,. G.: 
WILLIAMS, 
thyristor 
795. 

'Tensors for circuits' (Dover 1959) 
S. and SMITH, I.R.: 'Fast digital computation 
bridge circuits.' Proc. IEE , Vol. 120, No. 7, 

of three phase 
July 1973, pp 791-

5. QUINN, A.: 'Two modes of operation for an invertor-fed induction motor 
system', M.Sc. thesis, Loughborough Univ. of Tech., 1976. 
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Fig. 1 The invertor motor circuit 
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COMPUTATION OF INVERTOR-INDUCTION MOTOR DRIVES USING A TENSOR TECHNIQUE 

D.A.B. Al-Nimma and S. Williams • 
Department of Electronic and Electrical Engineering, 
University of Technology, Loughborough, Leics. LEll 3TU, U.K. 

ABSTRACT 

The paper describes a method which has been developed for the analysis of 
invertor-induction motor drive systems. To ensure a correct digital 

·Computer solution during all operating and fault conditions the technique 
is based on the work of Gabriel Kron, and can cope efficiently with the 
varying topology of the invertor circuit. A direct-phase model has been 
adopted for the induction motor and good agreement has been obtained 
between computed and experime~tal results, using both 180° and 1200 con­
duction period inverters, over a wide range of transient and steady-state 
conditions. 

INTRODUCTION 

Recently, the three phase d.c. link invertor has found a wide application 

in speed control schemes for induction.motor drives, and several methods 

of analysing such systems have been presented. 1•2 • 3• 4 For an invertor 

with 180° conduction periods, a common approach1 is to assume that the 

motor is supplied from a precisely-defined rectangular waveform. Other 

papers have been based on this assumption, but have analysed the machine 

performance using techniques such as a Fourier analysis2 and transition 

matrice~, or have invoked the symmetry of the invertor-motor unit to allow 

4 analysis to be performed over a part of the supply'cycle. While suita-

ble for steady state conditions, these methods may be unsuitable for 

transient operation where the invertor waveform will be influenced by 

the motor conditions and supply i•mpedances. Furthermore, with inverters 

employing 120° conduction periods, one or more of the machine terminals 

will be open-circuited for various periods during each supply cycle, and 

during transients the machine terminal voltage wave-shape will change sig-

nificantly. Thus the analysis of this type of invertor is by no means 

straightforward. 



----- ---------------------------------------------------~ 

To overcome these problems, a tensor technique based on the work of Kron5 •6 

has been established both to deal efficiently with the varying topology of 

the invertor circuit and to allow the whole system to be analysed simultan-

eously. Using this technique, investigations of unusual operating and 

fault conditions present no problem. 

TENSOR ANALYSIS OF THE INVERTOR 

The most common d.c. link invertor is the three phase bridge shown in Fig.l, 

where the input voltage E is frequently derived from a three-phase bridge 

controlled rectifier. The sequence of thyristor switching is 1 6 3 2 5 4, 

and a total of 6 circuit configurations are possible in the case of an in-

vertor with 180° conduction periods. For 120° conduction periods the 

situation is more complicated and 12 different topologies are possible. 

In order to facilitate the analysis of the circuit, the following assumpt­

ions are made: 

a. All the diodes and thyristors are perfect switches. 

b. Each diode/thyristor combination is treated as one element since they 

never conduct simultaneously. 

The circuit of Fig. 1 (considering the stator as a load only} has 11 

branches and 6 nodes; 6 independent currents (in] (i.e. ia-7 if} are there-

fore necessary to completely define the system. With these chosen to be 

as far as possible the thyristor currents (the last being the source 

current} a transformation tensor linking the primitive currents of Fig. 1 

and the independent currents follows 



I 

1 
1 

1 
1 

1 
-1 -1 -1 -1 -1 

[cPJ = 
1 1 (1) 

1 1 
-1 ·-1 -1 -1 
-1 -1 -1 1 

1 
1 

,The primitive resistance tensor [Rp]' the primitive inductance tensor [LP J 
and the primitive inverse of capacitance tensor [sp J are given by 

[RP 1 = diag [ o, o, o, o, o, o, ra' rb' re' rsh' rs, 0 J (2a) 

[tp J = diag [o, o, o, o, o, o, ~a' ln' L ' c 
o, L

5
, o] (2b) 

[sp J = diag [o, o, o, o, o, o, o·, o, o,. l(Csh' o, 0] (2c) 

and the primitive voltage tensor [vp] by 

IV l. = [ o, o, o., o, o, o, o, o, o, o, o, E] 
LP-

(3) 

Having determined the primitive impedance and voltage tensors, the equations 

for the independent system (i.e. [v;J = [Rn] [in] + [Ln][inJ + [sn] Ji10) 

could be established using the familiar relationships: 

[Rn] = [cp]t [RP] fp 1 
[vn]= [cPr [vP} 

Although the approach above is mathematically rigorous, since the operation 

of the invertor· is controlled entirely by the triggering and commutation of 

the thyristors, in practice only two or three thyristors may conduct simult-

aneously. Consequently, only two or three independent currents are neces­

sary, and this leads us to form another tensor [cnJ which .:inks the new 

currents [inn J and the independent currents [in]. In the program this 

tensor is produced by a special subroutine whenever the circuit topology 

changes. 

. . 
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The new resistance, inductance, inverse of capacitance and voltage tensors 

are therefore calculated as follows: 

(Sa) 

(Sbl 

Solution of the network equations: 

[innJ = ~nnT1{[Rnn] ~nn] + [snn) Q - IvnnJl 

Q' = [cK] f!-nn] 
(6a) 

(6b) 

(where [cK] is a row matrix linking ~nn] and the capacitor current and 

Q is the charge on the capacitor) can now proceed numerically. Once 

these variables have· been found, the currents [in] and all branch 

currents [ip] can be determined from the primitive transformation tensor 

using the relationships: 

The stator voltages can be easily calculated using the stator impedances 

and the stator currents and their derivatives. 

EXTENDING THE ANALYSIS TO INCLUDE THE INDUcriON MOTOR 

For ease of establishing the validity of the invertor model, in the 

( 7) 

previous section it was assumed that the load was simply a star connected 

inductive impedance, and if a simple induction motor model is adopted, 

this could well form the stator of such a system. The extension to 

include the rotor circuit merely requires: 

a. additional terms in the enlarged connection and impedance tensors. 

b. the inclusion of the well-known dynamic equation of the motor. 1 

bireci: solution of the machine equations in phase quantities is used 

since this permits a wide class of operating conditions to be studied 

conveniently. In this case it is more convenient to solve for fluxes 

[ t/J] (from idt/J] = [R ]rli 1+ fs 1Q- fv 1, the core losses, saturation I.: nn nn.:. ;.. nn.. L. nn _ 

______ j 



effects and space harmonics being neglected) rather than for currents and 

to obtain the currents from: 

(8) 

COMPUTER PROGRAM AND RESULTS 

A simplified flow.chart of the computer program used in the analysis of 

the invertor-motor .system is shown in Fig. 2. The fourth-order RUnge-

Kutta numerical integration procedure is used in the solution of the 

system equations, and an appropriate step length to ensure stability is 

chosen from a determination of the system eigenvalues. The program 

operation is controlled by a system state array (which has six elements 

associated with the six bridge thyristors) and this is updated whenever 

a change in the state of the bridge occurs. A special subroutine then 

uses this array to produce the correct [en J tensor. Experimental 

results were taken on· a small laboratory induction motor which had the 

following parameters: 

Name-plate details: 1 h.p. 220/240 V · 6 pole 50 Hz 

Stator resistance per phase = 5.090 Rotor resistance per phase = 5.090 

Self inductances of rotor and stator windings = 0.499 H 

Mutual inductances between stator phases and between rotor phases = 0.232 H 

Maximum mutual inductance between 3 phase stator and·rotor circuits= 0.465H 

(all values referred to stator). 

Very good agreement between computed and experimental results was obtained 

during steady-state operation and as an illustration of the agreement 

obtained during transi~onditions the very severe test of plugging was 

chosen. Fig. 3 shows practical and computed results of motor phase voltage 

and current for both 180° and 120° inverters during the test in which, 

supply frequency = 25 Hz 

period of disconnection = 80 milliseconds 



invertor voltage = 250 V 

source impedance ~ o.sn,· o.o2H 

filter branch = o.o5n, 5ooo ~F 

CONCLUSION 

An" efficient method of analysing an invertor motor system using a digital 

computer has been presented. The technique is able to cope with all 

operating conditions of the system, including transient, unbalanced and 

fault conditions and it may be used to study systems with both 180° and 

0 120 invertor conduction modes. 

Excellent agreement has been shown to exist between experimental and 

computed results giving a high degree of confidence in the method of 

analysis described. 
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Modelling a variable-frequency induction­
motordrive 

Dhiya A.B. AI·Nimma and Stephen Williams 

Indexing terms: Electric drives, Induction moton, Modelling 

Abstract: A tensor method has been developed for the analysis of inverter-induction-motor drives using a 
digital computer. Good agreement has been obtained between computed and expCrimental results, over a 
wide range of transient and steady-state conditions. 

1 Introduction 

The tensor techniques first developed by Gabriel Kron have 
already been used for the analysis of synchronous-machine· 
thyristor bridge systems.' and a recent paper has described 
their use for the analysis of d.c. motor drives.' 

Several methods of analysing inverter-induction-motor 
systems have previously been presented, and a common 
approach has been to assume that the motor is supplied 
from a precisely defined waveform.'· 4 While applicable to 
steady-state conditions, these methods may be unsuitable 
for transient operation where the inverter waveform will be 
influenced by the motor conditions and supply impedances. 
Furthermore, with inverters employing 120° conduction 
periods, one or more of the machine terminals will be open 
circuited for various periods during each supply cycle, and, 
during transients, the machine terminal waveshape will 
change significantly. Thus the analysis of this type of in· 
verter is by no means straightforward. 

To overcome these problems, the tensor method has 
been employed to deal efficiently with the varying topology 
of the inverter circuit, and investigations of unusual opera!· 
ing and fault conditions present no problem. 

2 Tensor analysis of the inverter 

The most common d.c. link inverter is the 3-phase bridge 
shown in Fig. 1, where the input voltage E is frequently 
derived from a 3-phase bridge-controlled rectifier. A total 
of 6 circuit configurations are possible for an inverter with 
180° conduction periods but, for 120° operation, the 
situation is more complicated and 12 different topologies 
are possible during the normal operation. The following 
assumptions are made: 

(a) All the diodes and thyristors are perfect switches. 
(b) Each diode/thyristor combination is treated as one 

element since they never conduct simultaneously. 

Fig. 1 Inverter-motor circuit 
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The circuit of Fig. I (considerlng the stator as a load 
only) requires 6 independent currents [inl (i.e. ia-> i1) to 
completely define the system. With these chosen to be as 
far as possible the thyristor currents a transformation 
tensor linking the primitive and independent currents of 
Fig. 1 follows: 

1 

I 

-I -I -1 -1 -1 
[Cp] = (1) 

I 

-1 -I -1 -1 

-I -1 -1 

1 

The primitive resistance tensor [Rp] and the primitive 
inductance tensor,[Lp] are given by 

[Rp] = diag [O,O,O,O,O,o,r • .r •. rc,r,h, r,,O] (2a) 

[Lp] = diag [O,O,O,O,O,O,La.Lb,Lc,O,L.,O] (2b) 

and the primitive voltage tensor [Vp] and the primitive 
capacitor voltage tensor [SQp] are given by 

[Vp] = [0,0,0,0,0,0,0,0,0,0,0,£]' (3a) 

[SQp] = [0, 0, 0, 0, 0, 0, 0, 0, 0, qjC,h, 0, O]' (3b) 

where q is the instantaneous charge in the filter capacitor. 
Having determined the primitive impedance and voltage 

tensors, one could establish the equations for the indepen­
dent system (i.e. [V.] = [R.] [i.J + [Lnl [in] +[SQ.]) 
using the normal tensor relationships 

[R.] = [Cp]'[Rp] [Cp] 

[L.] = [Cp]'[Lp] [Cp] 

and 

[V.] = [Cp]'[Vp] 

[SQ.] = [Cp]'[SQp] 

(4a) 

(4b) 
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However, since the operation of the inverter is controlled 
entirely by the triggering and conunutation of the thyristors, 
in practice only two or three devices conduct simultaneously, 
and this leads us to form another tensor [Cn] which links 
the new currents [innl of the 'reduced network' to those 
for the independent system [in]. In the program this 
tensor is produced by a special subroutine whenever the 
circuit topology changes. The new circuit tensors are 
therefore calculated as follows: 

[Lnn] ~ (Cn] 1 [Ln] [Cn] (Sa} 

!VnnJ ~ [Cn] 1[VnJ. [SQnnJ = [Cn] 1[SQn](Sb} 

Solution of the network equations: 

[i~nJ =-[Lnnr'{[Rnn] !inn]+ [SQnnJ- !VnnJl (6a} 

(6b} 

(where [CK] is a row matrix linking [inn] and the capacitor 
current) can now proceed numerically. 

3 Extending the analysis to include the induction 
motor 

In the previous Section it was assumed that the load was 
simply a star-connected impedance,and if a simple induction 
motor model is adopted, this could well form the stator of 
such a system. The extension to include the rotor circuit 
merely requires: 

(i) additional terms in the enlarged connection and im­
pedance tensors 

(ii) the inclusion of the dynamic equation of the motor 
Direct solution of the machine equations in phase 

quantities is used since this permits a wide class of opeiating 
conditions to be studied conveniently. In this case it is 
more convenient to solve for fluxes [ 1/t] (from-[dl/t] = 

read system parameters (Cpl and initial conditions 

call Runge-Kutta integration routine and get new 
values of (P] , 0, rotor angle and 5peed 

update all system 
variables 

Fig. 2 Computer program flow chart 
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[Rnnl [innl + [SQnnl- [VnnJ, the core losses, saturation 
effects and space harmonics being neglected) rather than 
for currents, and to obtain the currents from: 

(7) 

4 Computer program and results 

A simplified flow chart of the computer program is shown 
in Fig. 2. The fourth-order Runge-Kutta numerical inte­
gration procedure is used in the solution of the system 
equations, and an appropriate step length is chosen from a 
determination of the system eigenvalues. The program 
operation is controlled by a system state array (which has 
six elements associated with the six bridge thyristors) and 
this is updated whenever the bridge topology changes. A 
special subroutine then uses this array to produce the 
correct [Cnl tensor. Experimental results were taken on a 
small laboratory induction motor with the following 
parameters: 

(a) Name·plate details: I hp 220/240 V 6·pole 50Hz 
(b) Stator resistance per phase= 5·09 n 
(c) Rotor resistance per phase = 5 .()9 n 
(d) Self inductances of rotor and stator windings = 

0-499H 
(e) Mutual inductances between stator phases and 

between rotor phases= 0·232 H 
· (f) Maximum mutual inductance between 3·phase stator 
and rotor circuits = 0-465 H 
(all values referred to stator). 

.• 
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Very good agreement between computed and exper­
imental results was obtained during steady-state and tran­
sient operation and as an illustration the very severe test of 
plugging was chosen. Fig. 3 shows practical and corn· 
puted results of motor phase voltage and current for a 180° 
conduction period inverter, and Fig. 4 shows the same 
information for an inverter with 120° conduction periods. 

5 Conclusion 

An efficient and accurate method of analysing an inverter 
motor system using a digital computer has been presented. 
The technique is able to cope with all operating conditions 
of the system, including transient, unbalanced and fault 
conditions and it may be used to study systems with both 
180° and 120° inverter conduction modes. 
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