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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 énalysing such systems have been presen-
ted. For an inVerter with 1800 conduction periods, a common
approach is to assume fhat the motor is supplied with a precisely
defined rectangular waveform. Several other papers haQe 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 symmetry of the inverter motor
unit to allow analysis to be performed over part of the supply
cycle. While suitable for steady-state conditions, fhese 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 during transients the
machine terminal voltage waveshape will change significantly.

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

ward.

i

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

A



conventional transformed 2-axis model, the direct phase mode]
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 laboratory
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 performancé,

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

ients, has been achieved.
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List of Principal Symbols

Suffixes denoting direct phase variables.

Suffixes denoting transformed 2-axis variables.
Suffixes denoting transformed 3-axis variables.

Inverter main power thyristors.

Inverter auxiliary thyristors.
Freewheeling or return diodes.

Conduction period of the return diodes.
Commutating resistors.

Inverter supply and filter resistance.
Resistance in the filter capacitor branch.
Phase a,b and c load resistances.
Thyristor/diode operational resistances.

Resistance per phase of the stator and
rotor circuits, respectively.

Commutating inductors.
Inverter supply and filter inductance.
Phase a,b and ¢ load inductances.

Self inductances per phase of the stator
and rotor circuits, respectively.

leakage inductances per phase of the stator
and rotor circuits, respectively.

Mutual inductance between stator phases.
Mutual inductance between rotor phases.

Exciting inductance of the induction
machine equivalent circuit.

Maximum mutual inductance between stator
and rotor circuits.

Commutating capacitors.

Inverter filter capaci tance,

Inverter supply d.c. input voltage.
Inverter d.c.-link instantaneous voltage.
Inverter auxiliary d.c. supply voltage.

Instantaneous voltages across €, and Ct
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Inverter d.c. link instantaneous current,

Instantaneous currents through branch
1,2,3... of the primitive network.

Ins tantaneous independent currents of the
basic network.

Instantanecus independent currents of the
reduced network.

Instantaneous independent stéte variables
for the model subroutine method.

Instantaneous charge on Csh'

Relative position angle of the rotor with
respect to stator.

Instantaneous motor speed
Synchronous speed.

STip.

Electromagnetic torque developed.
Mechanical torque applied.
Moment of Inertia.

Number of pole pairs.

Rotor friction coefficient.
Instantaneous supply frequency.
Initial increase of f.
Steady-state operational frequency.

Slip frequency at which. maximum torque
is produced. '

Time for f to reach Fs .
Time.
d/dt operator.
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Primitive network resistance tensor.
Basic network resistance tensor.
Reduced network resistance tensor.
Resistance tensor of the motor system..
Primitive network inductance tensor,
Basic network inductance tensor.
Reduced network inductance tensor.
Inductance tensor of the motor system.

Primitive network rotational voltage coefficient
tensor of the inverter-motor system.

Basic network rotational voltage coefficient tensor
of the inverter-motor system.

Reduced network rotational voltage coefficient
tensor of the inverter-motor system.

Rotational voltage coefficient tepsor of the motor
system.

Primitive network inverse-of-capacitance tensor.
Basic network inverse-of-capacitance tensor.
Reduced network inverse of capacitance tensor.

Primitive network instantaneous capacitor voltage
tensor.

Basic network instantaneous capacitor voltage
tensor.

Reduced network instantaneous capacitor voltage
tensor, .

Primitive network instantaneous source voltage
tensor.

Primitive network instantaneous branch voltage
tensor. : '

Basic network instantaneous source voltage tensor,

Reduced network instantaneous source voltage tensor.

Instantaneous voltage tensor of the motor system.

Mesh-sum thyristor/diode instantaneous voltages of
the bridge inverter.

Primitive network instantanecus branch current tensor.
Basic network instantaneous independent current tensor.

Reduced network instantaneous independent current
tensar,

Instantaneous current tensor of the motor system.
Instantaneous flux tensor of the motor system.
Reduced network instantaneous charge tensor.
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Transformation tensor between primitive and
basic networks. '

Transformation tensor between basic and reduced
networks.

Transformation tensor between the motor direct
phase and transformed axes variables.

Row matrix 1ink the filter capacitor current and
[ ].

* A11 other symbols are defined as they appear.
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CHAPTER 1
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 siﬁp]e manner. In many applications, however, the
commutator is an embarrassment, since it requires periodic
maintenance and can present considerable probiems in, for

instance, hazardous environments.

A.C. motors, such as the squirre] cage induction motor and
the synchronous reluctance motor, have a simple rotor construc-
- 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,] 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 rﬁta-
ting machine sets have been used for many years although they, too,

have many disadvantages.]

Electronic power convertors involving thyratrons have also

been used in speed control systems % but because of difficulties




encountefed 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 transistors and thyristors. The thyristor,
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 interna11y'generated is independent of load and

transient conditions.

There are two basic types of static frequency convertors,
in the first, the <:yc1oconvertm*?i“7 the a.c. supply frequency
is converted directly into a.c. of variable frequency. In this
case, the thyristors are used to selectively connect the load
to the supply source, so that the Tow-frequency output voltage
waveform is fabricated from segments of the supply voltage wave-
form, The disadvantag? of this type of convertor is that the _
highest output frequency is limited to not more than 1/3 of the 1
supply frequency if too high a harmonic content is to be avoided. |
The second type of convertor is the d.c.-link 3-phase bridge7_15
inverter, in which the a.c. supply is first rectified to d.c. 1
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 _




hundred hertz. Mainly for this reason, d.c-1link 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 coriduction periodof the main
thyristors of the inverter. It can theoreticé11y be fixed at any
interval between less than 900 and 180°. However, intervals of
1200 and 180°.are particularly advantageous, and both are in

widespread use 022

Many papers have analysed an induction motor supplied by a
d.c.-T1ink typeinverter, and a common approach has been to
assume that the motor supply has a precisely defined waveform.
Based on this assumption, analytic soiytions have been obtained,
using‘for example matrix methoas%3'26Fourier‘ana]ysiEZ'z%ime domain

2% time domain complex

analysis based on the 2-reaction theory,
variab]ego and a method of mu]tib]e reference frames§]'32 While
suitable for motors driven by 1800 ijnverters, these techniques are
unsuitable for systems employing 1200 inverters, since in this T
case the inverter vo]tagéno]onger hésa\uell—defined waveform and \
its shape varies considerably during transient and changing load m/j
conditions. However, analysis of the motor driven by this kind

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

analysing each circuit confiquration separate]y.33 In this study,




the d.c. voltage across the inverter was assumed constant.

Another study34 was to invoke the symmetry of the inverter and

the motor and- to ana1y§e only 1/6 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
computer,35 but again assuming that the motor supply voltage
wayeform is known, and fixed. Altermatively,an analogue com-

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

mance and some dynamic conditions of the inverter-motor system.36-38
Although this study has included the effect of the inverter

supply and filter impedances, it is limifed to normal operations
and to systems employing '180° inverters. It appears from the
literature that a study of the dynamic behaviour of systems with
1200 inverters has not been presented. - Morepver, 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 1800 and 120° inverters, it is therefore important
that the inverter with its associated supply and filter impedances

are included,

—

The analysis of the inverter-induction motor system using a H)
digital computer is undertaken in three separate sfages, and these

are presented in the thesis. Inthe first stage, three techniques j



of analysing an inductively-loaded inverter are presented and

discussed, these being the model subroutine?g'm%he resistance,43

and the tensor techniqug4’4gethods. Among these the tensor
technique is fiha11y adopted, due to its significant advantages
when compared with the other two methods. The technique, which
is based on the work of Kronf6’4gas been succéssfu?]y applied

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

The second part of the analysis deals with-the induction
motor. Three models are presented and discussed, the direct

35
phase, the conventional transformed 2-axis48

and the trans-
formed 3-axis mode15.49 Among these, the transformed 3-axis model
is finally adopted since 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 s&;tem. Several operating
and fault conditions are studied, and results for start-up, Toading,
braking, plugging, sudden frequenc& changes, stator phase short

circuitand stator phase open circuit conditions are presented.

Finally, the variable frequency performance of the induction
motor is considered. It was shown by Lawrenson and Stephenson50
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



control technique. Results of the start-up performance for all
variable frequency starting techniques are compared with the

usual direct-on-line starting method.

fhroughout the thesis, the theoretical investigation is
supported by considerable experimental work, and good agreement
is obtained between the computed and expérimenta1 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.




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
me thods a}e discussed. Subsequently, the individual d.c. side
commutation method is eip]ained in detail and i; considered

exciusively in the work described in this chapter.

Considerab]e.attention is given to two widely used inver-
ters (i.e. those with 120° and 180° 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 é-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 (T]-+T6)
at uniform intervals. Diodes (D1A-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 Vg 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.



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 fofce the current to zero (forced commuta-
tion). The most widespread application of forced commutation
tecnniques in inverters is 'impu1se'commutatﬂnfswhich 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-

tation).

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 conmutation 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




be turned off by reducing momentarily the anode potential below
the cathode potential, or a1£ernative1y 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 puise is applied to the d.c. or a.c. termi-

nals of the thyristor by the auxiliary circuit.

The auxiliary Eommutating circuits can be arranged either
to reverse bias‘ail inverter thyristors simultaneously (fully
comnutated), or half the total number (half commutated), or only
one {individually commutated).

Half and individual a.c.-side commutation techniques are
widely used for medi um and high power inverter motor drives'M’S2
while full d.c.-side commutation is the normal process used for
low-power inverter motor drives]3i53 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 tﬁe decay of the resultant circuia-
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 Qeny 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 uniform intervals
throughout the sequence 1-2-3-4-5-6. Each auxiliary thyristor
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 Sectioh 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
odtput 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 is 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 e1sewhere54.

Consider the instant at which thyristor T1 is given a
reverse bias via the auxiliary  thyristor A]. Fig. 2.3 shows
the state of the relevant part of the circuit immediately before:
the commutation process begins. At this stage only thyristor T]

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

The commutating capacitors Ct and Ct are charged, with

the polarity shown, from a previous1process€ and this gives
thyristor A] a forward bias. When A] is triggered, point y,
whose potential is below Vg by the amount vc], is connected to
the anode of thyristor T]. Thyristor T] is thus reversed biased

and its current is thereby forced to zero.

Diode Di becomes forward biased and helps to shunt the
commutated Toad 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 1200 or 180° duration. This type of pulse is

necessary with inverters supplying inductive Toads and it also

produces closed-loop current via the load at starting, since the
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trigger pulses for the two thyristors overlap.

The gate circuit of each.thyristor_ is usually isolated
from the éssociated triggering circuit by means of a pulse trans-
former. It is therefore necessary, and desirable, as a means of
reducing gate dissipation, to present a train of short duration
pulses to the gates, instead of 120° (or 1809) 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 cyc]e; with these pulses being sequenced
and timed at the end of the conduction period of the main thy-

ristors.

In the case of 1809 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'ghort circuit fallt across

the d.c.-Tink 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 thyristor (and its corresponding auxiliary thyristor)

for 1200 and 1800 conduction periods are shown in Fig. 2.6.
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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 ensufe continuous a.c.
current in the motor. In general, turn-off and turn-on signals
are applied aTmost simultaneously to corresponding top and

bottom leg thyristors of the bridge.

Each main thyristor conducts for % cycle for resistive

loading, and less when the load is inductive.

2.4.2 17200 Inverters

In inverters with 120° conduction periods, the turn-on
signal for a particular thyristor is applied 600 after the com-
p]ementar} thyristorrin the opposite half of the conducting phase
has turned off. With a resiétive load, each phase 1is thereforé
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 pﬁase 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,

until it eventually becomes equivalent to 60°. 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 power factor is very low.

The conduction pattern of the main thyristors and the
return diodes 1is §hown in Fig. 2.7 for the two different con-
duction periods of 1800 and 1200, Note that the period of
current decay through the return diodes has been chosen arbi-

trarily.

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, btheqﬂise 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 1ine 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 ¢ircuit configu-

rations,




2.6 Qutput Voltage Waveforms

From the derived inverter circuit topologies of Fig. 2.8,
the theoretical output phase-voltage waveforms can now readily
be drawn., Fig. 2.%a shows the phase voltage for the 1800 inver-
ters. This waveform is the same for any load power factor, the
only difference being the period of conduction of the return-

. 1
diodes (DP). |

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 phése voltage waveform
becomes more complicated and is as shown in Fig. 2.9c. The Tower
the power factor of the load the higher the value of DP, until
60° is reached. The rhase voltage waveform 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.-1ink 3-phase bridge inverters employing both

120° 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 1209 inverter supplying

a high power factor load, when the output waveform is more compiicated.
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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.




CHAPTER 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  General Assumptions

Before describind the different methods of analysis, the
following assumptions are considered which §ignificant1y 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 + po. 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.



c) The thyristows 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 desired.

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 1nducti§e 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{Xx,t) 3.1



A numerical solution becomes even necessary when analysing

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

shown later in chapter 4.

At the end of each integration step, conducting thyristors
and diodes 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.

3.2.17 Model Subroutine Method

In this method, -each different operating condition of the
bridge inverter, associated with a different network topology,
is analysed separately. Kirchhoff's laws are used to produce the
di fferential equations defining the circuit conditions for the
particular topology, and each set of edgations is assigned to a
subroutine in the computer solution. Since, as mentioned in chapter
2, there are twelve different circuit topologies dﬁring 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, fhe case
when thyristors TI and Te and diode Dz'are conducting, the circuit

topology is as shown in Fig. 3.1. This circuit has three nodes,
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3 five branches and one capacitor, and four state variables Xy * Xy

are needed to define completely the ne twork equations, where;

X1 represents the source current

Xy represents the capacitor voltage

X3 represents the phase a current {towards the star
point)

Xg 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:

m
1

Rf x] + Lf px] + RSh CSh px2 + XZ

m
|}

= Rf Xq Lf px] + Ra x3 + La';?x3 - Rb Xg ~ Lb PX,
: 3.2

Ry X + by PXg = R, (=x5 = %) + L (-Px3 -pxy)

X1 = G PXp = X3

or in the form of equation 3.1
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Pxy = (X = X3)/Cqp,
Pxp = (E = ReXy = Ry Cop PXp-Xp) /L

(Lb+Lc) [(E-fo] = Lepxy - RX3 + Rox, - Lb/(LB+Lc))

PXy =
(be4 * ch3 ¥ ch4)]/(LaLb * LaLc * Lch)
pxg = =(RoXq + R.X3 + R.X, + Lc px3)/(Lb+Lc) 3.3

Once the differential equatiohs are established for any
particular topology, they can be solved numerically and the Toad
voltage and currents can be found. The current through a con-
ducting thyriétor (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 resfstor, as shown in Fig. 3.2, with the
switching action being simulated by an appropriate choice of this
resistor. Values of 0.050 for the on state and 300 ko 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.
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These can easily be developed in the form of equation 3.1. It
‘is obvious that under switching operation the network topology
remains uhchanged, 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 networks47 It allows for the

sw1tch1ng act1on of the d1odes and thyr1stors by produc1ng auto-

matically the_correct transformation tensor requxred to assemb]e
the appropriate network eqqat1ons.__w1lll§m§#aqg_$m1th4§_Jwegg

- the first to_use the method for the analysis of a line commutated

4

bridge converter and it is presented here for the ana]ysis_of”i@e

d.c.-link bridge inverter,

—

Before describing the steps in fhe analysis, it is advantag-
gous to assume initially that each para11é1 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 faci]itéte the analysis, the

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

their normal firing sequence.




3.2.3.17 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:
[Rp] = diag [R't, RZ, R3, R4, RS, R6’ Ra, Rb, RC’ Rsh’ Rf]

(The devices operational resistances R]~>R6 can be set to the

device's forward resistances).

un

(L]

b diag (0, 0, 0, O, 0, O, La, Lb’ LC, 0, Lf]

and [Sp]

diag [0, O, O, 0, O, O, O, O, O, ]/Csh’ 01 respectively.

The primitive current tensor [ip} is:

..
[pl = gy g5 T30 Tgs Tgs Tgo 170 Tgs igs Tqgs 4]
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The primitive voltage source tensor [vp] is
[v,] = [0, 0, 0, 0, 0, 0, 0, 0, 0, 0, E1t

The branch voltage tensor [vg] is

- t
[VB] = [v1, vz, Vas Vae Ve Vg v7, Vgs Vg» Vip? v11]

The primitive network equations can now be written:

Vgl = [RII] + [L,IpEE,T + [S1f 060 - Ivg] 3.4

3.2.3.2 Basic Network

The relationship between the primitive current tensor [1p]

and the independent current tensor

. Iy . . . . . .t
[jn] = [1A, 18’ 1C’ 1D’ 1E’ 1F]

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

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

ween the two sets of currents is; EJ
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i = iA
i, = ig
13 = ie
14 = L
i = i 3.5
1'6 = =1, ~ip -ic ~ip ~ig
17 = 1A+iB
ig = ic+iD
ig = -y ~Tg ~i¢ 7Tp
0= -4 -ig “igtip
= ¥
Tﬁese equations can be written in stgndard form as:
(i, = [C10H,] 3.6

where the transformation tensor [Cp] is




This tensor is then used to transform equation 3.4 to

an equation which describes the basic network
[Vl = [RIE,1 + [LIp[i} + [S.1/ [H,] 3.8

where [R,1» [Ln], [Sn] and [v,] are obtained from the following

standard transformations, based on invariance of power 47:
[R,] = [C1° IR 1IC,]
n p P
_ t
Ly] = [C1TIL,IIC,)
t 3.9
S, = [6,17IS,3LC,]
_ t
and [vn] --[Cp] [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, undef 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 example, when only thyristors T1 and T6 and diode 03 are con-
ducting, the basic network of Fig. 3.2 becomes the reduced net-
‘work of Fig. 3.4. With the 3-new independent current ([i ] =
[ix1’iX2’iX33t needed for this particular topology chosen as

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 1 0
[c, 1= 3.10
0 0 0
0 0 0
0 0 ]
L i

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.

Vo] = R 1+ [ IPT 1+ (S0 f 1 1 3.1

.

can now be obtained using transformations similar to equation

3.9:
R 1=161° [RIIC.]
nn nd Lol
L 1=1c1% [t 10C.]
nn n nitn
3.12
_ t
(s, 1= 161° [5,11C,]
and V.1 =(c]1% [v.]
nn n n

To rewrite equation 3.11 in the form of equation 3.7, a new

charge tensor [qnn]may be defined as
pla,,d = [ign]
and therefore 3.13

P 1= [t 17" v 1 -[R 1000 =15, 1, 1}

or in matrix form
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b, 1] [ m el [ o ]
= +
(ST (WS Ry CG (R o | ) (W oy YN |
3.14

- Since there is only one capatitor in the circuit, the above
systemof equations can be reduced in number by_an alternative
treatment of the caﬁacitor. If_fhe instantaneous charge on the
rc;pacitor is q , the in§tantaneous 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. [sq,] =[0,0,0,0,0,0,0,0,0,q /C,, 01"
(sa.1 = (1% [sq_] | 3.15
n Y P .
_ t
[sq,,) = [C,1"[sq,]
and therefore the new system equations become
. -1 .
plipgd = [y vy, ] - R I T = [sq, 1)

Pq = [CIIC I ]

where [C/] s row 10 of the [Cp] tensor.
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After solving equations 3.16 for [inn] and q , the inde-

pendent and primitive current tensors can be found from:

[i,] = 16,101 ,

3.17-

1]

. Co1ri
[i3 = [C,0,]

The thyristor and/or diode currents are given by the first six
components of [ip]. The current defivative tensors are calcu-

“lated as above from

pli ) = [CIP(i,,]
3.18
Pl = (G100 ]
The branch voltage tensor th] can now be calculated from
[vg] = [RIL] + (L, IR 1 + Tsa,] - [vy] 3.19

It should be noted that Vi Vg obtained from the above equa-
tions do not represent the thyristor/diode voltages when fhese
devices are non-conductjng, because R1—+R6 have been initially. set
to the device forward reﬁistances. However the off thyristor/

diode voltage can be found as follows:

By application of Kirchhoff's voltage law, an array of mesh-

sum thyristor/diode voltages [Vx] can be found as
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(v} = [RI[i] + [L Ip[i ] + [sq.] - [v,] 3.20

where [vx] has the form

V1~ Y%
Vo T Vg
V3~ VY
v, J= 3.21
V5 = Vg
0

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

Vs

remaining thyristor/diode voltages may be calculated immediately.

If thyristor (or diode) 6 is not conducting,'\:6 can be determined
from the element of [Vx] which corresponds to a conducting device

and vy~ Vg can be subsequently calculated.

The inverter current idcwhich is the current flowing into

the inverter as shown in Fig. 3.2 can be calculated as
+ is 3.22

and the inverter voltage Ve which is the voltage across the d.c.-

1ink (Fig. 3.2} is given by Vig (equation 3.19).




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 Iistjngs are also given.
The programs emplioy the Runge-Kutta-Merson numerical integration
routin:5’5§;d the integration step length is détermined'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 eigenva]ue.s7

As an illustration.of the validity of the programs,'
“experimental and computed results for both 120° and 180° inver-
ters and for the following inverter circuit parameters are pre-

sented:
E = 50V, Rf = 0,50, Lf = 0.02H, Rsh = 0,050, Csh = 5000 yF,

R = 1002 and La b.c - 0.022H, frequency = 50 Hz,

a,b,C L

The values of integration step length which ensures integration
‘stabiiity 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



33

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 wavefqrm (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 éorresponding r.ms.
voltage for the 180° inverter with the same system parameters.

As a result of this difference the powér transmitted through the
1200 inverter is less than that transmitted through the 180° 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 1200 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 deéree of confidence in the ability

of the methods described to simulate thyristor/didde 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 comp1i~

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 method the network topology is
constant, unfortunately a very small integration step length has
to be used to ensure integration stability. This is because,
irrespective of the circuit conditions, the maximum system eigén~
value turns’qut 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 bri dge 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 [Cn] 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 | Program execu-
Analysis ative eigen- Tength tion time for
valtue one complete
-1 cycle

(s™) (s) YEE (s)
Model sub- 3 -4
routine 0.43 x 10 1.0 x 10 ° 10
me thod
Resistance 6 -7
method 1.5 x 10 0.5 x 10 15,000
Tensor 3 -4
technique 0.43 x 10 1.0 x 10 14
method .




CHAPTER 4

MODELLING THE 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
Staniey 48, and employed susequently by many author558"6] .
The final model considered is a part transformation (of the
rotor circuit on]y); with the stator remaining unchanged. .
For certain systems, it thus combines thg advantages of both

the other mode1s.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 ogperate from a 3-
phase, 3-wire system, sinﬁe in an inverter-motor system, the’

neutral point is usually floating.

4,1 Direct 3-Phase Model

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



where

and

electrical angle between the axes of the two windings.
The airgap is uniform.
" 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:

[v. ]

[Ry1 (i) * Plyy) o

_ t
[Vm] - [Vsa’ Vsb* Vse® Vra® Vb Vrc]

e
Ol = Dgas Yspe Tser Trar Trp® Trcl

diag [R., R;s R, R.s R, R

(R.]

m

PIY,] = [PUgys Plps Phscs Phygs Phpps Pyl

The re]at{onship between the phase flux linkages [wm] and

the phase currents [im] are:

w1 = [L 0]



Lss

bsm

Lsm

Msr.cose
Msrcgs( 0+ 331

2n
thr_cos(e- —3—)
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sSs
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MSY'COS(6+ —2—)
_2m
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Ms GOS8
M .cos (6~ &0
Msrcos.( 8+ -2311)
er

rm
Lem

Msrcos(e+ -3-)
Msr,cose

M, .cos (B~ %1)
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Msr'cos(e+
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Taking the derivatives of both sides of equation 4.2

gives:
Pyl = [Ly] PLi ) + -5 [L1-pOLi ] 4.4
where:
[ N 0 2Ty i 2m]
0 0 0 sing s1n(e+3q sin(6--x)
0 0 0 ‘sin(B-%T—r) siné sin(e+g.})
. 2m . 2w .
0 0 0 sin(6+) s1n(e-34 sing
3 . .
oltnl= M
sing sin(e-%?) sin(e+%?) 0 0 0
3 2n . . 2m
sin(B+—) sind sin{8-=)} 0 ‘ 0 0
. 2m . 2 . '
sin(8-%) sin(8+3) sind 0 0 0 i
4,5

By substituting equation 4.4 into equation 4.1:
_ _ . . 3 .
v 1 = RG]+ (L Iplig] + o2 [L el ] 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 & makes the coefficients

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:
pli_T = L 17 (v ] - (RM] - 2 (L] poli 1} 4.7

If a step-by-step numerical integration routine is used
then, at any calculation step, a knowledge of 6 is required to
form [L_] and g% [L,] and thus to calculate [Lm]'l. 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:
o1 . .t 2 . -
T, = (P) [ig) =5 (LI 4.8

The rotor electric angle & and the speed p® required in
the next step of the calculation can be obtained by integrating

the machine dynamic equation

pe+Tm:T 4.9

e

J 2
FP g + Kf

which may conveniently be rewritten

f
=

ps
4.10

1

p
=g (Te - Tp ~ K W)

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-axis currents

62
are:
Tsa = Tsq
i _ 1 V3 .
Ysb T T3 lsd T T g
) ; _o ] i V3
sC 2 'sd 7 sq
4.11

ira = ird cosH + irq sind
. . pa . . 2

’ iy = Tpg COs (6 + 7;) + T sin (0 4——§Q
. s 2m . . 27
fe = 1,408 (6 - 7?) + Tpq sin (6 - TT)

Note that because the three actual phases are replaced by
a system of 2-axis coils, the unit of the 2-axis currents is-%

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 4.71 gives rise directly to the transformation

tensor
o 0 0
1 V3
-7 - 0
(Cl-= | - % -3 0
Z
0 0 coso
- 2T
0 0 cos(6 + 7;4
0 0 cos(6 - %;)

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

by applying the transformation (detailed in reference 63 ) to

0

0

0

sing

sin(e + %;)
sin(6 - %;J

equation 4.1. The new system equations have the form

fv] = [RIM 1+ [6.1p0 [1]+[L]p {i]

where [vm] is now
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- - 1 1 _
0 I [ I B o]
i A s
3
Ysq o 7z -7 0 0 0 'sb
-2
2m am, | [Vra
Vg 0 0 0 cos6  cos{6- T) cos (9~ —3—) .
rb
Vre
. , 2 . 4 L
i o 0 0 sing  sin(e- 5) sin(e- )
4,14

s e . . .ot
[1m] = [1Sd’ 1SC|’ 1r‘d’ 1r‘q]

Ryl = diag [Rgs Ry, Ry R ]
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_ 3 7
Lsstsm 0 7 Mop 0
3
0 Ls§ sm 0 7 Msr
and L] = 4.16
3
7 Moy 0 rFer 0
0 3y 0 L -l
2 sr rrorm
b o

The above.equations are identical to those obtained by Stan]ey48
and others.64’65 Since the equations are functions only of the
rotor speed pé 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
P lig) = ()™ {Iv] = [RyI[igl - [6,] po (i3} . 4.17

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 tbrque can be calculated from
T = () (3% (6 101" 418
e ? m mitmd ’
The rotor speed po which is required by equation 4.17 in

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

tions 4.70.
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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
which 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 [Lm]. This require-
ment can be fulfilled by cheosing 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 coil currents iru’ irB and

irY flow through stationary windings and produce the same rotor

m.m.f. as the actual rotor currents g 1rb and e The two
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sets of currents are thus related to each other by

Tra” JZ irf,' %1r‘c = cos® i+ cos{p- %ﬂ)i8r+ cos{o+ %Tl)iw
Tyb” 3]2' Tra” % T = cos(o+ _23T£)iar+ cosd 15+ cos(6- %ﬁ)in
Ui 7]2 ir‘a- -;— i'rb = cos(@- g;)imj cos {6+ %—T)isr"' €0so i_Yr

4.19

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

changed, the transformation tensor for this model can now be

written
1 0 0 0 0 0
0 1 0 0 1) 0
0 0 1 0 0 0
i1 =
- 2 2 2n 2 2m
0 0 0 5 cos6 3 cos{6- —3-) 3 cos{ 6+ —3—)
2 2 2 2 2
0 0 0 3 cos(0+ —SE) 5 0S8 3 cos(0- —311)
2 2 2 2 2
i 0 0 0 3 cos{6- —3T—T) 3 cos(6+ -313) - C0sH

4,20
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As with the 2-axis model, this transformation tensor is

then used to produce the 3-phase stationary axes equations

from equation 4.1.

equations 4.13, but with

=[V » Vs

Vil sa® Ys8® Vsy* Vra

VrB’ er]

C o e . L. : .ot
[1m] - [150,_9 158, 1S.Y3 11"0.’ 1r8, 1‘,..\{]

is given by equation 4.1,

[R,]

FLss bem Lem M
L L L Y
sm ss sm 2 sr
L L L -1m
sm Sm s 2 'sr
[L] =
1 1
Msr - ?.Msr i Msr 'er
1 1
"7 Mo My p -7 M L em
1 1
A AT Mor Ly

t

The new system equations are similar to

U
2 sy 2 sr
1
Msr -7 Moy
- u M
2 sr sr
er er
er an
er LY‘]“ J

4.21
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[ 0 0 0 0 0 0 i
0 0 0 0 0 0
0 0 0 0 0 0

(6,1=
V3 V3, . ]

0 VAT ALY 0 '73(erer) 7@(er rm)
73 V3 ]

"My O 7 sy ;r{erer) 0 73t i)
/3 /3 e _
ZThr -l © 73 it Tr{er -

L o i

4.22

The total electric developed torque is given by
T, = (P) 11,106,101 ,) 4.23
e m m'tm :
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 MOTOR1, 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, torgue and Qpeed for the direct application
of rated sine wave voltage at rated frequency, while Fig. 4.6,
shows practical results of the phase current 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-

mental results,




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 sinusoidally-excited machines and also 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 variables -
for the opening and c]osihg branches of the inverter. In this
case the direct ﬁhase 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 induction machine when supplied
from a-rectangu1ar waveform. Howeber when compared with the
stationary 2-axis model, the direct phase method suffers from the
excessive computational 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 gquantities, 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)
Di rect phase model 240
Stationary 2-axis
40
model
Staticnary 3-axis
45
mode] _
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CHAPTER 5
ANALYSTIS 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
far 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. Resﬁ]ts derived
from this analysis are presented in this section.to illustrate
starting, plugging aﬁd 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 1oad;
and with this regarded as the stator of an induction motor, the
comb]ete 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 coﬁtains 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 columns (for the two

extra independent currents) 1i.e.

o 7
1
!
’
1
R FINC RS R
11
(€] = o : } 5.1
I
4 a4 -
1
]
]
L -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.




d)

and
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[Rp] = diag [R]’ RZ’Rs’R4’R5’R6’RS’RS’RS’RSh’Rf’RI’"RY"RY‘]

5.2

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.

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 [Gm] tensor used in the analysis

of Chapter 4 and is giveh by equation 5.4.

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:
[Vp] = I0$O$OSO 90:030 3090’0 ’E’O ’0,0]t

[sq,1= [0,0,0,0,0,0,0,0,0,a/C,; ,0,0,0,01 " 5.5

[pl = HslpaT3edgels dgatyolgelgsT9g0T170 712011307 14]

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 topo!ogy consi-

dered in Section 3.2.3, the new [Cn] tensor becomes:
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1 0 0 0 07
o 0 0 0 0
o 1 0 0 0
c1={o o o o o0 5.6
o o0 0 0o 0
o o 1 o 0
o o o 1 0
o o o o 1]

The analysis can now proceed as explained in Chapter 3 except
that the new [Gn] and [Gnn] tensors have to be evaluated using

the relationships:

_ t
(6] = 16,7 18,]1¢,)

5.7
6, 1= 1¢1° 6 1(C,]

Finally the system equations for any topology can be established

as:

. -1 . .
Pligy] = [bypl (Ivpp1-IR 10F 1-[6, 101198 -[sq, 1}
5.8
For the analysis of the system when the speed is varying, the

two dynamic relationships of equatiin 4,10 are included for a

full mathematical description,
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5.2 D.C. Supply Representation

As explained in Chapter 2, the supply to the inverter is
normally 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 Tong as the supply current
is positive (i.e. towards the inverter). However, in a real
inverter-motor system, and durfng 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 turmned 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 ori-absence
of the column which corresponds to the source current in the [Cn]

tensor.

5.3 Analysis of Some Operating and Fault Conditions

The usefulness of the tensor approath 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 transformation 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 vﬁ]fdge'aﬁd freduency

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 pd 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
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decay exponentially, thus inducing. exponentially 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:

o 0 0|
0 0 0
0 0 0
0 0 0
[c,1 = 5.9
0 0 0
1 0 0
0 1 0
0 0 1

After reconnection, the circuit confiéuration is similar
to the original form, except that phase a is now connected to

thyristors T3 and T4, and phase b to thyristors T.I and T2.

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:




: T
[Cp] = 13 5.10
-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 induction machine behaves initially as an induction
generator 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 mofor is commonly achieved either
by d.c. injection66 or by using the a.c. supply with different
arrangements of specially~included diodes§7’68when an induction
motor is driven by a d.c. T1ink 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 Vo1tage, 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 05
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-

ting, i.e.:
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- -
0 0 0 0
1 0 0 0
0 0 0 0
0 1 0 0
(C,1 = q _] 0 0 5.11
0 0 0 0
0 0 1 0
L.O 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 windingsq9 By short circuiting, for example,
phase ¢, the basic network for the system can be drawn as shown
in Fig. 5.4. Since a circulating curfént through phase ¢ 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 iI. The transformation tensor
[Cp] has now to be increased by one column to accommodate the new

current, as follows:
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[Cp]= 1 1
1 1 5.12

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 D5 are conducting, when

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

is:
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(0 0o o o o o)

1 0o o0 0 0 0

©o 1 o0 0 0 0

o o o 0 0 0
€yj=1{1 -1 0o 0o -0 0 5.13

o o 1 0 0 0

o o6 o0 1 0 0

6 o0 o 1 0

©o o o 0 0 1

After defining the two transformation 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 ¢, the basic network for the system becomes that shown in
Fig. 5.6. There is now no current through phase ¢ 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 circuif). Six independent currents (iy - ip)
are therefore required to define the system (inciuding 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]

o 1 0 0 0 O

o 0 1 0 0 0

-1 -1 -1 0 0 0

© 0 0 0 0 O

0 0 0 o0 0 O}

[cl=]1 1 0 0 0 O 5.14

-1 -1 0 0 0 0

0 0 0 0 0 0

-1 0 -1 1 0 0

o 0 0 1 0 o0}

0o 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 time. 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

501.
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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 6 is zero.

¢) The rotor speed po is zero for the start-up condition, other-

wise it is the synchronous speed W -

In this case the program is run for a few cycles before starting
to plot the results, which 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. A1l 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-upfon 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 1802 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, énd is more clearily indicated
by the inverter voltage curve (Fig. 5.8a). . The frequency of the
inverter current is 6 times the inverter operational frequency,
which agrees with the results obtained for the inductively-loaded

inverter in Section 3.3.

Computed results of the motor phase voltage and current and
the inverter vo]fage and current are given in Figs. 5.9 and 5.10
respectively. These all confirm the experimental results of Figs.
5.7 and 5.8 except 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

completely smooth.

 Similar experimental and computed procedures described
above were repeated for the motor driven from the 120° inverter,
with the results given in Figs. 5.11 - 5.14. In this case the
waveforms of the motor phase voltage (Figs. 5.11a 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. 5.11b 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. 512b and 5.14b} are simi-
lar to those for the 1800 inverter, except that their peaks are
tower 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 1ittle 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.



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 180° inverter the motor phase voltage
wave shape remains unchangedbut the waveform of the motor phase
current changes in such a'way that its r.m.s. value increases

sTightly.

5.5.3 Plugging

Experimental and computed motor phase voltage and current
waveforms during plugging of the induction motor fed by the 1809
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 s induced in the stator phases and the speed drops slightly.

After reconnection, with two of the motor terminals 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 revefse 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 of capacitor discharge braking discussed in
Section 5.3.3 was applied to the induction motor fed from the
1800 inverter, and experimental and computed results for the
motor phase voltage and current are shown in Figs. 5.26 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 brak}ng 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 Towered by making sudden increases or decreases in the inver-

ter frequency. Test results using this kind of speed control
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were obtaimed for the unloaded motor, when the inverter fre-
quency was suddenly changed from 20 Hz to 30 Hz and vice versa.
Since, in the experimental scheme, the output d.c. veltage from
the rectifier stage of the system is manually adjusted, it is
fixed during this test at 200V, which correspohds to a fre-
quency of 20 Hz (see Appendix 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 détennine 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 amd charge 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, 1ink voltage for the frequency decrease test. Conversely,
during the step frequency 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 safé 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 -
5.46. In both cases, close agreement is clearly evident between
the experimental and the computed graphs. It will be noted from

these figurés that:

a) For both 1200 and 180° inverters, a phase shift of 600 exists
between the current waveforms of the two stator 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 1209 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 topologies of Fig. 2.8, for
example, by considering phase ¢ as short circuit., If the
thyristors T1 and T6 are conducting the inverter current
is the same as the current of phase a, whereas if thyristors
T], 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 ‘curr'ents are reduced from -
those supplied by the 1800 inverter. For example, the short
circuit and the inverter currents are less by 33% and 50%
when compared with their corrésponding values for the 1800

inverter.

5.5.7 Stator Phase Open 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 two 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
pericds every supply cycle, as indicated in Figs. 5.49b and
5.53b. These periods occur during the time when the stator
phases (excluding the open circuited one) are effectively
connected in paral]q]. (This particular topology can be

seen in Fig. 2.8 after opeh circuiting one of the impedances).

¢) When using the 1200 inverter, the inverier current waveform
(Fig. 5.53b) has extra zero periods every supply cycle, in
addi tion tothose 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
ana]y;ed in a similar systematic way, after adjusting the trans-
formation tensors*fﬁF/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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CHAPTER 6

MOTOR STARTING PERFORMANCE FROM A
R - v.T.

Changing the speed of an induction machine using a varia-
ble-frequency (v.f) supply has been studied by Lawrenson and
Stephenson50 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 fromstandstill 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 speed in one direc-
tion to full speed in the reverse direction.also takes a reduced
time, with the motor having lower losses than in the usual

plugging method.

Berg and Sarkar70 have given approximate analytic expressions
for the rates of (linear) change of frequency with time for opti-

mum motor starting performance. Both’baper550’70

consider only
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 variéd with the frequency in such a way as fo
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 cohstant flux, is
presented. These equations are used later when investigating 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
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reduced driving torque. This is clearly indicated in Fig. 6.1a
which shows the steady*state torque—speed curves of the motor
under investigation for different operating frequencies; using
a constant supply voltage/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 bf frequency can be approximated

by an equation of the form:

Vmax = A+ B-f 6.1
where Vmax is the peak input phase voltage and A & 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 freqdency 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 + 5.5 ' 6.2
so that A and B of equation 6.1 are determined. Using the above
equation, the steady-state torque-speed curves are now as shown

in Fig. 6.1b which clearly indicates that the same normalized



torque-speed characteristics are obtained at all frequencies.

6.1.2 Inverter Wave Input

When the motor is supplied from a d.c.-1link 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 bg 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 £ to frequency for constant maximum output torque
is obtained by mu]tipfying 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 + 8,8f 6.3
This same equation will apply for both 1209 and 180° inver-

ters (see Appendix F).

6.2 Starting Performance From Variable Frequency Sile Wave
Supply

6.2.1 Linear Frequency Variation

Program MOTOR3 (described in Appendix B), in which the motor
is supplied by a sinuscidal voltage, is used to compute the per-

formance of the motor under investigation from standstill to
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no-load speed, with the frequency varied linearly from zero to

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

F
= .S :
fegt (t < H)
6.4
‘ f=F (t > H)

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.
F%gs. 6.3 and 6.4 show the input phase current, phase voltage,

torgue, 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 1less
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 exp]ained as follows: when the motor
is started on a fixed—frequenqy 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 Tow freguency 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




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:

Fs = Fin
R R B L (t < H)
6.5

f=F (t >H)

Several values were tried for F1.n and a value of 11.8 Hz
was found to be the optimum for this motor. As indicated in
Fig. 6.1b, 11.8 Hz is in fact equal to the sTip frequency S%
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-Tine
case. The motor phase current, voltage, torque, speed and fre-
quency curves are shown in Fﬁgé. 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 S1ip Frequency Control

The above methods of voltage/frequency variation are for

open-loop operation, In practice, however, closed-Toop 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

which 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‘supp1y in program MOTOR3 is now controlled

according to:

¢ +‘§% (f + F,) 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 éljp 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 and
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
Tinear-frequency variation technique it is necessary to establish
the optimUm rate of change of frequency for each particular motor

and load conditions.



The above study was concerned with the nominal motor
frequency of 50 Hz. The constant slip frequency technique
was applied again for higher operational frequencies,.and
for the purpose of illustration, frequencies of 60 and 100 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 = 100 Hz, 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

direct-on-Tine 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 inverter-motor system and described in Appendix C, is
again employed to study the behaviour of thé induction motor

when supplied from an actual variable-frequency inverter.

Firstly, computed results for the direct-start-up condi-
tion at 50, 60 and 100 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 50 Hz
(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-



quency rate corresponding to H = 0.18s. 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 compute the performance

with the frequency varied according to equation 6.5,

Finally, the constant slip-frequency technique for 50,
60 and 100 Hz operation were considered. The results of the
start-up time and the peak starting current for all cases for
both the 1209 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
f. inverter, computer graphs for four cases are presented.

are:
Direct-on-line starting for a .50 Hz supply from a 1200
inverter,

Linear frequency variation starting technique (utilising

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

Direct-on-line starting for a 60 Hz supply from a 1800

inverter,

Constant s1ip 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 respectivély. 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 25 Hz frequency operation.

Graphs of all other cases (Figs. 6.11, 6.12, 6.15 and 6.16)
¢learly demonstrate that the motor starting performance using
the v.f. starting techniques is improved.over the direct-on-
line method. :Thié cbnc]usiqn élso aﬁﬁi%es to the sinerwave

" 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) which 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. étarting techniques. Reversal of the
phase sequence can be achieved using the inverter control cir-

cuitry, and no switching of power leads is necessary.

Thtis it has been shown by computed results that the motor
speed, using the usual plugging process, changes from full speed
in one direction to 95% of synchronous speed in the other diréction
when operated from a 180° inverter at 50 Hz frequency in a time

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

combined braking-v.f. starting technique is used, the motor speed




drops to zero in a fraction of a second and accelérates to
95% of synchronous speed in the reverse direction in 0.242s,
with a peak motor curfent 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 values 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 still. Two reasons can be given for these diff-
erences:

i) As the inverter freqguency 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 ié varied according to.equa-

tion 6.4, and about 5% whap the frequency is varied



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.

ji} 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
valtage during the starting period for the 120°
inverter is less than that for the 1800 inverter due

to the periods of open circuit involved.

¢} " Whichever starting variation method is chosen, the peak
motor current of the 1800 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 Conclusion

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 performance are also obtainable when coﬁstant slip
frequency control is used. This has the advantage of giving opti-
mum results irrespective of the motor parameters and the load

condi tions.



Computer-predicted results  relating the start-up time,

motor current and torgque for the motor driven from a 1800 inver-

ter using the above starting tecliniques are roughly similar to
those for a sine wave supply, while when the motor is driven
from a 120° 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

Peak

Steady Starting | Starting % Reduc- % Reduc-
State Method Time, s tion in Input tion in
Frequency, Starting Current, [Peak
Hz Time A Current
(Fs) (f>F,)
50 Direct- 0.2935 - 16.9 -
on-line
' _ 50
50 f "'5_T§t 0.247 15.8 13.11 22.4
50 f =11.8+] 0.2199 25 12.4 26.6
37.2
0.18
50 f=11.8+] 0.2255 23.2 13.0 23
po/2w
60 Direct- 0.377 - 18.2 -
on-line
60 f=11.8+| 0.256 32 13.3 27
pe/2w
100 Direct- 0.8796 - 21.5 -
on-line
100 f=11.8+| 0.3852 56 13.8 35.8

po/2m




Results of v.f. starting technique for
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TABLE 6.2

1200 inverter signal

the

Steady Starting { Starting] % Reduc-] Peak % Reduc~
State Me thod Time, s tion in Input tion in
Frequency, Starting{ Current,| Peak
Hz Time A Current
(Fg) (f +F)
50 Direct- 0.2958 - 14 -
on-1ine
50 feo0tl0.3174 | - 7.3 10 28.57
518 . . .
50 f=11.8+ 0.29 1.96 8.12 42.
37.2 '
0.18
50 f=11.8+ 0.306 - 3.4 8.6 38.6
pa8/2n
60 Direct- 0.369 - 18.38 -
on-Tline -
60 f=11.8+ 0.345 6.42 8.7 52.66
pa/2n
100 Direct~ 0.818 - 18.4 -
' on-line
100 f=11.8 0.507 37.95 9.0 51.08

pe/2n




94

TABLE 6.3

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

Steady Starting | Starting % Reduc-| Peak % Reduc-
State Me thod time, s tion in Input tion in
Frequency, Starting| Current, | peak
Hz Time A current
(Fg) (F4F,)
50 Direct- 0.29 - 16.7 -
on=1ine
50 f= 80 4| 0.271 6.4 13.4 19.76
m . . . »
50 =11.8+ 0.2325 19.77 12.26 26.58
37.2
0.18
50 £=11.8+ 0.242 16.5 12 .4 25.7
pe/2m
50 Direct- 0.369 - 18.3 -
on-1ine
60 f=11.8+ 0.2733 25.9 12.8 30.05
po/2m
100 Direct- 0.8365 - 22.8 -
on-line
100 f=11.8+ 0.404 51.7 13.2 42 .1

pe/2n
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CHAPTER 7
CONCLUSTONS

Advances in thyristor/diode techno1ogy'ih 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 whi;h may be developed in the future.

A tensor technique has been employed in this thesis which
can deal efficiently with the varying topology 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 1/6th of a cycle was needed for the resistance
method. A]though'on1y 10s was needed for the model subroutine
method, the mathematically “cumbersome and complicated equations
involved when studying the complete inverter-motor system 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 wifhout 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 sysfem to

be studied conveniently. However, the method suffers froﬁ the
excessive computational times required to invert the system induc-
tance matrix at each step of the numericé] solution. The trans-
formed 2-axis model, on the ofher hand, has the advantage of a

Tow computational time (only one-sixth that of the direct-phase
model} although difficultieé 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-
tiés, 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 1209 and 180° conduction period:inverter systems, were
obtained. The studies included system operating conditions such
as start-up, braking, pluagging, step frequency changes and variable
frequency operations. Also included were fault conditions at the
motor terminals. The computer solutions were complemented by typical
experimental results taken on a ;ma11 Taboratory 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 1809 1inverter 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 1809 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-frequency 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-
Y
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 .

requi red.

b) Tﬁe versatility of the tensor technique may-be usefu11y'
employed in studying more complicated systems such as those
involving switching devices in the rotor circuit of an indﬁc—
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 pduer loss when adjusting the speed of

a large induction motor by controlling the slip.

¢c) The tensor approach could also be applied to a cycioconverter

system and, since there are a large number of thyristors in

-

this application, - the tensor technique would prove to be:a .

powerfd1 tool.
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EASILY INSTALLED

SAFE

BLECTRICALLY POWERED

WILL NOT *FLATTEN' THE BATTERY

1 It may take upto 10 seconds for the water temperature to reéch a maximum
2 Typically the water temperature will be raised to 45°C (115°F)
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FIGURE 2.1 The general d.c.-Tink type inverter circuit
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FIGURE 2.8  Inverter circuit topologies
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FIGURE 3.1 The circuit topology for the example given in
Section 3.2.1.



FIGURE 3.2 The basic network of the inductively-loaded inverter system.;




] 2 3
| S | N | | S 1
by $i, §i,
—)- () ()
- \_/
1 | v V3
Ry R L, ‘Ra |
— — —Y Y]
‘15 uis u17
_@ 2\ ()
\_/ \_/
Vg 3 V7
c

Re

c c _H sh "f
__t'm_.:l_
, . IE

o Ll g

Vg Y10 11

FIGURE 3.3 The primitive model of Figure 3.2.




f f
.’..E:}...NY\
i
X3
R ']
E 22( ,
J Csh

I

FIGURE 3.4 The reduced network for the example given in Section 3.2.3.3.



~J
o

o

(a)

PHASE VOLTAGE (V)

1
S
o

PHASE CURRENT (A)

(¢)

SRR PN Sy 4++‘»+n-§

INVERTER CURRENT (V)

FIGURE 3.5 Experimental results for the inductively loaded
1800 inverter

Scale: voltage 25V/div
.current 1A/div |
~ time 10 ms/div




(a)

PHASE VOLTAGE (V)

(b)

PHASE CURRENT (A)

(c)

INVERTER CURRENT (A)

FIGURE 3.6

Experimental results for the inductively
1200 inverter

Scale: voltage 25V/div

current TA/div
time 10 ms/div -

Joaded




(c)

PHASE CURR.CA) PHASE VOL .(V)

INV.CURR.CA)

73,

FIGURE 3.7

TIMECS)

Computed results for the inductively loaded -
1800 inverter



(a)

(b)

PHASE CURR.CA)

INV.CURR.CA)

PHASE VOL .(V)

75

25

75|

-3
- 3.
1
-1

_3 H T " H 1 T ] 1

.10 .60 .80 1.00 1.20 1.48
- X197
TIMECS). -
FIGURE 3.8 Computer results for the inductively

Joaded - 1200 inverter



FIGURE 4.1 The direct 3-phase model for the motor system



FIGURE 4.2
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FIGURE 5.3  The circuit topology for the inverter motor system during braking
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APPENDIX A
COMPUTER PROGRAMS - FOR THE ANALYSIS OF THE INVERTER SYSTEM

A general simplified flow chart for the computer ﬁrograms

INVERTER], INVERTER2, and INVERTER3 is shown in Figure A.1,
T_foﬂowed by the program Tlistings. 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 NAéF library routine DO2AAF which 1is
based on the Runge-Kutta-Merson method of numerical integration.
At each step of the solution, a special subroutine CHECK is
called to test nonconducting devices for turn on and conducting
devices for turmn 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 CONNT

is called to generate the required transformation tensor for the

new system topology.




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 ‘

l

Calculate currents and voltages of
the devices and other branches

Up date all
system state
variables
using linear
interpolation
routine

Is
there a change
in a device conduction
state?

Yes

FIGURE A.1

Print resultq

End of ™\
required sample
?

The general flow chart for the inverter system analysis




PROGKRAM L NVERTERI

ANALYSIS OF THE 3~PHASE RRIDGE INVERTER

sING HIpEL SUBROUTINE MrTHOD

e =k Rl ] .--:“'---‘-.-m--"-_-----"—‘---‘-’-

REAL LF, LA, LB eLCrLALE, LALC, LBLE, LALBLC
BIMENSTON X(5),%XP(3) ERR{4Y,ACLY 1 BCAY CCLY D(4)
DIMENSTION I8SCAY1TCO), TTLAI ITHY(6),LABFL(1B)
DIFMENSION CTHY(S) yCTHYP(S) ,VTHY (6) '

CD”HO“ /BLOCK1/RFaLF!R%H-CSH'RA;RBIRC-LA-LB.LC
iLALB.LALC:LBLC-LALBLC

FRARB,RARC,RBRC,S58H,RCsSH

8,11

Cl40y /B8LOCK2/EPS

COM0N /BLIOCK3/T/ST,ANGLE ALPS, TT2/TT+»IT,1THY,IITHY,NEQ
EXTERNAL AY

DATA LABEL/37,25+22,456,38,41.356,33,24,9418,6
50,23 036,17,10,5/

gFog=,1p~10

T=0,

AFAD TN CIRCUIT pARAMETERS
READCZ,1)IRF,LF,ASH,CSH,RA/RB/RC,LA/LB,LC
FIuMaT¢1UF0 0) _
REANCZ,2)E,FREQ.STEP TH 1/ INVRT

CFIRMAT(AFO. 0, 1D
STr=gTrp

ALp=1, JFREQ
ALPA=ALPSO,
AMGILESALPS=(INVRT+1)
S3H=1./CSH
RISHTISH*CSH
LALR=LA+ LD
LAaof=La+bLC
Lie=lg+Le
LanlsziA*La+larlCol B C
RARRZA 3+ AR

RARCEI 4430
R3aC=IR+RE

NEw=h

CFET TN THE CORRERT START UP TNITIAL GCONDITIONS
IS5¢1),1SS¢6)r18SC5)=1
IT¢4),17(4) =1
TI(LY=ALPS
ITiiv{15=6
ITyy(2y=3
1Ty (3y=¢
LTHY((4)=2
ITHyY(9Y=h
ITHy (53 =1
ITTHY =1
X(3)1=9
A{4ys=g/ (RF+RB+RC)

XCiy==x(4)
X{2y=&
AE5Y==X(3) =X (%)




C NATN L0Jdp
HE(=5
100 CONTINUE
502  KK=I1SS5(62+2x1SS(S)+4*15S(L)+8w[8S(3)+16*155(2)+32+155(1)
DI 504 1L51,18
IF¢KRK, R . LABELCTITIY)IGO YO 500
504 CINTINUE ‘
WRITE(3,235)1858
505 FORMAT(1X 5171, INVALID TOPOLOGY')

. G 0 1000
500 DY 1(: I1=%1,5
12 XP vy =x(L)
IF{ABSEST)Y, LE,EPSIGO T2 501
c JALL THE RUNGE-~KUTTA INTEGRATION ROUTINE

CALL DO2AAF(X (FRR,T,ST, 4., AUXT,A,8,C,D)
A5y (3)mx(4) .
T Coyr INYE
£ ALCULATE THYRISTIR/DIVDE CURRENTS AND VOLTAGES
DI 32 1=Teb
1F(1SS¢1Y233,33,0
Ke3+1/3+175-1/6
CTHY (Iy=X(K)
CTUYP(1)Y=XpP(X)
VTgy(I3=0.
63 10 %2
33 CTuy(1H)=0,
CTHYP(1)=0,
VTy (IS =4(2)
4 COAUTINUE
J=h
CALL CHECK(XsXpsCTHY CTHYP,VTHY,185:J)
1P ¢JI5%0,90,100
50 0 31 1=1.5
1 T =17 ) w{Tr(l)ssT)
TTesTT3+ST
S5T=8TEp
” SALCULATE L2AD CURRENT AnD VOLTAGE
€ PRINT RESULTS
DELT=X(3I=XP(S) :
VILT=X{3)*RA+DELT/ST*L 4
NRITE(3,6)1s8,7,X,VOLT
4 FIRMAT (1 XeS5T10F744.9F11.3)
IFer=TFIX520.,5000
1000 STyp
FHD




101

102

-
[ ]
172

104

104

107

SULqOJUTINE aUX1¢F,Z,T)

REAL LS, LA/LB 1LCrLALS,  ALC, LBLC.LALBLC
DINFENSION F(4),20(4)

DINENSTON LABEL(18)

CoMON /BLOCKT1/3S,1.5/RSH/CSH/RA,RB,RC/LA,LR,LC
f!nlﬁ LALC, LBLG, LALRLC
YRAREB,RARC,RBRC,SSH,RSHG

fEL1l

CoON /BLIOGKR2/EPS

62 10 ¢101,104,103,104,105,106,1077108,10%9.110
FU2y=s( (1) =2(3))*SSH
F{1)={E~RS¥#2(1)-RSUG*F(2)=2(2)) /L5
FOZy=sLpLCY(E=RS#Z (1) ~LS*F(1)~RA*Z(3)+RB*2(H)~LB/LBLCH
(RuwZ ()Y +RC#2€(3)*RC*Z (4 Y) 7LALBLC

FCLF-(RB*Z (L) +RC*Z(3)+RC*2(4)+ CrF(3))/LBLC
RETURY |

FC2I=(2(1)=72(4))I*S5H
FC1Y=(EmRS*#2(1)aRSHG*F(2)=2(2)) /LS

FCYELALCH(E~RG#Z ()L *F (1) =RBwZ (L)Y *RA*Z(3) =LA/ LALCY

(RA*Z(3)+RC*2C4)*RE*2(3))) 7LALBLC
FO3Y2=fRAFZ(3)4RC*2 (L) 4 RC*2(3) L CrF (L)) /LALE

RETUKRY

FC2y=s(2¢10+2(3)yeZ(4)) x5 8H
FUiY=(raS*2(1)=RSHG*F(2)=2(2)) /LS

FOIysLnw (~E+RS*2{(1)+LSwF(1)~RCA(Z(3)+2(4))-RA*Z(3)=LC/LB*
RA+2(3y+ L/ LBYRR*Z(4))/LALBLC
FOLYZ(RAYZ(3)I"RE*Z (L) + A*F(3)) /LB

RETURN

FOpy=(2¢1)+72{3))*SSH
FCiy=(E~RS*#2{1)=RSHG*F(2)=2(2) /LS

FO3)=LALC Y (-C*Rs* 2 (1) +1 S+F (1) +RB*2(4)~RA»2(3)~ LR/LBLC*
(RuwZ{4)+RC«#(2(3)+Z2¢A))Yy 1)/ LALBLC
FOLYZ=(RB*¥Z(4)«RC* (70342043 +LC*F(3))/LBLE

RETUKN

FORY=0z01)+2(4))*SSH )

FCi)=(paRin2 (1) aRSHG*F(2)~202)) /LS
FlaymLALCHC(aE*RG a2 (1) 41 8*F (1) =RB*Z(L)+RA*Z2(3)=LA/LALCY
(Ra*2(3)+RC#2 (L) +RE*Z2(3)) ) /LALBLC

FOrymm (RAYZ (3D 4RC22 (4 4RC*2(3) ¢ LCxF (L)) /LALC

RETURY

FO2y=(2(1)=7(3)=2(i4)) »§SH
FOTy=(e=RS%2 (1) =RSHG*F(2)=2(2)) /LS
FC3)=Lpw(E~QS#7 (T =S+«F (1) ~RCW(2(3)+2C4))=RA*Z(3)=LC/LE*
RA#2(35«L0/LB*QR*2(4) )/ LALRLE
FCu)s(gAvZ(3)mpan2(4) s AxF(3)) /1B

RETURN

FC2y=02¢1)=2(3))*SSH
FCiyn(p=R3*«2(1)maRGHG*F(2)=2(d)) /LS
FU3ve(kmRI*2 (1Yl 8xF 1y (RA+RBI)*Z2(3))/LALR

Foy==-f(3)

RETURN




108 FOay=(z¢1)=2(35))*85H
FOiy=(p=RS#2(1)~RSHG*F(2)~2C(2)) /LS
FU3Y=(EmRS*2(¢T1)alSwF (1)« (RC+RAIWZ(3))/LALC
FCLyz),

RETURN

107 FL2Y=(ZC¢1)+Z2{3))Y*SSH
FO1Y={EmRS*7{1)=REHG*F (2)=2C2))/LS
FO3y2=(r~3#2C¢1)~Ls»F(1)+(RA*RBI*Z(3))/LALB
F(ay=s=g(3)

RETURN

110 FOy=(2¢1)=2(4)) *SSH
Flrye={p~RS*72{1)«RSHG*F(2)}=2(2)) /LS
Fea)S(g=R3*2( 1) = S+F 1)~ (RR+RCI*T(4))/LBLC
FC3y=d7
RETURN

111 FC2)=(2¢1)+Z2(3))*SSH
FOIY=(enRS#Z (1) «RSUG*F(22=2€2) ) /LS
FO3YZ=w(E~RS#ZC1)=Ls*#F (1) (RC*RAI*2(3))/LALC
Fluwy=d
RETURN

112 FC23=2(2¢1Y+2(4))*SSH
FOP)=(r-RS* 2 (1) ~RSHG*F (2)=2C2)) /L8
FOAYS=(E~RS#2{1)~LawF 1)+« (RC*RB)I¥Z2(4))/LBLC
FC3y=d7
RETURN

113 F(2y=2¢1)*SSH
FOp)=(E-RS*2(1)aRSHG*F(2)=202)) /LS
FOLYZ=RARB/LALR*Z(4)

FO3Y=~F (42
RETURN

114 F(2y=2(1)*SsH
FOrya(p=RSa2{1)=RSHG*E(2)=2¢L)) /LS
F(ny=-pARB/LALR®Z (L)

FO3Y==F (&)
RETURN

115 FO2YySZ(1)*SsH
FOY=(EaRS*2(1)~RSHG*F(2)=72C(2) ) /LS
FO3)==RARC/LALC#Z (YD)

F(‘t)=3:
RETHRN

116 F(2y=Z(¢1)*SsH
FOY=(peRS*x2(1)Y=RSHG*F(2)=7C2)) /LS
FO3y==pARC/LALC*Z (D)

Flayad,
RETHRN
47 FCuy=2¢12*S5H
R (peRSx2 (1) =REHG*F(2)~242)2 /L8
Floy==poRE/LBLC*Z (4)
FC3y=2"
RETURN
FO2y=2{1)*5SH
FOi3=2(p=RS%2(1)=RSHG¥F(2)~2(2)) /LS
FOuy=-pRRC/LBLERZ (L)
FC3y=0,
RETURY
FHD

-
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PROGIAN L ¥ vERTE 22
AMALYSIS OF THE 3-PHASE yRIDGE INVERTER
e iNG THE RE 1STaNCE HETHOD
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1

INTREGER INT1(6),1 NT2(6:
REAL LF!LAJLQ'LC
REAL RPCTTY,RAC3EY ,LPC11Y  LNC35) pSQP(I1),SAN(EYTVP (1YY, VN(K)
REAL In¢t1),12p¢V 1), X(7) , Xp()
DIHENSTION CTHY (5}, CTRYP(6) ,VTHY (&)
DIMENSTON Cp(bﬁ).C?T(és).Rtéﬁ)
DIMENSION ERR(7YA(7),8(7),C(7),D(7)
DIMENSTION I18SCR)1ITCO) TTCR)ITHY(G)
CNIMON JBLICKTI /RN, ILNeSaAN VN
CoM0N /8LIACKAJEPS
CAMON B LOCK3I/TWST, AMGLE ALPO, TT2,TT+IT, ITHY,JITHY,HSYALL
CImdy /BLUCK4/NEQ
CHMIY sBLOCKI 1Y, 1KS, !
EXTERN,L AUX2
DATA Lp/1t1x, 0001/
Lpgs, Tp=10
C CEAD TN CIRCUIT paRAMFTERS
(2,1)RF,LF,aSH,C5H,RA/RB/RC,LATLB,LC
1 FIRMAT(10F0,0)
REANCZ,2)E,FREQ,STERITFIINVRT
7 FORMAT(LED, 0,10
REANCZ,3)CP
3 FILMATCYTFO ., O)
ST=5TEp
Alp=1,/FREQ
ALps=ALp/S5,
ANGLE=ALPS* (TNyRT+1)
OFFRES=3023300,
NE!(=?
C P EED TN THE CORRECT START INITIAL CONDITIONS
IS5¢1),155¢4),15S8(56)=1
IT(13 1704 =1
TT¢L)=LPS
ITy(15=6
I1THY(2)=3
ITHy(3y=2
1Ty (6y=3
ITyy(3)="4
ITHV( y=1
ITThHY=1
X{1y=E»(SH
X(2y=EpS
X{5y=«p/(F+RB+RC)
g FORM RP,LP/S3P AND VP
RP(7)=RA
RP(R)=RR
RP({D}I=RC
RP(10)=RSH
RP(11)=RF
S3p13¥=1,/CS8H
VP(11)=E
C CALCULATE UN,LNINyv.SQN AND VN
CALl. GHMTRACCP CPT,11:¢6,66)
ChLL SHPRD(CPT.SQP,SUN,5,11,1,66+11,6)
CALL 3MPRD(CPT,vP,uNs6.11,1,66,11,6)



C:
100

3

C

10
c

500

47

701
{

AR

4

NAIN LOaP

Da ij ]:1,5

RP(1)=(,

IFCISS(III0,0¢43

RP(13=0FFRES

COTINYE

LP(7)=LA

LP(R)=LR

LP(3)=yC

LP(11)=F

CALL PRODCCPT4RPIR,6¢11,66,11,56)
CAil, GMPRDC(R,CP,RN,6+11,6¢66166,35%)
ChLl PRODCCPT ) LPIR,6011,56,11,04)
CALL SHPROC(R,CPL LN, 611 ,5:661606,38)
Cat AINVILN,A,NET,INTY,INT2,35,6)

JORRZeT THE CURRENTS INITIAL CONDITIONS

[F(ye=1013,0.1%0

IFTKSINE, SYXCTKS+1)I=X¢T1T1+1)
TF 11 NELSINCT1e1 )0,
CAYTLINUE ‘

LALL THE RUNGE~KUTTA INTEGRATION ROUTINE

DD 4f 1=1¢7

XP(1d=x(l)

IF(ABS(ST)=gPSys501,501,0

CALlL DOPAAF(X(ERR,T,»ST,7:AUXE,A,B,C,D}
CauTINUE

CALCHLATE TAYRISTOR/DIUDE CURRENYTS AND VOLTAGES

DY) 44 1=1,11

I2ep) ipPQly=U,

0o L J!:'}-;f)

Katq*e(J=1)41
IPpel)=1PP(I)+ P (K »XP(J+1)
IPCI) =1l YeCP(KI*x(Jd+1) '
DD 45 I=1'lf)

CTey(I)=1P(1)
CTiaypCry=ipp(l

YTy (15=CTHy (Iy*RpP (1) -

JALL rHECK SURROUTINE

J=G

CAh I CHEUK(X+XP+CTHYPCYHYP, VTHY,ISS7J)
IF¢s3530,50,100

p2 31 p=1.5%

Tr ey =IT¢D)»(Tr(I)esT)

Tra=TIp+ST

ST=gTEp

CALCULATE widAD CURRENT AubD VOLTAGE
ARINT RESULTS

PELTSIPpL Y=1PR(7)

VLTSI p{ /I *xRP{72)+DrLT/sT*Lp(7)
WRITE(3,6)188,T,1P(?), 1P (BYIP(D),VOLT
FOIRMATCIX 511 ¢F744,9F11,3)
IF(T=TF1)S00,500,0

1000 STap
FHO




10

20

SJUROUTINE AUX2(F,X;T)

PINENSION X(P),e(7),FF(6)

REAL THCO) (RNCIE) ,ILNCIA)SQNCE) ,VNLE)rRICE)
CAHMON /BLOCKTI /AN, LNrSQN,VN
FCIIEX(PI=X(2) =X (L) =X (4)
DD 10 31=1+5%
Id¢1n)=3¢i+1)
CALL GMPROCRN,INsRI6,5:1:36:56,6)
PR 20 1=1:5
FR{I)ayN(I)=X(1)*SaQNCTy=~RI(I)
b2 30 121,56
FCiel) =0y
P33 30 J=1;b
K={d=15wb+]
FOraT)a=fFllet )i N(K)»FF ()
RETURY

END
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ROGRAM ENVERTE 3
ANALYS1S OF THE 3«PHASE gRIDGE INVERTER
UslING THE TENSOR TECHNIQQE METHQD

. .k
.,._nm_,_n..__--w.._qn”.-.._----,.--_--—-.—--—q-'

[ B o Bk B M 3

REAL THVCUR,IWVOL
INTEGER INTI(H),INT2(3)
REAL LF, LA, LB,LC
REAL ApC11) ,RY(36).RNN(D), LPL11), LN(36),LNN(F) RI64)
REAL SuP(11)y,5aNC6),5ayN(3y, VP11 yN(S),VNN(D)
REAL Ip¢1Y) JPp¢11),01p (i), INCAY JINPCAE) ,DINCEY INNC(3),DINNCD)
REAL CTHYL(S), CTHYP (&) ,vTHY (6D, vyX(5) RI(6)Y,IL.DI(6)
DINENSTION CPCG6Y +CPTC(H4),CNCTI8Y,CNT(18)
DIMENSTION X(4),XPCAY 1 EQRC(AY ,ACL) 1B(4)1CCLY), D (4)
DINENSION 1SS5€¢AY1TCO),TTCA) s ITHY (&)
COMON /BLOCKT /RNN, ILNN, SQNN, VN, INJINN,DINN,ND
COMON /BLOCKZ/EPS
COMMON /BLOCKI /T ST ANGLE»ALPS  TT2,/TT»IT,ITHY, IITHY, HSVALL
CInvuY /BLOCKA/NER
EXTERYAL AUX3
EPy2, 1E~10

C LEAD IN CTRCUIT pPARAYETERS
REAND(2Z,1)RF,LF,RSH,.CSH,RA+RB(RC,LATLB,LC

i FIuMAT ¢1UED )

READCZ,2IE, FREQ,STFEP+ Tl ,INVRT

2 FIumAT ¢(4FD, 0,100
RZan(?,3)Cp

3 FIaMAT¢11FD .00
ST=gTEp

ALp=1,/FREQ
ALOASALP/ S,
ANGLE=ALPO= (1NVRT+1)

C {FED YN THE CORREET STARY UP INITIAL CONDITIONS
I55¢1),155¢4) ,188¢46)=1 .
Ir(")alT([*):‘l
TT{4L)=ALPO
1Ty (1Yy=6
ITuy(2y=3
1THY(3y=¢
ITHY (4T =5
[Ty (SY=4
ITav(5y=
ITryY=y
X1 y=F e SH
IdCL) =g/ (RE+RR+RCH




c CORM RP,LP,SAP AND VP
RP{7)=RA
RP({R)=pHR
RP(I)=nC
RP(10)=RSH
RP(11}=RF
LPC72=A
LP(R) =10
L) =1(
LP{11):LF
SAp¢12y=21,/08H4
V211 =g
C VALCHLATE RN, LNygQN AND v -
CALI, SNTRACCP)CPT,11+¢6,66)
CAL!, PROD(CPT/RPIR,6¢11,66,11,56)
CAL 3HPRD(R,Cp,RN,6/11,6,66,66,34)
CALL PHODICPTLPIR,6111,56,17,44)
CALL SHPRD(R,CP, LN, 6111,6,65,65,3%)
CALL SHPRDOC(CPT,SQP,SUN,6,11.7,56,11,86)
CALl GMPRD(CPT, VP, UN 46,1141 ,66,11,5)
o ALY Loop
160 NO=1SS (1) +185(2)+135¢3)+158(4)+155¢5)+155¢(4)
NEgenda
CALy CONNT(CN, 185, ND/K)
IFcr)en,»d,0
WRITE(S,4)1585S

4 FOauAT¢1Xe 51,0 JNVALLIS TOPOLOGY')
G) T0 1000
C LALCULVATE RNN, LAN, LHMUTINY, SANN AND VNN
o0 CALL SHNTRA(CNCNT,5,ND,18)

CArr SHPRDCCNT,oN,n ,NDV6,6,18,36+56)
Carl GHPRO(R,CNLRNN,ND 6/ NDI66,18,9)
CALl GHMPROCONT,ULN,u, ND'6 6,18,38+566)
CALL 3HPRD(R, CN.LNu.No 6:ND:°6 18,9)
Chit anﬂochT SQN,SGNy,ND,6:1,18,6, 3)
CALL aHPRODCENT,UNL,UNN,yp,6,1, 18 6,3)
CaLt, 45NV(LNN NBsDETINTY, INT2 9.3)
FS=2%{1=-155(1)=155¢2M
XC2y=0ye1+18)y+1y(2+18)

XKCAY =TI +IN(L)

X{aysH o

C LALL THE RUNGE=KUTTA INTEGRATION ROUTINE
500 DI 41 121,80+
X X2(3)=5¢1)

IFABS¢ST)~EP5)501,5u1,0
Cal, HOEAAF(XrERRpT:STTNEQoAUXSrAfB:CJD)
=01 CIntl IUE



¢

43

44

50
31

1000

CALCULATE THYRISTOR/DIODE CURRENTS AND VOLTAGES

DI 42 1=1,5

INPCI)=INC(I)
INCr),pINCIY=0

DI 42 J=1‘fND
K=gw(JmT)+]
PINCII=DINCIY*ENCKY *DINNCY)Y
Tty =g NCT )« CNCEKI »X (d+1)
P2 43 1=1,11
[PpeD)=IPCD)
IP¢ry,piP{ly=(,

DY 43 y=1.+%

AR R ANE N RS
DIpeld=plPCI)+pCK)*0TN{J)
IPCr)=1p(I)+CP (X *INCY)

CALL SHPRD(RN/INIRIVE,441+36+6,6)
DI 46 [=l, 5

VX)) syNCI)wRTICTILDICIY=SaQNCT) X (1)
IF(ISS¢i) EQISVTHY(S)zmVX (1)
CITIVE

P 45 1=1+5

VTIhY(IY=VX(1)*yTHY(§)
Cruv(Iy=5P(C1)

CTavyr(1)=Ipp(l)

CTHY (53=LP(5)

CTHYP(HY=TPP(H)

JALL ecHECK

¥ =4

CAvi. THECK(X Xp,CTHY/CTHYP,VTHY, iSarJ)

1F(J)IS0,39,0

CALL IMTERP(CIN,INP,ST,HSMALL 6)
62 1O 100

DD 31 y=1.,5%

TT(Ud =17 »(Tr(l)+5T)
TT2=T72+S5T

STugTEp

JALCULATE LIAD CURRENT AND VOLTASE
SLOT RESUELTS

VQLT-IP(f)*RP(?)+LP(f)*DIP(?)
INVOUR=IP(1Y+]P(3)+1P(5)

WRITE(S, 6188, 7, 1P(7),1P(8),1P(9),VOLT

FORMAT (X 5T 4F7.4,9F11,3)
N\f-":(;
WRITECoI AV T ip (7)), INVCUR, VOLT
TF(T=TFI12520,300.0

Ca, PLOT

STup
FND




SIBROJTINE AUXI(F, X, T)
DIIENSION X(HNEQ)F(NEQ),FF(3)
REAL RANC?D , LHNCP?Y, SANNC3) ,VNN(3),RI(3)
REAL INCS)Y THN(3),DINN(S)
COMMUON /BLUCKT /RNN, LNN,SQNN, VNN, INJINN,DINN,ND
CoMONY /BLOCKA4/VNEQ
FCIYSINCOY =N 1Y =T (3)-1N(5)
P2 10 1=1¢ND
10 INKeDY=x(T+1) .
CALL GMPRD(RNN,INN,RI,yD,/ND,1,?,3,3)
03 20 1=TsND
20 FRCII=YNNCII=RICI)~SANN(I)«X (1)
D3 30 I=1IND
F{L+1)=20y
DY 30 y=1.ND
Kz(Jd=1#ND*1
30 FCi+1),DINNCI) =Pl +1 )4 NNCKI*FEC(J)
RETURY
END

SILRDJTINE CONNICCH,1S5,0D,K)
DIOFISTION CN(T8)Y,I8S5(H)
K=}
DI %0 1=1,18
30 CH(1J=0,
G TU (0r2,3)eND
K=1
RETHRY
) PY 4 1=1,4
' EFCISSCI2)0,0041
41 C¥d¢rd=n
DD 42 11=1+1,5
0?2 FF¢1oScell), EQ,1)CH(Tl)==1
RETURN
3 DY 32 1=at.b
JEral /%6
32 IFQ1sS¢IY EQ.yeNCy) =1
IF(155¢5))23%,3%,0
CNESY Nl Ty=m
33 CH¢18)=1
RETijpHN
END



oy

13

KA

22

SUBROJTINE CHECK(X,XP,CTHY,CTHYP,VTHY»158S,J)
DINENSION XCNEQY  XPI(NEQ)Y CTHY(A)CTHYP(S),VTHY (8]
DIMENSION I5S5¢63sIT(O),TT(A) +ITHY (&)
CHMON /BLOCKE/EPS
COMMON /BLICKI/TsSY,ANGLE,ALPS, TT2, TT 1T, ITHY, 1ITHY,HSYALL
Cort0ON /BRLOCKA/NER
H1,H2,H33ST
CHECY FOR ANY THYRITOR Tn BE SWITCHED OFF
P2 13 1=1.5
IF(ISS¢t2)13,13,0
IF(TTCIY~EPS, LE. ANGLE , AND,TTC(I)+ST+EPS ,GT.ANGLESGO *O 14

CayrTivyge

G) 1O 95

ENEY o
[1=1

H1 = ANSGLE=TT (1)
CHYRISTaR 11 1S EXPECTED T3 SWITCH OFF AFTER H1 SEC,

YEST £0OR ANY THYRISTO/DIOGE TURNING OFF
DI 16 12115
IFeIsSS8¢l3N146,14,0
Ir¢pasccTYRPCLY)Y,

LE.vIE=S)CTHYP (1) =0,
IFceTdyp(I)«CTHY (1)

¥17,16416
COITINUE
G2 TD 48
JEJad
H2=ABS(CTHYPCTYY/ABSCCTYHYCI)~CTHYP (1)) »ST
i2:=

HYR:§TI/0l00e 12 15 EXPECTED TO TURN OFF AFTER H2 SEC,

LHECY FOp THE GATE SIGNAL ON THE NEXT THYRISTOR IN THE SEQUENCE
IF(TT2=EPS,LE.ALPS.AND TT2+ST +EPS, GE,ALPAIGO TO 1O
GY TO 21
13=21THY(LITHY)?
HizALPa=TT2
J=1+4
iATE ol3HAL ON THVYRISTOR 13 STARTS IN H3 SEC.
CHYRISTIR L3 1S FXPEXYYED TO sWITCH ON AFTER H3 SECH

IF(4250,50,0

~IND HSMALL JF HY,HZ2 AND H3
K=
HSilALL=H
1F(HSHALL=-H2)22,0,0
HSHALLENE
KRE(=d
IF(HS“ALL'HB)ES;D:O
HSItALLEHS
K¥p=3



” JpDATE THFE VARIARLES AT HSMALL BY LINEAR INTERPOLATION
23 CALL IHTERP(X:XxP:ST,HSYALL,NEQ)
T=7ST+HSMALL
DI 32 1K=1,46
32 TTCIK eI TUIRI»(TTCIK) +SHMALLD
TT2=TTR+HSYALL
02 TU (26425,26) KKK .
¢ SWITEH DefF THYRISTOR 17 aAND TURN ON ITS COMPLEMENTARY DIODE
2h 1S5¢ily=0
IT¢11)Y =0
K51
TF(11/2%2~11,E0,.0)Kg==1
IK5=014KS
[S5¢IKgY=1
WAHTECITII11,1KS
1 FIRMAT (4 Xe *THYRISTOR', 12/ IS SWITCHED OFF AND DIOQDE',I2:
<« ' 15 TURNED 0d4")
6% 1O 50

C CURN DFF THYRISTOR/DIODE 12

25 ISs(i2Y¥=0
N?LTEfSaZ)IZ

2 FORMAT (49X " THYRISTO/DIODE", 12, IS TURNED OFF'")
G) 10 50

C SUIToW 3N THYRISTOR 13
26 IT(13)=1
TT(IS)uOJ
TTp=0,
ITTHYSTITHY +9
LFCIITHY.GT ) ITTHY=ITITHY =6
HRL1TE(3,3)13 ,
FIRMAT(TAs"GATE SIGNAL ON THYRISTOR' 12t 1S STARTED")
DD 41UI=1.% |
IF 1SS a,0010 |
IFLITCI210.10.9
155¢1l)=1
WRITECT,6)1 ‘
FONMAT (14X "THYRISTOR ', 12:" IS SWITCHED ON')
0 CONTINUE
RETURY
END

L7 IV
Lo 4

- I-




APPENDIX B
COMPUTER PROGRAMS FOR THE ANALYSIS OF THE MOTOR SYSTEM,

A general simp1ified flow chart for the computer programs
MOTOR1, MOTORZ, and MOTORS is shown in Figure B.,1, followed: by
the program iistings. 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 Tibrary routine DO2AAF. No special subroutines are

used in these programs.




“i:lp
Read in system parameters and
initial conditions

Form various system tensors and cal-
culate the inductance tensor inverse
if required

|

Calculate phase voltages & voltage

A~ a-a

[ Calculate the 1nverse of the 1nduc-
tance tensor if the direct-phase
model is employed

Call Runge-Kutta numeric routine
and get new values of currents,
rotor angle and speed

Calculate new developed torque
!

Print results

FIGURE B.1 The general flow chart for the motor system analysis
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PROGRAM 1 Q T O w1
INDUCTYT IN MACHINE ANALYSIS

uglﬂﬁ DIRECT PHHASE HMNDEL

————— - '...--1ﬂ--':"---"---——-"n..-—-

L)

REAL INER

REAL LSTLR,LSM, LRN,MSR

REAL LBCS5),RP(8),1PCA) VP(S),DL(31)

DIMENSTON Y(B),ERR(R),A¢%),B(8),C(8),D(8)

CIIMON /RLOCKT/LP,DLsRP, VP, VMAX W, P, INER,COEFFY, TORQ, TORAM,R120
b LS, LRTLSY, LRM,SRH
EQUTIVALENCECYC1) yTHETAY » (Y (2),SPEED) (Y (3). 1P (1)
EYTERVAL AUXG

Plzid, *ATANCY,)

R120=27735,#p1

REANDC2,1IRS,RR, LS, LR7LSM/ LRM/MSR VMAX:FREQ:P:INER:COEFF
F3dMAT(1bFO 0)

H=2, %P «FREQ

ST= 5Fa3

TF1=2,

RP{1)+RP(2),RP(3)=RS

RP(L)  AP(S),RP(S)=RR

ClurINUE ,

CALL DORAAF(Y ERR,T,ST,B8,AUyX6,4,8,C,D)

TOka=
"(kIP(1)*IP(4)+TP(?)*IP(5)+IP(S)*IP(6))tsIV(THETA)

+ (IPCIYYIP(S)4IPL2)*IP(O)«IP(3)*IP(4))*SIN(THETA+RIZD)
+ (IR PIPCE) P2 %I (L) +IP(3)*IP(S))«SIN(THETA=RI2D)) «P«MSR
MRITE(3, 4T, THETA,SPEES, TORA TP, VR(T)

FORMAT (14, F6,%,11F10,3

IF(T.LT.TFIYGY 1O 400

STup

END



20

‘e

SURBROUTIHE AUX4(F,vY,T)

REAL INER

INTEGER ENTI(¢6),INT2(6) !

REAL LS,LR,LSH,LRM,M8R

REAL Lp(34) ,RP(8),1P(6),VP(6),0L(36)

DINENSION F¢B),v(8),FF(¢6)

CIMMON /BLOCKIZLP,DLeRP VP, YMAX, W, P, INER,COEFFT, TORQ, TORAM,R120
s LS, LR,LSY,LRY, SR

THETA=V (1)

LP(1), L Pp(3),LP(15)=L8

LP¢22),LR{29)  LP(ISI=LR

LPC2) LPC3) ,LP(?),LPCIY,LP(13),LP(14)=LSH
LP(23),LPC24) P (28)LP (30, LP(34) LP(35)=1RM

LP¢20) LREZ272) P (31) e p(8) ,LPC10) ,LPC17)=MSR*COS({THETA=-R120)
LP(21),LP(28),LpC32)YrLo(3),LP(12),LP(16)=MSR*COS(THETA+R12))
L) LPCY 1Y, Lo ¢ 18, LP¢1?) ,LPC26) ,LP(33)=MSR*COS(THETA)

CALL WINV(LP,6,DET,INTY,INT2:35,6)

DL spt$1 1) D18, 00 ¢1P),0L(267 ,DL(33)=SINCTHETA) #MSR
DL(SY D12 e DLC16Y,00L¢212,DL(25),DL(32)=SINCTHETA+R120) *MSR
PLCAY+OLCTOY /DL CI7) PLC203,DLC27),0L¢31)=SINCTHETA=R120) *MSR
VP (1) SyMAX*GINCW*T)

VR (2)=VMAX&SIN(W*T=RT12))

VR {3)=yMAX®SINCI*T+RT2))

FOly=v(2) :
FC2)=(TORISTORQU=COEFF1#Y(2) )/ INER=P

p3 19 1=1,45

DLi=0,

[JD .50 J.=1;6

Ksj+(Jml1) %5

PLYI=DLI+DL(KY*Y (J+2)

FF(I)=yp{l)aRP(I) ey (I+2)+D 1%y (2)

0 20 1=2T+.6

F(i+2)=0,

By 20 g=1,5%

K1+ (J=1)*b

FUi42YaFCle2) P (KYxFFCJ)

REFURN

ENp




[}

—————————————— LY B T Y

G 'ROuRA1 HOTOR2
C INDUCTION HACHINE AMALYSTS
G JSING STATIONARY 2=AX1S MODEL

{: _____ A oy m T Y - oy g -
I“TEGER LNT1Cay, INT2C4)
REAL INER
REAL LS:LRILS”lLRMIMSR
REAL LP(16),RP (&) 1PL4),VP(3),G6015)
DILENSTION Y(6),ERR(6),A(6),B(6),C(6),D(&)
CIMHON /BRLOCKT/LP,RP+G, VP VMAX WP,/ INER,COFFF1,TORQ,TORQY)RT20
EAUTVALENCE (Y (1Y, THETAY » CyC2) ,SPEEDY 1 (Y(3),1P(1)}
EXTERVAL AUXS3
Pl=4,*ATANC(Y,)
R120=27#P1/3,
STpp=,5E"3
TF:=.5:
REANC2,9)RS,RR,LS,1LR/LSM/LRMIMSR

o iVHMAX EREQ,INER,P,COEFE1,TORAY

f FIRMAT(7F0,0)
l;=2_*PI*FREQ
RP¢1),RP(2)=RS
RP(%) ,RP(4)=RR
Li*¢1),LP(5)=LS~LSH
LP:11),LP(14)2 1 R~LRH
LP¢3) ,LP(3) LR (3, LP{14)=7 S*MSR
G{ay=~9,5%MgR
GOy=1765%%sg
GCE2)=a(LR=LRM)
G(15)=LR~LRY
CALL ATHV(LP,G4,DET,INT1,INT2:156,64)

00 COuTINYE
CALIL DO2AAFR(Y+ERR, T,S5TFEP,6,AUX5,A,8,C,D)
TH=175%1, Gxl]ga*pelIp(2)*IP(3)alp(1)*xIP(4L})
WRITE(3, d)f.T”ETA;SPEEn:TORQvIP,VP(1)

2 FORMAT(IXrFA, 4, 11F10,3)
IF(T.LT.TFIHIGY 1D 400
STyp
LHp



SUBRVDJTINE AUXS(F,v,T)
REAI INER ,

REAL LPC1%),RP (L), vP(3)y,VDQl4),6(14)

DIMENSION F(6),v(8),FF(4)

COnMON /BLOCKY /ILP,RP+ G, VP VMAX,We P,/ INER,COEFFI,TORQ, TORAM,r120
VP (1) SYHMAK*STIH(4*T) '

VP2 =ynAX»SIH(J*T=R120)

VP{X)=yMAK*GIH (4*T«R12D)

VB 1) =(d, »vP(1)=VP (L) -VP(3))/3,

VD) alVP(2)myp{3))/SyRT(3,)

F(1y=v(2)

F(2)2(TORA~TORQYU=COEFF1*Y{(2))/INER»pP

DI 20 1=1.4

Gl=n.

PI 10 =14

K=1s(Jat) ¥4

GIasgIsGCRIAY(J+2)

FFe1) 2ynQCly=Rp(I)way (1 +2)=gl*Y(2)

DY 30 1=21.4

F{1+2)=0,

DY 30 y=t1b

K1+ ()m1) 4

A0 Flt+2)zp(l+2)+1L0(K)*FF L)

RETURN

END

s ]
[ J» ]
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PROGRAM H U T 0 R 3

*

HDUCTION MACHINE ANALYSIS

USING STATLONARY 3=AX1S 4vODEY

-

100

L Rl Al L el At N Rl IR Rl R i

INTEGER INT1(¢(6),INT2(4)

REAL INER

REAL LS,LR,LSHY,LRH,MSR

REAL LPC36),RP(ARY,1P(6),VP(H) ,5(35)

DIMENSTION Y(8),FRR(A),A(8),B¢8),C(3).D(8)
CAINMON/BLICKI/LPoRP,G,vP, VHAX ) W,P,INER,COEFFT,TORQ, TORQM,R120
EQUIVALENCE (Y1), THETA) » (v (2) ,SPEED) 4 (Y(D),IPC(1))
EXTERVAL AUX6

PIz4,.*ATANCY,)

R1z0=2"wpP1/3,
REANDC2,1IRS,RR, LS, LRrLSM,LRM/MSR

tVHAX FREQ, P, INER,COEFET1 . TORQM

FORMAT(7FD,0)

Ws2 *pI&FREN

TORF=T 5*SQART(3, ) ep*MSR

STep=,5F=3

TFi=.5

RP(1),RP(2),RP(3)=RS

LP 2 LP(3),LP¢15)=18

LPE22)7LP(2) ¢ LP(34)2LR

L(2),LP(3) ,LP(?),LP(9)y,LP(13),LP(14)=LSM
LP(23)Y LPC24) 1 p(28Y s L ( 30y, LP(34),LP(35y=LRM
Lp(‘:t)lt.p(11)pr(18>le(1;),LP(Zﬁ)JLp(33)=MSR
LPR) hLPLS) LR 10),LPCI2) s LPCISY s LPCI7), LP(20) T LPC21Y,LP(25)
LR 7Y, LP(31),LP(32) =2, 5%SR

Cagl MINVILP,6,nET,INT1,INT2,35,6)
GC5Ye3(14),6(14)="5QRT(3,)/2.%YSR
(i((;):3(1U);G(1?)=-:‘,(5)
GC23).G(39),6036)==(LR-LRM)/SQRT(3,) -
GC24),G(¢43),0(35)=-6G(23)

COuTINUE

CALL DO2AAF(Y+ERR,T,STEP.8,AUX45,A,B8,C,D)
TIRQ=TORF»(IP(4I*IP(O)-IP(3I*]IP(h))
WRITE(3,4)T, TAFTA,SPEED, TORQ IP, VR (1)
FIRMAT(IX 76,4, 11510, 3,

1F¢T LT . TFIVGD 0 100

STup '

END




SUBRODJITIHNE AUXACF, vy, T)

REAL INER

REAL LP(35),RP(s),vp(8),6(36)
DIMENSION F(8),v{(3),FF(4)
CINMUN/RLOCKYI/LPsRPYG, VP, VMAX, W,P,INER,COEFF1,TORQ,TORGM,R120
VP (1) SYHAX#STNCI*TY
VP(2)2yMAX*SIN(J*T~R12D)

VP (Z)=syMAX*SIN(JI*T«RT120)
F¢1y=Y(2)
FC23e(TORA=TORQU=COEFFI*Y(2)) /INER+pP
DI 10 1=1.+%

Gl=0,

PO 20 g=1+6

Ke[+{l=1)*%

Gl=gleg(KIey(Je?)
FFCII=ypCL)=RP(T)*y (I+2)=GI*Y(2)
P 30 1=%e4

Fl1+2)=0,

PO %0 =%t

Kz(+{Ju1)*4
FCOI+2)=pCl+2) 4L plK)*FR{J)

RETURY

END




APPENDIX C
COMPUTER PROGRAM FOR THE ANALYSIS OF THE INVERTER-MOTOR SYSTEM

A general simp]ified flow chart for the computer program
INVERTER-MOTOR is shown in Figure C.1. 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 CONNI
for the inverter system ana]ysis,<but here it has been modified

to cope with the additional rotor circuits and the rectifier

diode.




Read in system parameters and
initial conditions

Set up the devices conduction
states according to the requi-
red switching angle

|
Form.[Rp],[Lp], [GpL[vp] and
[sqp] tensors

l
Calculate [Rn}, [Ln]’ (6415
[v.] and "[sq.] tensors
n n
|
' Generate a transformation tensor
? 5 [C,] for the present topology
|
Calculate [Rnn]’ [Lnn], [Gnn]’
[Vynls [sa,,] and [Lnn]'ltensdrs
I

Correct currents initial condition:
for the present topology

FIGURE C.1 ‘- The general flow chart for the inverter-motor system
analysis (continued next page).-




Call Runge-Kutta numeric routine
and get new values of currents,
charge, rotor angle and speed

I
Calculate [ip],[iln], pli ] & p[i )

Calculate thyristor/diode currents
and voltages

Is
there a change
in a device conduction
state

?

tate variablie " Calculate torque
using linear inter- and branch currents
polation routine. and voltages

No

required sample

Plot results

FIGURE C.1 (continued) The general flow chart for the inverter-motor
system analysis
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CROGEAM T N YV E g TER M TOR

ENERAL ANALYSIS OF THE INVERTER<INDUCTION MOTOR SYSTEM
———————— -."'--.--——-.-—---o"-—n""--"ﬂ--"——Q‘!""-'ﬂu-"-"--n‘----
I4reGeER INT1(6),INT2(8)

REAL !NER:INVCUR'!HVULT

REAL LFE,LSS,LRR,LSY,LRY,MSR

REAL Sp(125),0pTC€126),CN(54)CNT(54)

REAL APC15),RNC81Y,RNN(38),R(128),R1(D)

REAL Lp(17% ).LN(81).LNN(36)-LDI(9)

REAL 3p(17%),GN(¢81),GNN(36),G1(9)

REAL ip<14).IPpc1a).DID(1A)¢!N(9>.D:N(?)ilNN(é)ID!NN(é)
REAL vP(T4),VN(?) . UNN(A)

REAL SaP(14),8qn(R),SauN(s)

REAL VBC1G) ,VL(14) VG(14) yyX(5) ,VTHY(6) ,CTHY(6)YCTHYP(H)
REAL Y(O)eYP(PY,FI?YrERR(IY,A(FD +8(9)»C(O),D(T)
DINENSION I6SC¢aY s ITHY(S) » ITHY1(E) s ITCO) »TY (63 ,H(S5),JJ(5)
CIMAUN/BLOCKTI/CPCNy 1P, INSINN,DINN

RN, LUNFGNN,RI,GI,Rr VN, SQNN

) L'KJ"!LL!”EQJH.““A:ML

TORF,TORQA, TRAM,COFFFT , INER,P

CAUMNI/RLIOCKAG/EPS

CAINTVALENCE (Y1), THETAY , (Y (2),SPEED) ¢ (Y(3),CHARGE)
FXTERNAL AUXT?

DAVA TTHY/4,%46,3,2,5/

DATA TTYHY1/0,3,2¢5.4¢17

PI=d4.*pATAN(Y,)

R1en=2_«RI/3,

Efs5=.1E=10

824=520T(3,)

(EAD tH SYSTEM PARAMETERS

6 f0oR FOR THE STATOR PHASE OPEY CIRCUIT TEST

= PR FOR THE STATHR PAASE SHORT CIRCUIT TEST

1

=8 FOR ALL OTHER CASFES

INVRT =1 FUR 120~ INVERTOR
MVRT =2 FOR 18V-INVERTOR

READCZ2,1)RF,LF,RSH,CSH,RS/RR/L5S/LRRsLSH, LHM:MSR:P:INER.COEFF1

FIkMAT(2UFC.O)

READCL, 1)E,FREQ,STEPITFI, ALPHA, TSWITCHT, TSUITCH2TSPEED
REANC2,2)YINVRT, 4

FInuanT ¢1UI0)

Mlg=tteld

Mo x4
REAN(Z2,32(Coldy,d=1,M14)
FIgMAT¢14F0, 00
TIee=1 . 5+*S33»Pw4vSR
Wap, =01 *»FREQ

Alp=1  /FREG

ALpa=Apnlo,
ANGLE=CIHVRT+1)#ALP6=STEP/1 0.
IFCINVRTLZEQ T)1a0=4
IFCINVRTVEQ,2)133=1

ST=SlEp




¢ JETERMIVE THE DEVICE CUNpUCTION STATES AcconvING TO ALPHA
DY Sus 1=1.4%
IFCALPIALLT  ALPS*])GO TO 904
703 CoTINYE
704 ITRONT=ITAY (1)
ITHONZ=ITHY (I *1=1/6%0)
IGS(ITHON1).ISQ(ITHON?).IT(ITH0N1),IT(ITH0N2)=1
; TTCITHONT ) =ALPHA=(TI=2) 4ALPS
| TTCITAONZ) SALPHA=(1=~T2+ALPS
| TT2=TT(ITHONZ)
| TT7=ALPHA
\ ITonyY=1+2
IFCINVRT=1) 904,7206,0
ITHONSSTITHY(I+2-1/5%0)
FSSCITHONS) ,ITCITHONS)Y =Y
TTe1TAONTY=ALPHA=(1=3)#ALPS
TT(ITHONZY =ALPHA=(I~E) xALPS
TTCITHONIY =ALPHA~(TI=1) «ALPS
TPz=TT(ITHINS)
[TrHY=f+d
500 CInTiNUE
1021
© CMARGE=zE*CSH ,
y CORY RP,LPLGP, VP AND SQP TENSORS
REC?), 0np(3) ,RP(II=RS
RP(10)Y=RSH
RD(11)=RF
RP¢12),RPU13),RP(14)=RR
LP(151y=LF
LPrw|).L?(;né).LP<1?1)-LSS
LP(1u5)Y LR ¢181),LP(1761=LRR
LP(DR),L9(71);LD(105).LP(1G7).LP(119)uLP(1203=st
LP(567),L2(168), LP (180, LP(182),LP(194),LP(195)=|.RM
LP26), 1P 11),LPLI26) ,LP(1AT) ,LP(176),LP(191)=MSR
L°(9u) Lu(a%),Lo<1.0),LP(112>,LP<12A).LP(1?5) LP(162),LP(1563)
e .Lw(i?5).L?(1f?);LP(18?)rLP(19O)-- S5#MSR
Go(d?),6r(112),5P(4124¢)==83Q3/2,*M8R
Go(28),62¢110),5P¢125)=503/2, *wsn
G“<1b?$.GP<182).Gpc194)=-<LRR-LRM)/sqs
GP{16%),06P(180),5P¢175y=(LRR~LRM)/S5Q3
V(1Y) =E _
SAp¢12%=1./c5H
€ CALCULATE RN, iMrGgYeVH AND SQN TENSORS
Capt, IHTRACCP,CPT, 144, M74)
CALL PRODCCPT IRDIR, e T4, 114,074,014,
CALL TMPROC(R,Cp, RN, M4 14,14, 4M)
CALL SHPHDCCPT,LLP, R M 14,14, M14,1796,4106)
CALL SHPRDM(R,Cp,LH, Mot 4, Mett14,416,M)
CALL SHPRD(EPT,G6P,R,MA,14,14,M4,135,4M14)
CALL GHPRO(R,Cp.,OGN, M4, M emMT1b6,4964,MM)
CALL SUPRDC(LPT VP, UNM, 14,4, 114,14, M)
CALL 5UMPRD(CPT,SAP,SQN, M 14,114,164, M)




C AALN Lodp
100 B 65 1=21.+5
h6 TFCITCIYLEQ,10185¢1)=1
ND=1SS(1)+155¢2)+13S¢3)+155C4)+1SS5(5)+]18S(6)
IF(M.EQ.00155¢(5),155(6)=0
IF¢IPLUGT L EQ,. 2 AND TPLUGZ,EQ.1)ND21
LOOp=Np+1D+M/ 941
LL=302paL30p
Hi=M*LDOP
NE(J:LJOP"‘S
» CORRECT CURRENT INITIAL cONDITIONS FOR THIS STEP
1822w (1=1535¢1)2-1585¢2))
INGeTI=I Pl +ISYelPU2*+15)
INN(2)=IP(3)Y+Ip(H)
INKeNDY=LR (1)
INNCLIOP=1)=1P(¢12)
INNCLIOP)=1P(13)
P2 74 1=1,L00P
24, YCi+3)=tr0i(D
CALY, CONNZ(CN 1SS, NDrIn, M)
c CALCUILATE RNN,LNN,LNNINY,GNN,YNN AND SQNN TENSORS
Gagl GHTRA(CN(CNT, 4, LOaP, ML)
CApLL GHPRODCONT, AN, R LONP M Mo ML, MM, ML)
CALlL 3MPRD(R,CN,RNM,LDOOP, M, LO0P, ML,/ ML,LL)
CALL GMPRD(CHT,LN,RYLOOP, M, MM, My, ML)
CALL SMPRO(R,CN,LNN,LOYP,M, LOQP ML,/ ML,LL)
CAiL SHPRD(CHNT,GN,rR,LODIP /M, M. N, MY, ML)
CALL SHMPRD(R,CN,GHYLOOP, M, LO0P ML, /ML, LL)
CALL GHPRD(CNT,yN,YMN,(  00P Mt ,ML,H,00P)
CALYL GHPEO{CNT.,SQAMN,SUNN,LOQPM,1 ML, M, LOOP)
CALL MINVOLNN,nOP,pET,INTY1 INT2,LL,L00P)
o JALL THE RUNGE=KUTTA ITHTEGRATION ROUTINE
IF(ABS(ST)Y-EPS)S04,501,0
500 CINTINUE
D3 75 1=Ye14
75 [Ppely=1P(1)
YP(1) =y (1)
YP(2)=2y(d)
YP()=y(3)
CALL DORAAF (Y ERR,TYSTUNEQ,AUX7,A,3,C.D)
301 COnTINUE
DI 73 1=1.L00P
7’3 INHCL) =Y (T+3)
C SALCULATE IN,pIs, 1P AND pIP TENSJRS
DD 3 (=14
IverYepIN(LY=ST
DY 43 g=1,L00P
KoMa(Ja1)+1
DILel)=pINCIY+oN(KY DT HNCd)Y
A It 2T HCT)+CH ()« INNC))
B2 46 1=1r14
IP¢1Y,p1P(l)=0
DY Lae g=1.94
Kstaw(J=1)41
Diptly=nlrP(1)+cP(K)+DIN(J)
A IPCr)=gpLTy+CP(KI»INC))
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SALCULATE THYRISTOR/DIUDE CURRENTS AND VOLTAGES
CALL GHPRD(RN e INIRI Mol eMM MM
CALL GHPRDCGNPINGGI M, 4,1 MM N
CALL GHPROCLNyDIN,LBL,qaMe1 e MM, M)
PO 302 1&1,5
CTHY(Iy=LlP(D)
CTuyP(y=Irpil)
YX (1) ayNCI)aRICTIImGICIYNSPEED=LDI (1) =SAN(I)+CHARGE
IFCTSSCI).EQ.IYVTHY(6)Y==VX(T)
CONTINUE
Cruv(%)=iP(%5) .
CTRYP{g)=IPP(6)
DI 207 131,5
COVTHY (D) =VX () ey THY (A
CHECK FOr ANY CHANGE IN peVICE CUNDUCTION STATES
J4=C
DI 34 1=1¢5
HO1Y=ST
CHECYK FIor ANY THYRISTOR YO BE SWITCHED OFF
pd 135 1steb '
IF¢rss¢1)»13,13,0
IFCTTCI)TEPS, LE,ANGLE AND. TTCI)+ST+EPS,GT,ANGLE)GO 70 14
COMirINyE
6 0 15
J=j+1 '
I1=1
HOpY=aGLE-TT (1) .
“4YR1sTIr 11 1S EXPECTED TO SWITCH OFF AFTER H(1) S,

JEST FOR ANY THYRISTOR/DIODE TURNING OFF
G 46 151,56
IFCISS(IN)I16+16.,0
IF¢ABSCCTHYR(IYY, LE.»1E~L)CTHYP (1) =0,
IF Ty (i) «CTAYRP(INIT, 16,16 :

CONTINUE
GO t0 18
=g
{2=1

HCY=apSCCTHYRCI) )Y /ABSCCTHY (L) -CTHYP(I) )Y *ST
JHYRiISTIE/DIUDE 12 15 EXpECTED T3 TURN OFF AFTER H(2) S,

CHECK FOp THE GATE SIGNA) ON THE NEXT THYRISTOR IN THE SEQUENCE
IF(TT2-EPS.LE,ALP6.AND TT2+ST+£pS,GE,ALPEYGO TO 19
GO 10 21
JEg+d
I3=1TAY(LITHY)
HE3)=ApLpo=TT2
JATE 2IGHAL Oy THyYRISTOR 13 STARTS IN H(3) S,
SHYRQTIR 13 16 EXPECTED TO SWITCH ON AFTER H(3) S,

LHECK FF THE RECTIFIER DIODE IS TO BE TURNED OFF
IF¢ID)InuT1,:51,0
LF(IP(11)*1PP(11))0,51,51
JEg+1
HOo Y mARSCIPPCT4))7ABSCIR (110 ~1Pp(11))#5Y
FCTiFIER DIODE 1§ EXPECTED TO TURN OFF AFTER H{4) §,
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“HECK IF THE RECTIFIER DIO0ODE 15 TO BE TURNED ON
IFCIDYN, 0,52
ROV=E-CHARGE/CSH
IF(RDV)YSZ,52,0
J=J+1
H(zy=27
RECT{FIER DIODE 1S EXPECTED TO TURN ON AFTER H(S) S,

IF(LI)S:SIS‘S’O
FTND HSYAL OF H ARRAY
HSAL=4¢1)
K =1
IF(HSMAL-H(TI))33,33,0
HSHIAL=H (L)
¥Ke=1
CONTINUE
IPPAE THE VARIARLES AT HSMAL BY LINEAR INTERPOLATION
CAul THTERP(Y,vP:,S5T,HS4AL,3)
CALL THTERP(IP,1PP,ST,nSHAL,14)
Y 32 1Kk=1,4%
TTCIKISITOIRI*(TTCIK) +451AL)
TToalT2+4H9544L
TTY=TTT+HS{AL
ST=gT=-ysHMAL
T=1-8T
G2 TU(D22¢23,26,25,26) KKK .
JUITUH JFF THYRISTOR I7 AND TURN ON ITS COMPLEMENTARY DIJDE
185¢119=0
1T ri)=0
TT 11y=0+
KS=1
IT vi/2ed=11,Eq,0)K55=1
HESSES g I
1§ 0iKg)=1
Weiteds,%Y11,1Ks
FOIAAT I X e " THYRISTUR v 12+ 1S SWITCHED OFF AND DIODE', 12,
w ' 18 TURNED ONM) '
62 v0 850
FURN OFF THYRISTOR/DIODE 12
IS3¢ley=0
FIRHMAT IR+ ' TAYRISTOR/DIODEY , 12, IS TURNED OFF")
G} TO 50 '
LMITew dy THYRISTOR 13
1T¢r3)a
Tr(fs)‘:n-l
TT¢/=0,
ITruvd=11THY#
FFQTITHY GT 81T THY=1IrHY"=§
WRiTE(3,701%
FIuAT¢1Xe'6ATE SIGNAL ON THYRISTORF,I12,:!
G) T 50
RN OFF THE RECTIFIER D1 ODE
IDx=n
WRITE(3,8)
FYLMAT (A X' RECTIFIER DIODE IS
GJ) rY 50

1S STARTED!')

TURNED OFF1)
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CYRN ON THWE RECTIFIER DIDDE

J IR |

WRITE (3+¢79

FORMAT(IX/'RECTIFIER DI{ODE IS TURNED On')
DI 10 1=14%

IF(155¢1220,0,12

IF¢IT(1)219,10,0

WRITECS,1101

FOnaAT (14X THYRISTOR s 12" 1S SWITCHED ON')
COnTIVUE

G2 10 100

Y 31 1k=1.56

TTOIKY=TTCIR)#(TT(IK) +5T)

TTe=TT2ST

TTv=TTT+ST

ST=gTEp

- JALCULATE BRANCH VOLTAGES VB

CAit 3MPROCLPDIP,VLeT4 +14,1,196,14,14)
CALL SHPRDCGPIP VG, 16,14,1,795,14,14)

B9 1 1=telb
VB(I)=RD(I)~IP(I)+UG(I)wSPEED+JL(I)-V?(I)
INVRUR=IP (1) =12 (1) :
TOea=TORFX(IPCPI*IP (&Y =TIP(P)w [P (12))

SLOT RESULTS

uRirE(g,A)zgs,r,THETA.uPEED.TORQ.IP(?).IP(S)rIP(99:1NUCURsJB(?)
FORMAL (1% 511 FPLL,9F11.3)

Ny=9

WRITECAYNY, T, THETA,SPEFD,TORQ, IP(7), 1P(B),1P(I)TINVCUR,VB(7)
IF(T=TEI)D00+5000.

CA. L PLOT

STup

EYi.
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SULRUITINE AUXZ(F,Y.,T)

REAL IHER

REAL Ip(14),IN(?Y, INN(A)Y ,DINN(E)

REAL RNNC36) , LNN(SEY rGHN(36)+RI(INVGI(D),R(126)
REAL VNN(S) ,SANNCSH)

REAL Cp¢125),CN¢54)

RE:"\L F(NEQ).Y(NEQ).FFC'S)
COUMON/RLOCKI/CPsCN TP, INPINN,DINN

dREN LN GNNARTGI,ReVNN,SQNN

e LOOP, LLeNERAM, W14, ML

¢y TORF, TORQ, TRAM,COEFFY , INER,P

DI 11 1=1¢L0O0OP

I¥ (1) ey (1+3)

CALL SHPRD(RNN,TNN,RI,(00P,L00pF,1,LL,LO0P,LOOP)
CALL AHPRD(GNN,INN,GI, 00P,100pP,1,LL,LO0P,LOOP)
CALL GMPROCCN, INH, TN, L00p, 1,8, LUOP,M)

CALL GMPROCCP,IN,IP,T4,M,7,M74,1,14)

TIkn= ToRF*(IP(?)*IP(1&)-IP(9)*1P(12))

Feay=vy(2)

FOorY={TORATRUMCOEFFT1 Y (2Y)Y/ INER®DP
FCEi=Ip(TT)=IP(1)=1p{3)y=[P(5)

P 10 1=T,L,00P
FREUYsyNR(I)=RICI)=GI L) *Y(2)=SQNN(I)*Y(3)

DD 20 1=1,L00P

FCr+3)=0,

DY 20 Jy=1.L00P

K=(i~15+L00p+]

FCOp+3),nIN8 (D)= r(1+3>+nuucx>*rch)

RETURNY

Esdp




SULROJTINE CONN2(CN,ISS,HD,ID, W)
DIHENSION CNC(S4)1558¢€4)
L=t/ 2 +1
D3 31 1=1+54

31 CN¢12=0.
IFcIDY11 11,0
CN((ND+IO=1)*Ma2)21D

11 CN{(NDRID) #u=T1) ,CNC(ND+ID+1)*M) =1
G2 10 -(44:2,3),ND .
2 DI 40 [=1,4
IFCTSSCI)I0,0,419
40 CONTINUE
i CY(1)=1
D) 42 11=0+1.,4
L2 TF(TSS(ID)  EQIICN(TII) =]
L RETURYN
4 DY 32 1=21.4
JEi+L /3%
32 IFCISSCIY EQ,1YCNCII=T

1F(r55¢52)3%,33,0
CH(RY sCN(Sey) 3
33 REVURN :
END
SUKRUJTINE INTERP(Z,ZP,STyT W)
DIMFHSTION Z(N},2P{N)
CHIMON/RLICKSG/EPS
[FeABS(ST) LE,FEPS)YRETURN
D2 10 k=1¢N
10 ZORY=Zp(RY=(ZP(KI=Z(K)I/STwT
RETURN
END



20

SYRRUJTINE pPLOT

DIMENSTION XXC4000),YY(4030),A(15)
DINENSTION TARRAY(15.,15)
REANDCZ71I CCTARRAY (D, V)Y, 121,16),0=1,15)
FIpHAT (19A 1)

READC2,3)STEP, TUIN,TFI1,PS
FIRMAT(10F0, 0}

REAN(272INCURVE

N=Tel/STEP

CApLL C1031N

CAei JHITS(1GL)

CALL DEVPAP(S50.,29.,1) i
TAXTSSHINT(PSw(TFI-THIN))*Y,
ITAXIS=NINT(PS «(TFI=T4IN))+1
CALlL CHASIZ(,45,.3)

D2 20 Jy=1,NCURVE

READ(2,2IK, vO,vaXISTINT, YMIN,YMAX, L /LL
FORMAT(IQ/2F0,0,10,2F0.0,210)
IX=n

DY 13 121N
REJ\D(:':?SNV'T:(A(JJ)-JJ=1 PNV
IF¢T~THMINIT1D,10.0

IX=7X+1

XX{1R)=sT

YY{1X)=ALK)

CIuT INYE

CALL THAANG(2 )

CALL ANTROS(Y,3.,Y0.YARIS2)
CALt, AZTISCA(3 INT, YMEN,YMAY, )
UYpri=(YMAX=Y1IN) /YAaXls '
CALL AXIPIS(1¢3,+Y2,TAKIS,1)
CALL AXTSCA(I I TAXIS/THIN, TMIN+ITAXIS/PS
CALL AXIDRACT+1,1)

XPus=Tgt= &, /P5
YPOs=YIN=JyYPCyel 5

CALl IRAHIVIXPNS Y20S)

CALL THAARR(IARRAY(1+14),76,7)
CAot, AXIZRA(-1,~1,2)
APOS=THIATY, 5/ ps

YPUSEYHAR™ 4, ®tJyPCY

CALL SrRAMOV(XPDS.YOS)

CALL CHAANG (30 .)

CACL CHAARRCTARRAY(1/K) 16,12
CALL SRAPILCXX,YY,IX)
FF(LL,EQ.TYCALL PInCLE

REGJINDY 4

CIutiNUE

CALL 2EVEND

RETURN

ENy

' 1)
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SULROUTINE GMPRDCA,BsR, N/M, LiNM, NNTLL)
DINENSTION A(MHEY,BOHNY ,neLL)
IR=n

IK::HH

DY 1G x=1.1L

[Ks1KeY

DD 10 g=1.Y

IR=1R+1

JIz=)=y

IB:=1K

R{ir)=0,

pa 14 12714

JI=gl+n

18=18+1
RCIRIER(IRY«ACU1 I« (IB)
RETURVY

EMD

SURRUUTINE PRUDCA,B,R, s MaNNeMM, LL)
DIFIENSION A¢CHNY, BCMM) ,r(LLY

=0

DI 10 y=1,9
DY 10 x=1.%
(=]«

RCLY=A(TI)I*B(J)
RETURY
BN

SIEadJTIHE GMTRACA, RN, M. MY
DIPESTON ANy, RCUM)
IR=0

DD 10 I=1pN

a1 =Y

DI 10 g=1,4

I I=1J+y

IR=THR+1

RCIRI=ZACLYD

RETHURN

END
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SUBRVUTINE MINVCA N Do MeMHAN
DINEHSTON ACHMY , L{NND 1 (NN)
SFARCH FOR LARGEST ELEMENT
b=1 .
NE zmhM
pd RO K'.-“'S..l'rN
NHK=NK+]
L{xy=¥(
H{L)=X
KK=HEK+iK
BIGA=A(KK)
DI 20 g=K.N
12=N*{J&1%)
DO 20 1=X¢N
Il=1Z+]
IF(ABS(RIGAY=ARSCACTIHY)YTS,20,20
BIGARA(IV)
Lipy=1
MKy =)
ChiTINUE
CHTERCHANGE ROMS
JEL(K)
IF(I~Xy35,35,25
KI=K=Y
0d 30 1=1.+M
KI=KI +il
HILn=~A(KT)
JIzKI~K+Jd
A{wrdsacdl)
ACit)=4qoLD
INTERCHANGE CALUNMNMS
1=11¢K)
IF(T=K)45145,38
JPuy=(1-1)
VKN +y
JIayPry
WA n==pa(dK)
ACCKISA(YD)
ACs1d=HOLD
DIVIpE COLUMN BY MINuS PIVOT HVALUE OF PIVOT ELEMENT IS8
CaNTATHED IN 81Ga)
IFCABS(RIGA) =, 1E=2M) 45 ,645:48
vE0,
RETURY
D) §57=1+V
IF(t~4ys50,55,5n0 ?
[K=NK+] .
ACIK)=ACIK) 2 {=RIGA)
COHTINUES




c REDUCE 4YATRIY
DI 45 1=1.4
IK=HK+]
HOLh=A (1K)
IJ=1-%
DI 465 J=T¢N
1J=1J+eN
IFCI=X)60:55,00
40 TF{U=X562¢551%2
52 KdeydegeK
ACII) =HOLD*A(Kyy#A(TS)
63 CONTINUE
DIVIDE ROW Ry PIVOT
Kd=k=Y
B2 75 3 =1,
KJ=gJd+§
IF(J-K)?UIFSI?O
70 ACLII=ACKI) /BIGA
75 CONTiINUE
c PRUDUCT OF PIVvOTS
D=hx0T1GA
C REPLACE PIVOT BY RECIPROCAL
ACnK)=1,/BIGA
R CHiTINUE
r FINAL ROJ AWD COLUMH INTERCHANGE
K=
100 K={k=1)
IFer) 150150105
105 I (k) )
TF(1=Ky1£2,120,108
108 JI=H*(g=1)
JR=yw(1=~1)
DI 11) J=T,y
JEK= g+
HALn=A¢JK)
J1zJgR+y
Alar)==pAlI])
110 ACSHT) =HaLD
i20 JEIK)
IF(1=-Xy100,100,1245
125 Klzp-N
P2 133 15144
KI=KIey
HDLh=A(KI)
JI=KI=K+J
AlRT)==ACJ 1)
130 A{ut1ir=ynLy
GI 1) 109
150 RETURY
END

i3




APPENDIX D

Inverter and Motor Details

D.1  The inverter:
The principal components of the inverter system are:
a) Main and auxiliary thyristors:
Westcode semicdnductors, type PO36QHI2FGO,
average on-state current 36A,
maximum repetitive peak reverse voltage 1200V,

circuit commutation turn off time 35 ys.

b) Return diodes:
Westcode semiconductors, type SF6GNG4,
average on-state current 64A,

maximum repetitive peak reverse voltage 600V.

c} Commutating capacitors (Ct and Ct )]
- 1 2
8 uF - 1000V each.

d) Commutating inductors (Lt s Lt s ses)
5 2

180 turns, 2.5 mm~, 15A continuous rating, 1.1 mH each.
e) Smoothing capacitors (Csh)
made up to 5000 pF across the inverter main and

auxiliary supplies, using 10,000 uF, 100V electro-

Iytic units.



D.2 ~ The motor:

AN

N AN
1 HP, 6-pole, 50 Hz, 220/240V (for A connection)

- moment of inertia J = 0.045 kg.m2

 \$RS,Rr = 5,000
\m.LSS,er = 0.493H
Lol = -0-233H
Logolyg = 0.034H

L = 0.697M
N = 0.465H

a1l 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 td be zero. Since
the flux in the machine cannot change instantaneously, the rotor
currents &djust themselves in such a way as to maintain constant
flux linkages with both the stator and the rotor windings mme-

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:

.i
say

L - . 1 ;
Yo Mo~ BN - Moy Lo Ly - S8y
Yrg) = | - %Msr Msr - M er er er M

v 'i '

Fﬂw: |- Mg - My Mr  Lem Lem Ler ] ra]
irB1

i
™

E.1.

(where suffix 1 denotes the currents immediately before disconnec-

)

tion) or with respect to the rotor currents (1. 51
I"Otz Y‘B

, i
2. ™2




immediately after disconnection.

14

ra

er

Pry

From tﬁe two equations E.1, and E.2, the

ﬂ‘1r'|r' Lem
L Lep
}rm bem

rm

rm

re

:
L ry,

E.2

new rotor currents




APPENDIX F

Inverter d.c. Supply Voltage

The peak fundamental component

Vpeak of a 6-step square waveform of

amplitude V, (Fig. F.1) is:

FIG. F.1

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 Vma after allowing say 2% regula-

X
tion is,

3 7w
=5 X3 X 1.02 x Vmax

1.61 Vo

Substituting 310,6V for Vmax into equation F.2, for 50 Hz fre-

quency operation:

E = 1.61 x 310.6 = 500V

at any other operational frequency Fs the value of E to maintain

approximately constant flux inside the motor is calculated from:




5000 . _
E --5'0— X Fs-' ]OFS

although this is not applicable for very small values ofl;.

When the motor is supplied from a 120° inverter, the phase

"~ voltage waveform is different from that shown above, except when

F.3

the motor is running on light load. To aveid saturation .inside

the machine, the same voltage E is therefore used for both

1200 and 1800 inverters.



APPENDIX G

Steady-state Motor Torque Equation

From the single-phase RS J Ws Lsﬁ Rr J ws Lrﬂ

equivalent circuit of an N AN

induction motor (Fig. G.1),

the steady-state torque Vmax
71

equation is given by

Jimle S

FIG.

2
R L%

W, [FRTh+Rr/S)2 + W (Lytlg)?]

where: _ :
Vo, =V O e
la max RS R (Lsﬂ+ Le)

G.1

G.1

and Rip * J W LTh = RS +J Wg Lsz in parallel with j W Le

The maximum torque is given by:

2
0.75 V1a

Tmax

2 2 2
W [Ryy +\/RTh twl (L +1.)°]

G.2
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hANALYSIS 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.1r2 For an invertor

with 180° conduction periods, a common approachl 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 suitable 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 invertors with 120° conduction periods, portions of
the terminal voltage waveform will depend on the rotor currents and consequently
may be difficult to define precisely. |

To overcome these problems, a tensor technigque based on the work of Kronsl.'4 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 ne problem.

TENSOR ANALYSIS OF THE INVERTCOR: 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 c¢ircuit, 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.

The circuit of Fig. 1 {considering the stator as a load only) has 1l branches and
6 nodes; 6 independent currents Tin (i.e. iy-» 1ig) are therefore 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 as

[ 1 7
1
1
1 1
-1 -1 -1 -1 -1 “es 1
[cs] =
1 1
1 1
-1 -1 -1 -1
-1 -1 -1 1
1
]

“The priﬁifiﬁe_ggsistance tensor [F@J and the primitive inductance tensox lLPJ

are given by:




[r,]= aiag[ 0, 0, 0, 0, 0, 0, x4y 1y, rg Tgns xg. O] cee. 2a
[tp]= diag[ 0. 0, 0, 0, 0, 0, Loy Iy Loy 0) L, O] cv.. 2b
and the primitive voltage tensor [Vb] by

[vp] = [o, 0, 0, 0, 0, 0, 0, 0, O, O, O, E] cens 3

If the voltage across the capacitor is treated as the source voltage, the
primitive capacitor voltage tensor [Sqd is given by,

[SQ4= [o, 0, 0, 0, 0, 0, 0, 0, 0, Q/Cqy, O, o] cee. 4

where Q is the charge on the capacitor. Since this is an additicnal inde-
pendent variable, [SQP] must be calculated at every step.

Having determined the primitive impedance and voltage tensors, the equations
for the indpendent system {i.e. Vﬁf = [Rn][in] + [Ln][in'] + [SQA])could be
established using the familiar relationships:

[Ra] =[] ® [®) [o] + [Ea] =[] [%0] [Cp) ... 5a
[Vn] [Cp]t[vp] ' [SQn] [Cp]t [SQP] ... 5b

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.
Consequently,only two or three independent currents arxe necessary, and this
leads us to form another tensor Icnl which links the new currents inn and
the independent currents i&L. n the program this tensor is produced by a
special subroutine whenever the circuit topeclogy changes.

H
It

i
]

The new resistance, inductance and voltage tensors are therefore calculated as

follows: |
] = [ [R]  [od - ] e
b =fedo(] o [om] c[f [m] e
Solution of the network equation:
[inﬁ] = [Lnn -1 {[Rnn] [inn] + [San] - [vnn]} T
o' = [][inn)] : cees b
(where [CK] is a row matrix linking i,.] and the capacitor current)

can now proceed numerically. Once these variables have been found, the
currents |in| and all branch currents [ip| can be determined from the primitive
transformatitn tensor using the relaticonships:

[in] = [caltan] + [15] =[] 24] s

The stator voltages can be easily calculated using the stator impedances and
the stateor currents and their derivatives.

EXTENDING THE ANALYSIS TO INCLUDE THE INDUCTICN 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 requires:

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 thls
permits a wide class of operating conditions to be studied convenie tly
In this case it is more convenient to solve for fluxes |V (from dfr [Rnn][an
+ 15Qunl - [Wnﬂ,the core. losses, saturation effects and space-harmonigs being
neglected) rather than for currents and to obtain the currents from:

[in] = [t [ 7] s

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 sclution
of the system eguations, 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 [Cn] tensor. '

Two sets of computed resultd are presented. ‘Fig. 3 shows motor phase current,
electric torgue 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 load, 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

i

540 Vv  ¥sn 0.05
R = 0.5 Q Con 5250 yuF
Ly = 0.02 H

Motor: Name plate details, 3.7 XW 230 Vv 4 pole 50 Hz

Stator resistance = 1.28 Rotor resistance = 1.3 Q

Self inductances of three phase stator and of roter circuits = 0.118 H

Mutual inductances between stator phases and between rotor phases = 0.054 H
Maximum mutual inductance between three phase statox 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 technidque 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° 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~-1l1l, No.2Z,
March/April, 1975, pp. 137-147.

3. KRON, . G.: ‘'Tenscrs for circuits' (Dover 1959)

4. WILLIAMS, S. and SMITH, I.R.: ‘Fast digital computation of three phase

thyristor bridge circuits.' Proc¢. IEE , Vol. 120, No. 7, July 1973, pp 791- *°

795.
5. QUINN, A,: 'Two modes of operation for an invertor-fed induction motor
system', M.Sc. thesis, Loughborough Univ. of Tech., 1976.




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. LEl1l 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 experimental results, using both 180° and 120° con-
duction period invertors, 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 aﬁalysing such systems have been presented.1;2;3,4

For an invertor
with 180° conduction periods, a common approach; is to assume that the
motor is supplied from a brecisely-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
matriceg, or have invoked the symmetry of the in;ertor-motor unit to allow
analysis to be performed over a part of the supply‘cycle.4 While suita-
ble for steady state conditions, these methods may be unsuitable for
traqsient operation where the invertor waveform will be influenced by

the motor conditions and supply impedances. Furthermore, witﬁ invertors
employing 120° conduction periods, one or more of the machine terminals
will be open-circuited for various pericds during each supply cycle, and
during transients the machine terminal voltage wave-shape will change sig-
nifieantly. 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 Krons'6

has been established both to deal efficiently with the varying topology of
the invertor circuit and to allow tﬁe whole system to be analysed simultan-
eously. Using this technique, investigations of unusual opérating and

. fault conditions present no problem.

TENSOR ANALYSIS OF THE INVERTOR

Tﬁe most common d.c. link invertor is the three phase bridge shown in Fig.l,
where the input voltage E is ﬁrequently 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 siﬁxultaneously.

The circuit of Fig. 1 (considering the statcor as a load only) has 11

branches and 6 nodes; 6 independent currents {inJ (i.e. ia-9 if) are there-

fore necessary to completely define the system. Wi£h these chosen to be

as far as possible the thyristor currents (the last being the source

current) % transformation tensor linking the primitive currents of Fig. 1

~and the independent currents follows

S .




1
1l
1
1
-1 -1 -1 -1 -1 | |
’ 1 1 . {1)

o] = 11 '
-1 -1 -1 -1 : |

-1 -1 -1 1

1

1

The primitive resistance tensor (R |, the primitive inductance tensor (L
ae D P b

and the primitive inverse of capacitance tensor [Sp:]are given by

[Rpt] = diag [o. 0, 0, 0, 0y 0 Ty Xpr Tos Typs T o] (2a)
[Lp] = djiag [Of o, 0, O, O, Or.EL Lb L o’ o, L P 0] {2b)
Eﬂ:] = diag [p, o, 0, 0, 0, 0, 0, 0,.0,.;[c5h, 0, 0] | (2¢)

and the primitive voltage tensor [VP] by
v, ] - [0 0, 0, 0,0, 0,0, 0,0, 0, 0, E] &)
Having determined the primitive impedance and voltage teﬁsors} the equatiocns

for the independent system (i.e. [Vla [R] .] [L ][ ] Sn] Jilo)

could be established using the familiar relaticonships:

) 1 BIET - B- PRI (5] - BT BIE)
- [Cp]t [ ] | N . ()

Although the approach above is mathematically rigorous, since the operation
of the invertor is controlled entirely by the triggering‘and commutation of
the tﬁyristoré, in practice ﬁnly 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 [cn:] which ’links the new
currents [inn1 and the independent currents [inJ' In the program this

tensor is produced by a special subroutine whenever the circuit topelogy

changes.




ﬁ
The new resistance, inductance, inverse of capacitancé and voltage tensors

are therefore calculated as follows:
[Ran) = Bl Bt v Eun] = (o] B (2] - [Snn] ENENIEN
. (5a)
S R CA AR o e
Sqlution of the network equations: - .
[j'nn_'_]‘ —:1{. Rnn-_‘ Enn] * [Snn] Q- Vnn]} ' - (6a)
Q' ‘_CK][nn] . (6b)

{where [?K] is a row matrix linking [ ] and the capacitor current and

i

Q is the charge on the capacitor) can now proceed numerically. Once
thése variables have been found, the curren;s [inu]and all branch
currents [}p:]can be determined frém the primitive transformation tensor
£51ng the relationships:

[C][nnJ [p] {ij[ J (7
The stator voltages can be ea81ly calculated using the spator impedances

and the stator currents and their derivatives.

EXTENDING THE ANALYSIS TO INCLUDE THE INDUCTION MOTOR
For ease of eétablishing the validity.of the inverto} model, in the
previous section it was assumed that ;he load was simply a star connected
inducti?e iméedance, and if a simple induction motor model is adopted,
this could well form the stator of such a system. The éxtension to
include the rotor circuit mefely requires: ‘ e

T a. additional terms in the enlarged connectionrand impédance tensors.
b. the inclusion of the well-known dynamic equation of the motor.l
Direct solution of the machine equations in phase quantifies is used
since this pérmits a wide class of operating conditions to be studied

conveniently. In this case it is more convenlent to solve for fluxes

[¢] (from l§¢] = [ nn]L nnT+ ES n=Q - [Vnn]' the core los§es, saturation




gffects and space harmonics being neglected)} rather than for currents and
to obtain the currents from: | o

] = [real ™[] |
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-ordexr 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 hy a system state array (which has six elements
associated with the six bfidge 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 Eén] tensor. Experimental
- results were taken on a small laboratory induction motor which had the
following parameters:
Name-plate details: 1l h.p. 220/240 V' 6 pole 50 Hz
Stator resistance per phase = 5,093 Rotor resistance per phase =‘5.099
Self inductances of rotor and stator windings = 0.499 H
Mutual inductances between stator phases and betweén'rotor phases = 0.232 H
Maximum mutual inductance between 3 phase stator and rotor circuits = 0O, 465H
(all values referred to stator).
Very good agréement betweeﬁ computed and experimental results was obtained
during steady-state operation and as an illustration of the agreéﬁent
obtained during transient-~conditions the very severe test of plugging was
chosen. Fig. 3 shows practical and computed results of motor phase voltage
and current for both 180o and 120° invertors during the test in which,

supply frequency

1l

25 Hz

period of disconnection 80 milliseconds

i




L

250 V

]

invertor wvoltage

0.58, 0.02H

source impedance

_filter branch 0.05%, 5000 WF

| CONCLUSION
An efficient methéd of analysing an invertor motor system using a digital
computer has been presented. The technigue is able fo cope wiﬁh all
operating conditions of the system, including transient, unpalanced and
fault conditions and it may be used to stgdy systems with botﬁ 180° and
120° invertor conduction modes.
Excellent agreement has been shown to exist between experimental and
coﬁputed results giving a.high degree of copfidence in the method of

analysis described.
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Fig. 1 The invertor motor circuit : .
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Fig. 2 Computer program flow chart
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Modelling a variable-frequency induction-
motor drive

Dhiya A.B. Al-Nimma and Stephen Williams

Indexing terms:

Electric drives, Induction motors, Modelling

Abstract: A tensor method has been developed for the analysis of inverterdnduetion-motor drives using a
digital computer. Good agreement has been obtained between computad and experimental 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.>* 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 operat-
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 bridgecontrolled 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 topologjes
are possible during the normal operation. The following
assumptions are made:

(a) All the diodes and thyristors are perfect switches.

(b) Each diodefthyristor combination is treated as one
element since they never conduct simultaneously,

rs Ly

A in

ol CI

ig

9
,%} ,iz} stator c rofor

Fig. 1 Inverter-motor circuit
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The circuit of Fig. 1 {considering the stator as a load
only) requires 6 indcpendent currents [f,] (i.e. iz ~if) 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 -
1
1
1
1
-1 -1 -1 -1 -l
€=\ | M
11
-1 -1 -1 -l
—1 ~1 -1 1
]
- I‘-

The primitive resistance tensor [R,] and the primitive
inductance tensor [L,] are given by

[RP] = diag [0,0,0,0,0, 07ra!rb!?;(:)rsh1 rs,ol (2&)
(L) diag [0,0,0,0,0,0,L,,Ls,L.,0,L,,0} (20)

and the primitive voltage tensor [V,] and the primitive
capacitor voltage tensor [SQ,] are given by

[¥»1 = [0,0,0,0,0,0,0,0,0,0,0,E]" (3a)
[SQD] = [0:0»0)030:01O:OsOsQ/CshsOsO]t (3b)

where g 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. [Vn] = [Rn] [in] + [La) [ia] + {$Qn1)
using the normal tensor relationships

1l

R.) = [CI'[R,1IG]

La] = (G L) 1G] : (4a)
and

[Va] = (G (Vo]

[5C.] = [C1'(SQ,] (4b)
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However, since the operation of the inverter is controlled
entirely by the triggering and commutation of the thyristors,
in practice only two or three devices conduct simultaneously,
and this leads us to form another tensor [C,] which links
the new currents [f.,] of the ‘reduced network’ to those
for the independent system [i,]. 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:

[Ran] = [Cal*IRA] [Cnl, :
Las]l = [CY'[LA)IC] (Sa)
Wanl = [G)' VA, [S0na] = [Cal*15C.1(58)

Solution of the network equations:
lian] ==[Lnn] " {[Rnn] linn] + [SQnn] — [Vnal} (6a)
4" = [Cx] linn] | (60)

(where [Cx] is a row matrix linking [i,,] and the capacitor
current) can now proceed numerically.

I

3 Extending the analysis to include the induction
motor

In the previous Section it was assumed that the load was
simply astarconnected impedance,andifa 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

(i) 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 operating
conditions to be studied conveniently. In this case it is
more convenient to solve for fluxes [¢] (from-[dy¥] =

| read system parameters [Cp] and initial conditions |
Facsae ) Pl
o e e ] Pl oets]]
ICHSPN

call Runge-Kutta integratiorr routine and get new
values of[;b] ,Q, rotor angle and speed

I
Icalc:ulate {ton).ftan] ! ho.;nce [inn], [in}and 3] ]

[cclculule the developed torque and phase vollages I

L update alt system
variables

Fia. 2 Compurer program flow chart
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[Run] lnn] + [SCnnl — [Van], the core losses, saturation
effects and space harmonics being neglected) rather than
for currents, and to obtain the currents from;

lian} = [er}-l [¥] (N

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 [C,] tensor. Experimental results were taken on a
small laboratory induction motor with the following
parameters:

(@) Name-plate details: 1 kp 220/240V 6-pole 50 Hz

(b) Stator resistance per phase = 5-09

(¢) Rotor resistance per phase = 509 £

(@) Self inductances of rotor and stator windings =
0-499H

(¢) Mutual inductances between stator phases and
‘between rotor phases = 0-232 H

(/) Maximum mutual inductance between 3-phase stator
and rotor circuits = 0-465 H
(al} values referred to stator).
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Very good agreement between computed and exper-
imental results was obtained during steadystate and tran-
sient operation and as an illustration the very severe test of
plugging was chosen. Fig. 3 shows practical and com-
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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