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(1)

SUMMARY

The thesis reports an invesfigation into the operation and
performanée of a 12-pulse parallel bridge rectifier system supplied
from a three winding-transformer androperating without an interbridge
reactor. The work has been undertaken in liaison with GEC Transmission
and Distribution Projects Ltd., Stafford. The conventiconal centre-
tapped interbridge reactor on the dc side allows each bridge to
operate independently of the other in its normal 6-pulse manner making
the analysis fairly straightforward if the usual assumption of perfectly
smooth direct current is made. The omission of the reactor can
provide very substantial cost and space savings in high power
installations. However, its absence leads to interaction between the
bridge rectifiers, and this is of gpecial interest here. Additionally,
it has been found necessary to be able to predictlaccurately the
transformer winding current waveforms. The system supplies a load
of resistance, inductance and back emf which is typical of electro-
chemical plant for which this research has direct application.

A sophisticated tensor technique is employed for analysis and
a mathematical model is formulated for implementation in a computer.
Finite values for all resistances and inductances are used in the
comprehensive analysis, with the tensors used to assemble the relevant
mesh state variable equations which are dependent on the rectifier
device conduction patterns. The selection of mesh currents as the
state variables makes the model particularly suitable for use in
large system studies with the aid of a computer.

The bridge supply, transformer winding and ac supply current

waveforms are obtained, together with their harmonic components, and



(i)

confirmed experimentally using an experimental laboratory system.

The now justified computer program is used to provide the
operating characteristics, which incorporate the various modes of
cperation resulting from rectifier interaction, and demonstrate the
influence of circuit parameters. In addition the mean values of
the dec output voltage, individual bridge and total output currents
are predicted. The results are again verified experimentally.

It is concluded that the proposed analytical technique is successful
for predicting the parallel rectifier system waveforms and performance,
when operating without the conventional centre-tapped interbridge
reactér on the dc side, The model also allows for its inclusion

if required,



(iii)

ACKNOWLEDGEMERTS

First and foremost I wish to give all the Praise to Almighty Geod
for giving me the strength and time to complete this research. With
His Blessings may this work be beneficial for the whole of humanity.

I am deeply indebted to my supervisors Dr. J.K. Hall for his help
and encouragement throughout this investigation and Mr. J.G. Kettleborough
for hig valuable assistance in preparing the computer program. I would
like to extend my appreciation to GEC Transmission and Distribution
Projects Ltd., Stafford, who initially sponsored the work, for their
helpful cooperation. My thanks are also due to the Loughborough
University Computer Centre and the Department of Electronic and
Electriéal Engineering for granting the permission to use their facilities.
Finally, to my wife and sons Abdul Hadi, Zaid, Mus'ab and Zubair for
their presence which provided me with the encouragement to complete

the work.



CHAPTER 1

CHAPTER 2

(iv)

CONTENTS

SUMMARY

ACKNOWLEDGEMENTS

CONTENTS

LIST OF PRINCIPAL SYMBOLS
INTRODUCTION

1.1 Background

1.2 Objectives

1.3 Method of approach

OPERATING MODES

2,1 Description of circuit and its

representation

2,2 Mode 1: Discontinuous locad current,
discontinuous bridge current

2.3 Mode 2: Continuous load current,
discontinuous bridge currents,
interbridge commutations.

2.4 Mode 3: Continuous load current,
continuous bridge currents,
sepérated interphase
commutations alternately
in each bridge.

2.5 Mode 4: Continuous load current,
continuous bridge currents,
part-coincidence interphase

commutations between the

bridges.

PAGE

(1)
(iii)
" {iv)

*{viii)

11

15

18



CHAPTER 3

CHAPTER 4

2.6

2.7

(v)

Mode 5: Continuous load current,
continuous bridge currents,
complete coincidence of
bridge interphase commutations
with coverlap interference
in each bridge.

Summary of the operating modes

SYSTEM MODELLING

3.1

3.2

3.3

3.4

3.5

Introduction
Assumptions
Method
Thé transformer-thyristor unit
Modelling the system
3.5.1 General
3.5.2 fThe primitive reference frame
3.5.3 The intermediate reference frame
3.5.4 The mesh reference frame
3.5.5 The master thyristor
conduction matrix
3.5.6 Derivation ¢of the transformation

3
matrix C.
m

COMPUTER IMPLEMENTATION

4.1

4,2

4.3

4.4

4.5

4.6

Introduction:
The main program
Solution process

Trigger pulse for the thyristor circuits

Current discontinuity

Interpolation

PAGE

23

26

28
28
29
29
32
32
33
37
48

50

50

53

54

56

64

67



{vi)

PAGE
4,7 Thyristor wvoltage 67
4.8 Integration procedure 70
4.9 Optimum step length 71
4.10 Input data 72
CHAPTER 5 HARMONIC ANALYSIS AND MEAN QUANTITIES
| 5.1 Introduction 74
5.2 Fourier Analysis 74
5.3 Variation of the step length in the 77
estimation of the Fourier Coefficients
5.4 Computer estimaticon of the Fourier 80
Series for a known signal
5.5 Mean dc output quantities 80
5.6 Input data B84
CHAPTER 6 RESULTS &BND DYSCUSSION
6.1 Introduction 85
6.2 The 1éboratory convertor system 86
6.3 Alternating current waveforms 94
6.4 Operating characteristics 118
CHAPTER 7 CONCLUSIONS
7.1 Summary of the work done 131
7.2 Discussions 131
7.3 Suggestions for further work 133
REFERENCES 135
APPENDIX T MEASUREMENT AND CALCULATION OF 138
TRANSFORMER PARAMETERS
APPENDIX II CIRCUIT DETAILS FOR THE LABORATORY SQ%EM 142



(vii)

PAGE

APPENDIX III COMPUTER PROGRAM LISTING FOR ' ‘145
PLOTTING WAVEFORMS

APPENDIX IV COMPUTER PRCGRAM LISTING FOR HARMONIC 169

ANALYSIS AND MEAN VALUES



(viii)

LIST OF PRINCIPAL SYMBOLS

o - firing delay angle*

acl - 1st critical firing'delay angle*

Olc2 = 2nd critical firing delay angle*

0‘c3 - 3rd critical firing delay angle*

ac4 - 4th critical firing delay angle*

B, v: &, ¢, A - loop current cessation angles for Modes 1, 2, 3, 4
and 3%

u - interphase commutation period

wy . = angqular frequency |

Bn - phase angle of the nth harmonic components

Byr Atr, Atr_1 - step lengths

C.? — the transformation matrix, intermediate reference

frame to the primitive reference frame

(ctran in the computer program)

C'? ~ the transpose of C.:
{ctrant in the computer program)
C.; -~ the transformation matrix, mesh reference frame to
the intermediate reference frame
(cb in the computer program)
C'i - the transpose of C i
m po ‘m
(cbt in the computer program)
ER’ Ey, EB - supply line voltages
Eb - the impressed branch voltage vector
E - back e.m.f.
By ac
Ei ~ the referred impressed branch voltage vector
Em - the impressed mesh voltage vector

3 . .o
I, 1,1 ... etc. - steady state current in the transformer windings

* a5 measured from the related line voltage zero crossover point



ia,i

b

y i

Pdd

, etc.

i
d’ e

(ix)

the branch current vector

the referred branch current vector
the mesh current vector

branch current

branch current vector

the mesh inductance matrixz

the device's series inductance {on-state)

number of turns of transformer winding

the mesh resistance matrix

device's series resistance

the branch voltage vector

the referred branch voltage vector

the mesh voltage vector (as shown by Kirchhoff's
voltage law, this vector is zero)
branch voltage

the branch impedance matrix

the intermediate frame impedance matrix
the mesh impedance matrix

the dc component

the nth harmonic coefficient

amplitude of the nth harmonic

branch active voltage vector

device's threshold voltage

branch active voltage

instantaneous currents in transformer windings
the mesh/loop current

number of sample points



(x)

n = harmonic number

P - operator

t - time

ta - time for current discontinuity in a step
vl,vz,v3,etc. - instantaneous voltages in the transformer winding
Yy . - amplitude of a signal

Id1’ Id2 = mean output bridge currents

Id ~ mezn load current

Vd - mean output voltage



CHAPTER 1 INTRODUCTION

1.1 Background

The increasing size of electrochemical plant for manufacturing
such products as chlorine, aluminium and copper, provides the need for
ac-dc éower convertors of up to the order of 30 MW, with direct
currents exceeding 100 ka. To meet the demand, the manufacturers of
rectifier convertors need to increase the current ratings of their
equipment. At the same time they are required to limit the level of
harmonic currents generated by these convertors. If six~pulse
rectifiers are operated at very high currents, the lower order, more
prominent, harmonics may easily exceed the levels acceptable to the
Electricity Supply Authorities (ref: 1, 2}. These conflicting
requirements are met to a large extent if the pulse number of the
convertor is increased, which improves the ac supply current waveform
and also reduces the output voltage ripple.

Nowadays, thyristor convertors are popular for supplying direct
current loads of ever increasing levels, This is because of their
reliability, efficiency and controllability. These convertors use
one of two basic rectifier circuit configurations:

(i} Two three-phase half wave rectifiers connected in parallel
through an interphase transformer (centre-tapped reactor)
giving the double 3-phase star connection;

(ii) The three phase bridge.

For very high current levels, each device in the configuration
is replaced by a group of parallel connected devices. Multiple pulse
systems are realised by parallel connection of such circuits, frequently
but not always using a further centre-~tapped reactor.

It is apparent from the ac harmonics point of view that six-



pulse rectifier operation is insufficient for the purpose cutlined in
the first paragraph. Therefore, an increase of the pulse number to
either twelve, twentyfour or fortyeight is necessary for wvery high
power rectification. This is achieved by providing two or more six-
pulse circuits connected either in series or in parallel and supplied
by suitably connected transformers. The transformer arrangement
provides the appropriate phase displacement between the six-pulse
circuits to give the desired ocutput pulse number, For example,
12-pulse operation can be obtained by phase shifting two six-pulse
circuits to give 30° phase displacement. A 24-pulse operation can
be obtained by using four 6+~pulse circuits, 15° phase shifted with
respect to each other, Similarly, 48-pulse operation can be obtained
by eight circuits, 7.5° phase shifted with respect to each other.
Such phase sHifting substantially increases the transformer cost,
Cref: 3).

For medium and large power loads a l2-pulse system offers the best
cocmpromise, and is widely used in one of two configurations:

(f). Two double 3-phase star rectifiers with interphase transformer
connected in parallel through an additional intergroup
reactor;

" (i} Two 3-phase bBridge rectifiers in parallel,

The choice Between these options is usually based on the required
mechanical layout for satisfactory cooling of the many paralleled
devices, and cost. Since parallel 3-phase bridges are coming more
into use, configuration (ii) is considered in this work,

Two bridge circuits would normally be connected in parallel through
an interbridge centre-tapped reactor (IPT) which sustains the instantaneous

voltage difference in the output of the two bridges. Thus, this



nmaintains the independent operation of both bridges as six-pulse
rectifiers, At low and medium power levels an interbridge reactor
is invariably included, But for very high power ratings this is a
very large and costly component and is sometimes omitted on economical
~ grounds. Then the operation of the bridges bBecomes vastly meore
complicated by their interaction, and tliere appears to be no evidence
of a complete analysis having been made of such operation. When
available, such an analysis would give assistance to rectifier equipj
ment and transformer designers, and contribute to reduce costs and
increased rellability, This forms the justification for this work,
hdditionally, it is uswal to adopt the simplifying assumptions of zero
ac supply transformer resistance and infinite de load inductance
for the analysis of high power rectifier circuits. This is not done
here, finite wvalues being allowed for.

When supplying two parallel bridges there are two basic transformer
arrangements which will provide the required 30° supply voltage
displacement:

(i). 'Two separate three-phase transformers, one for each bridge,
having tHe same primary winding connection with one secondary
being star-connected, the other delta-connected;

(i) A single three-pliase, three winding (per phase) transformer
with the star-connected secondary supplying one bridge and
the delta~connected tertiary the other.

The latter is the more complicated to consider analytically.

Ip practice, the clioice between the two is governed by economics.
The research has been carried out on the 12-pulse parallel bridge

rectifier system without an interbridge reactor, and supplied by a



three-phase, three-winding transformer. Both analytical and experi-
mental work has been performed in depth. It furthers the work performed
by Sood (ref: 2] who used an algebraic/Laplace transform method for

the complete analysis of a single three-phase bridge. This approach
proved too elaborate for adaptation to the more complex operation of

two bridges in parallel without an IPT, and necessitated widening the
scope of tlhie work in order to find a simpler analytical technique.

The nature of any method to Be considered is that it must be orientated
towards the digital computer since, inevitably with the complexity

involved, computer assistance is essential.

1.2 Objectives -

6] To analyse fully-fhe operation of the parallel Bridge system
with a 3-phase, 3~winding transformer supplying the tﬁo bridges;

(ii]. To compute the waveforms of the currents supplying the bridges,
in the transformer secondary and primary phases, and that drawn
from the ac supply;

(@fi] To predfct the Harmonic content of the aforementicned current
wvaveforms:;

(ivl To confirm by experimental measurement that the analysis is
co:rect;

(vl. To cbtain the operating characteristics of the system witﬁ

varying circuit parameters

1.3 "Method of Approach

In the first method of analysis considered, the three-winding
transformer was modelled using its three-branch equivalent circuit

per phase (ref: 4} as is usual for the calculation of wvoltage regulation



under sinusoidal conditions. The seconéary and tertiary branches

supplied the two bridges. For each cof the possible thyristor conduction

patterns, a set of differential equations were derived from the complete
equivalent circuit. These were then formulated into a state variable
form and solved on the computer using the Runge-Kutta fourth order
system.

This analysis gave results which were reasonably close to those
measured experimentally (ref: 5], but was discarded for two reasons:

() Dissatisfaction regarding the accuracy of the three-winding
transformer equivalent circuit in allowing for all mutual
Iinductances between windings within each phase and between phases;

(i). On deeper reflection, the need to include an additional loop
current, to make the analysis topologically correct; this was
found difficult to achifeye as its path included many unidirectional
switching elements.

The second approach considered, and uged is basically similar

to that above in that again loop currents are obtained from the relevant

mesh- state variable equations, which are dependent on the thyristor

conduction patterns. However, the difference lies in the avoidance

of a three~winding transformer equivalent circuit by using the actual

circuit configuration and parameters with tensor analysis. The assembly

of tlie state wvariable equations is performed automatically By the
computer, the tensors being employed basically as transformation
matrices to relate the disconnected (primitive)} branches of the system

to the connected system.

Bfter thHe bridge supply, transformer winding and total supply
currents are derived and confirmed experimentally, the system operating

characteristics are computed and similarly confirmed experimentally.



CHAPTER 2 : OPERATING MODES

2.1 Description of the Circuit and its Representation

Fig. 2.1 shows the schematic diaéram of the 12-pulse parallel
rectifier bridge system under consideration. The two thyristor bridge
rectifiers are connected in parallel without an interbridge reactor
(IPT). Each bridge alone gives a six-pulse cutput and by supplying
them with voltages which are 30° displaced, a l2-pulse output is
obtained from the parallel arrangement. A three winding transformer
is used, and experimentally this comprises three separate three-winding
transformers, one for each phase, For equal output voltages, the
number of turns per!.phase in the star connected secondary winding
are 1/v/3 times those on the delta tertiary winding. A delta connected
winding is used on the primary side.

The equivalent circuit arrangement used for the analysis is
depicted In fig. 2.2, Each of the transformer windings is represented
by a designated branch impedance, Z which comprises a branch resistance
R and a branch self-inductance L, Included also are the mutual
inductances between the windings in each plase and between phases
(e.q. L , and L;, respectivelyl. As the transformer arrangement
vsed for experiment Has separate phases, the mutual inductances between‘
the phases become zero when the circuit data is included. This will
he clearly indicated in ChHapter 3, For each of the thyristors, a
voltage source and an impedance are included in series to represent the
voltage drop during conduction, When blocking, the thyristors are
represented by an Infinite impedance. 3 typical electrochemical

load of resistance, inductance and back e.m.f. is used.
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With this parallel bridge system without IPT various operating
modes are possible, these being governed by the circuit and cperating
parameters. Scod (ref: 2} defined three modes of operation and these
can be extended to five or more mddes. Only four operating modes
are realistic in practical terms but five modes will be presented for
completeness.

When defining the operating modes of convertors it is conventional
to consider the situation with continuous load current flow and small
commutation angles which do not overlap as Moae 1. The further
medes occur at higher current loadings where the operation changes,
load current flow always Being continucus (ref: 5). Here it is
more logical to define Mode 1 as that which is the simplest analytically,
where there is discontinuous load current flow with only one current
loop through the leoad during conduction. As the mode number rises,
the operation and analysis become increasingly complex, with inter-
action between tHe bridges showing in their simultanecus conduction
during interbridge commutations and overlapping of the individual
Bridge interphase commutations. The individual operating modes will

now be considered,

2,2 Mode 1: Discontinuous Load Current

Discontimious Bridge Currents

Fig. 2.3 shows the conduction patterns for the five operating
modes during about 150° of the operating cycle. In Mcde 1, the load,
bridge and thyristor current flows in sHort pulses having a conduction
interval g 30°. The bridges conduct alternately into the load, there

keing one load current loop in operation at a time, say i in fig. 2.4.
i a
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CONDUCTION PATTERNS

O U S

Bridge 2 conduction lags Bridge 1 conduction by 30°.

Interbridge commutations are shown i/b

Interphase commutations are shown i/p

Overlapping interphase commutations between bridges are shown i/pb
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FIG. 2.3 Conduction Patterns for the Various Operating Modes

Interphase commutation overlap interference within each bridge is shown i/pp
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The type of waveforms to be expected are shown in fig. 2.5, with
a conduction interval (B-a). Throughout, the firing delay anglg a
is measured from the zero voltage point of the appropriate bridge
supply line voltage. This is a more convenient reference than the
usual voltage crossover point which is 75° later in a 12-pulse system,

as shown in the figure.

2.3 Mode 2: Continuous Load Current,

Discontinuous Bridge Currents,

Interbridge Commutations.

The second operating mede occurs when the firing delay angle is
reduced such that the bridge (and thyristor) conducticon interval rises
to greater than 30° but less than 600, the load current being continuous.
The point where (B—d) = 300 is referred to as the first critical firing

delay angle o being where the modes change from 1 to 2, During

cl’
Mode 2 operation, one bridge is fired before the alternate bridge has
ceased to conduct. This starts the transfer of load current from

one bridge to the other, i.,e., an interbridge commutation as shown in
fig, 2.3. Referring to the circuit in fig. 2.6, thyristors 1R and 6éY
(say). are conducting the falling outgoing current ia and thyristors
1R' and 6Y' carry the rising incoming current ib' When ia falls to

zero, the interbridge commutation is completed, i, then flowing singly

b
for the rest of the conducting period until the next thyristor pair in
sequence (1R and 2B) is fired. This process is repeated for thé whole
cycle of operation.

It should be noted that during a bridge 1 to bridge 2 interbridge

commutation, devices in the same phases are taking over conduction,

e.g. 1R and 6Y transfer conduction to 1R' and 6Y'. During a bridge 2
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load current;
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bridge 2 supply line current I;

B = angle of cessation current flow (measured from voltage zero)
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to bridge 1 commutation, the third phase is involved, e.g. 1R' and 6y’

transfer current to 1R and 2B. Thus, the transformer current paths

differ between the two interbridge commutations.
Fig. 2.7 shows the typical waveforms. The load current is made
up of two alternate parts as follows:

{i) An interbridge commutation interval (y-a) where the load current
is the sum of the two bridge currents, one rising and the other
falling;

(i1} A single conduction interval where only one bridge conducts.

Each thyristor conducts with two pulses per cycle as in Mode 1.

2.4 Mode 3: " Continuous Load Current, Continuous Bridge Currents,

" ‘Separated Interphase Commutations Alternately in

" "Each ‘Bridge

If firing delay angle in Mode 2 is further reduced, the inter-
bridge commutation interval (y-a) will increase and the single
conduction interval becomes shorter until a point is reached where the
whole of the 30° pulse width is now taken up by the interbridge
commutation process. The firing delay angle then is Qonr the second
critical firing delay angle, The operation is now about to change
to the third operating mode, with conduction pattern as in fig. 2.3,

In the Mode 3 operation, with the firing delay angle less than
®ags the sequence of events is as follows:
(i) Let an interbridge commutation be occurring between the two

bridges, one incoming, the other outgoing; lecad loop currents

iﬁ and ia respectively flowing in bridges 2 (incoming} and 1

(outgoing} as in fig. 2.8.
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Y = angle at completion of interbridge commutation.
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(ii) Before the interbridge commutation is completed, the next
thyristor in sequence 2B in the outgoing bridge is fired and an
interphase commutation takes place in that bridge, 6Y current
transferring to 2B with an additional load loop current ic
flowing;

(1ii} On completion of the interphase commutation, ia has fallen to
zero leaving an interbridge commutation with the bridge roles
reversed, i.e. the previous incoming bridge now being the

outgeoing bridge and vice versa, currents i, and ic still

b
flowing. The interphase commutation angle | < 30°.

The conduction period for an individual thyristor is between 120°
'and 150o per cycle, the two pulses of Mode 2 having merged. Both the
load current and the bridge currents are continuous with botb bridges
conducting permanently and interphase commutations occurring alternately
in the Bridges. Fig. 2.9 shows typical waveforms. Since either
interphase or interbridge commutations are occurring at any instant,
the dc output voltage at no time follows the ac supply but is

always some value between the appropriate phase voltages depending on

the type of commutation,

2,5 ' Mode 4r¢ - Continuous Load Current, Continuous Bridge

~Currents, Part-Coincident Interphase Commutations

~"Between “the Bridges.

If the firing delay angle in Mode 3 is reduced to a third critical
value LY the bridges will operate with interphase commutations taking
the whole of the 30o pulse width. At the instant the interphase

commutation in the bridge ceases, the other bridge starts its interphase
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commutation. By making the firing delay angle less than Oog the
system operates in Mode 4 with the bridge interphase commutations
uo> 30° and therefore overlapping to some degree (Fig. 2,3). Referring

to Fig. 2.10, an additional loop current i. is now present, and the

d

operation is as follows:

(i) First let an interphase commutation be occurring in bridge 1
Between phases Y and B with thyristors 1R and 2B carrying the
incoming current, ic and 1R and 6Y carrying‘the outgoing current,
ia’ bridge current being commutated from 6Y to 2B. Bridge 2
carries a single current, ib;

(ii)} Before the bridge 1 interphase commutation is completed, the
next thyristor in sequence 2B' in bridge 2 is fired and a new

interphase commutation occurs there with loop current i_ rising,

d
the bridge 2 current being commutated from &Y' to ZB';'
(iii] On completion of the interphase commutation in bridge 1, when

ia falls to zero, the Interphase commutation remains in bridge

2 with currents I, incoming and i

a outgoing. The single loop

b

current ic remains in bridge 1.

Typical waveforms are shown in Fig. 2,11, For each bridge the
sequence is:

al Single loop current;

b} Interphase commutation starts, overlapping that ending in
the other bridge;

cl Interphase commutation only in this bridge;

d) Interphase commutation overlapping the cne starting in the
other bridge and then ending.

The commutations in the bridges overlap by an angle (p - a) (Fig. 2.11)
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which is equal to the bridge interphase commutation angle p less
300. The sequence is repeated for the whole cycle, with each thyristor

conducﬁing for between 150° and 180°.

2.6 Mode 5: Continuous Load Current, Continuous Bridge Currents,

Complete Coincidence of Bridge Interphase Commutations with Overlap

Interference in Each Bridge.

A further reduction of firing delay angle to a fourth critical
value @., Can bring a further change of operating mode. Then the
bridge interphase commutation angles will be 600, both bridges being
permanently in a state of interphase commutation with three thyristoers
always conducting.

A further reduction of a {or increase of load current) produces
a tendency for a rise in commutaticn overlap angle to >60°, with a
fourth thyristor gated in the bridge, this latter necessarily being
associated with the same phase as that thyristor carrying the outgoing
commutation current (Y in Fig. 2,12}, As long as this outgoing
current (ial is flowing the newly gated thyristor (3¥) cannot conduct
since itsanode will Be negative with respect to its cathode. This
gives a period of interphase commutation overlap interference until the
outgoing thyristor current (ia} falls to zefo, and the (still gated)
new thyristor (3Y} commences to conduct (ie) giving the start of a
fresh interphase commutation, Thus, all interphase commutation angles
are constrained to be 60° permanently in Mode 5. Commutation overlap
interference in single bridges is well known (Ref., 6). Fig. 2.3 again
gives the conduction pattern and Fig. 2.13 the projected waveforms, It

can be seen, for example, that the thyristor 3Y current rise commences
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immediately after 6Y current has ceased to flow. Each thyristor
canducts for 180°.

Interphase commutation angles app?oaching 60" only occur under
abnormally high overload conditions which could not be met on the
laboratory test equipment. Nor is Mode 5 usual in industrial electro-

chemical practice, and so will not be considered further.

2.7 Summary of the Operating Modes.

The operating modes with interbridge and interphase commutations

and their overlapping intervals are summarised in Table 2.1.
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Interphase Overlapping of Interphase Commutation
Commutation Bridge Inter- Overlap Interference
Device Bridge Within a Bridge | phase Commutation Within Each Bridge
[MODE Conduction Conduction (Angle u) Between Bridges
1 2 x 0.+ 30°
{B-a} Independent - - -
pulses
2 2 x 30° + 60° o + 30°
ocverlapping - - -
pulses {interbridge
commutation)
(y-a)
3 1 x 120° » 150° Continuous o
pulse overlapping Q- 30 _ _
between (= §~a)
bridges s
4 150° » 180° " 30° + 60° o » 30° _
(u) (p~a) = (1-30°)
5 180° " 60° > 90° 30° o + 30°
(u) Continuous (A=cx)
TABLE 2,1

SHOWING COMMUTATION ANGLES AND INTERACTION BETWEEN BRIDGES.
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CHAPTER 3 .~ ' SYSTEM MODELLING

3.1 Introduction

The use of a digital computer to analyse rectifier circuits has
resulted in various digital models of the circuit being presented.
Both topological and tensor techniques are used by several authors.
A typical one is known as the model-subroutine approach (ref: 7-11).
This entails assigning'a separate program subroutine to each of.the
sets of differential equations éssociated with the different circuit
topologies (ref: 12}. These solutions have, however, been confined
to rectifier cifcuits where only a few sets of equations are involved.
When many different permutations of differential equations are involved,
the model—subroutine.approach is cumbersome and wasteful of computer
time. For example, for the 3-phase bridge, up to 25 sets of equations
are required for a full analysis (ref: 7). Therefore a supérior‘
technique is required for which the work of Kron (ref: 15, 16} has
proved to be useful, This employs tensor-analysis (ref: 12, 13),
to define mesh currents as system state variables, and generates
automatically the relevant differential equations as the device
conduction patterns change. However, a variation of this approach
has been developed by Kettleborough (ref; 14) that pertainé.to the
handling of the change in device conduction patterns, This elegant
technique will now be explained in relation to the l2Z-pulse parallel

bridge system.

3,2 ~rAssumptions

The assumptions made in the analysis are:
(£}  Both the thyristor bridges are supplied by balanced, sinusoidal

voltages with corresponding phase voltages, displaced by 300.
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{(ii) E;ch thyristor bridge has firing delay angle symmetry.
{ii1) Transformer impedances are perfectly balanced between phases

and between the two secondary windings.

Pinite values of load inductance, resistance, back e.m.f. and ac
side resistance and inductance are allowed for, together with thyristor

on-state impedance.

3.3 Method
The comprehensive technique described here involves tensor
analysis, with the mesh currents defined as the system state variables.
The connection tensors derived from the transformer-thyristor circuits,
are used directly to aésemble the relevant mesh state variable equations,
which are dependent on the thyristor conduction patterns,
The analysis involves an algorithm which,
(a}. assembles automatically, for any thyristor conduction pattern,
the closed path or mesh contour equations in state variable form
(I.e. it sets up tlie mesh equations by transformation methods).
(bl solves the equations using a numerical integration method,
{cl determines the individual branch currents and voltages from the
mesh wvalues,
Assembly of thie mesh contour equations requires three reference
frames:
(al the primitive or branch reference frame
(b) the intermediate reference frame

{c}) the mesh reference frame

3.4 The Transformer-Thyristor Unit

Before describing the three reference frames it is necessary to

derive the voltage egquations for the transformer unit. The derivation
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of the complete egquivalent representation of the transformer which
includes the mutual inductances both between windings_of the same
phase and between phases has been presented in ref. 14. This develops
the relationship between the inductances (self and mutual) with the
physical quantities of the transformer, i.e. the inductance is expressed
in terms of the number of winding turns and the reluctance of the core.
This is not necessary here as the appropriate parameters for the
transformer are obtained directly by measurement,

In general, the voltage equations derived for any windings of

the 3-winding transformer can be written as follows, e.g. for winding 1,

1 9 .n
_ o as? di
it omt thyteet o Miaae (3.1

where Vl is the voltage across the terminals of the winding; r, is
the winding resistance; Lll is the self inductance of the winding and
included in it is the leakage inductance gll and Lln is the mutual
inductance between windings. Corresponding equations may similarly
be derived for the other eight transformer windings.

As mentioned in the previous chapter, the unit used in the
laborateory for the system comprises three separate single-phase 3-winding

transformers. The arrangement is given in Fig. 3.1. The voltage

egquations for windings 1, 4 and 7 as given generally by equation 3.1, are:

1 4 7
o ait ai ai

Vi = 4i ot Lhotae tbigae T M ac (3.2)
4 1 7
4 ai ai ai

Vo = Tal * Lt bigac t M7 ae (3.3)
7 1 4

ol at o at ,
Vg = Yol tloogetlivact Wvat (3.4)

The voltage equation for the other windings may be similarly

represented.
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From these equations, the mutual inductances between the phases
are absent since séparate single-phase transformers were used.
However, these mutual inductances are included in the mathematical
model for completeness, so that the technique is completely general.
The measured values of the resistance and the self and mutual inductances
of the three winding transformer are given in Chapter 6.

In the analysis, the thyristors are assumed to have infinite
impedance when non-conducting and‘a finite impedance with a threshold
voltage when conducting. The latter is ﬁbtained from manufacturer's

data.

3.5 Modelling the System.

3.5.1 General,

In this section, a complete mathematical model will be developed
for the l2-pulse parallel bridge system using a tensor approach.
The coﬁcept of tensor used in this modelling lies basically in the
property of the tensor to relate its components in one reference frame
to the components in another reference frame. Tensors are particularly
useful when transforming from one reference frame to another bBecause
they represent relationships and characteristics which remain invariant
in the transformation. (ref: 17). In particular, here, two significant
ténsors will be derived, one is fixed, c.? . that is, there ié ne
change in its components throughout the operation and the other is
dynamic, C.é . The former relates the intermediate reference frame

to the primitive reference frame. The latter, which is due to the

application of Kron's approach, relates the mesh reference frame to
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the intermediate reference frame, The approcach is known as Kron's
"equations of constraint" (ref: 13, 15, 16) which provide a method
that gives rise to the dynamic connecting tensors, C.i . This will

be explained later.

The following subsections describe the three reference frames and

i

the derivation of the two connecting tensors C.b and C.m . Happ's

i

tensor notation is adopted (ref: 17), all impedances are operational
and, unless otherwise stated, the equations are in matrix form.
Also to note here that, although, in this work, the absence of the

interbridge reactor is the main concern, it is included for completeness,

so that the model can be used universally.

3.5.2 The Primitive Reference Frame

From the point of view of tensor analysis, any system to be analysed
: is first visualised in terms of a physically existing live network which
consists of a series of branches such as those in Fig. 3.2 to Fig.3.5.
This type of network is called a primitive network (ref: 15, 16}, since
it represents the building blocks of a more complex interconnected
network.

The primitive network will serve as a "reference network". It
is a particularly convenignt reference network, since it is a conceptually
easy network to visualise and to formulate, and its egquaticns in terms
of the Z or the Y matrix are generally known; furthermore the variables
in the primitive network are usually of particular interest, since they
constitute the solution that is generally desired (ref: 17).

The primitive reference frame for the parallel bridge rectifier

system is given in Fig. 3.6. But before deriving its primitive
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matrix equation, it is useful to get an insight into the generalised
single bfanch network as depicted in fig. 3.2. As introduced by
Happ, this network is expressed by the following equations,
vy +e = z,a'+1h (3.5)
and
gt = tai? (3.6)

or more generally,

_ b b
Vb + eb = be(l + 1) (3.7)
and
L = P+iP (3.8)

If the circuit of Fig. 3.2 is excited by a current generator il
connected across its extremities, Jl will be entirely composed of il
as illustrated in Fig. 3.3. If a voltage source is connected across
the extremities of the branch and no current sources are preéent, 11
will be zerc and Jl will be entirely composed of I1 as illustrated
in Fig. 3.4. Similar reasoning may be imposed on the branch network
of Fig. 3.2 with the situation where there is no current source or
voltage source connected across its extremities and the active voltage
source vl is absent. Fig. 3.5 illustrates this situation. Thus,
the generalised equation representing this circuit is,

Vy, = Z,I (3.9)

With this insight the primitive reference frame voltage equation
can be derived and it is based on the primitive networks of Fig. 3.6.
On the transformer side, the equation is given by;

Eb = beI {3.10)
for the primary winding, where each branch is connected at its extremities

by the supply line voltage, Eb' For the secondaries, the tertiary and
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the star windings, the equation represent{ng the networks is as given
by egn., 3.9.

The primitive network of the thyristor circuit when the devices
are conducting indicates a thresﬁold voltage, say, &1 in branch 11

which is analcogous to the active voltage, el of Fig. 3.2, but in the

opposite sense. Thus the equation for branch 11 is given by,

11
Vir " e T Zanf (3.11)
or more generally,
V. - e = Z Ib . (3.12)

b b bb

Also, for the interbridge reactor primitive network, the generalised
equation is that given by egn. 3.9, and for the load with the presence
of the back e.m.f. Ed’

Vp =~ Eg = Z,T ' (3.13}

The matrix elements constituting equations 3.9 to 3.13 are given
in Fig. 3.7a, b, and c,. As can be seen, the main diagonal terms are
resistances and operational inductances between the windings of each
phase. Formulation of the impedance matrix is simple, as the trans-
former, thyristors, interbridge reactor and load are all represented
by séparate sub-matrices symmetrical about the main diagonal. This

enables detailed information on the parameters of the constituent

parts of the system to be obtained separately.

3.5.3 The Intermediate Reference Frame

Fig. 3.9 shows the complete winding connections of the transformer,
and the permanent connections between thyristors and the connections
between the interphase reactor and the load. Applying Kirchhof's
current law to the nodes the corresponding currents are related as

"shown by the figure. For example, consider the node connecting
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branches 4, 6, 10 and 11 (see Fig.3.8). Branch 11 has its current
expressed as the other three, i.e. I11 = Ilo + I6 - 14. Wwith the
relationship of the currents shown in Fig. 3.9, a connection transforma-
tion matrix, C.z is established. It relates the primitive reference
frame with the connected network as,

® = c.P1f (3.14)

s -

This connecting tensor, C.z is shown in Fig. 3.10.

Further simplification can be made with the connected network of

Fig. 3.9 whereby the primary impedances are reflected to the two

secondaries, In this situation, 1% has to be rearranged such that a

referred current transformation matrix, C.: is cobtained, where,
® = cf t (3.15)

Now, is is derived in terms of Ii by establishing the loop mmf
equations for each phase, relating to the magnetic circuit of Fig. 3.1.
For this transformér type the coupling between windings of different
phases is absent; as such the mmf terms due to the other two phases
will not appear. in the equations below. However, it will appear in

egn. 3.15 as zero element in the matrix, c.® {(see Fig, 3.11). Thus

i
the mmf equations in phase &,
1 4 YA
I Nl + I N4 + I N7 = 0 (3.16)
in phase B,
2 5 8
i Nz + I NS +INg = O (3.17)
and in phase C,
3 6 9
I N3 + I N6 + I N9 = 0 (3.18)

As the windings in each phase are identical,

Nl = N2 = N3
N4 = N5 = N6
N, = N = Ny

also l9 =-1" - I {(3.19)
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Rearranging and solving for Il, 12, and 13,

N N
I Eﬁ-- 1’ ﬁl (3.20)
1 1 :
N N
1’ = -1° Eﬂ-- 1° ﬁl (3.21)
1 1
N N N
13 = —16 E£ + 17 EZ + 18 ﬁl- (3.22)
1 1 1

This is true for a delta connected primafy. as for the star
winding, see Ref, 1.4. For the rest of Is, it is‘simpiy equal to Ii.
Thus, the referred current transformation matrix is assembled as shown
in Fig. 3.11.

If equation 3.15 is premultiplied by C.z then, and from egn. 3.14,

b _ b s 1
I = C.s C.i I _ (3.23)

From equation 3.23, the multi?lication of C.Z and C.: gives a
. new matrix that relates the primitive reference frame to the referred

interconnected reference frane. This matrix is known as C.b and is

i
shown in Fig. 3.12, i.e,
b _ b s '
C. = C.s C'i (3.24)

The equation relating the referred interconnected branch voltages

and currents are:

i
Ei + vi = ZiiI (3.25)

Assuming power invariance between the two reference frames, the

following relationships apply:

P = c.f t (3.26)
v. = ¢cPuw (3.27)
i i Yy .
.b
B, = CLE (3.28)
Z,, = c'b 2. C b

117 C g B Gy (3.29)
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3.5.4 The Mesh Reference Frame

In this final stage of the mathematical modelling, the change
in state of any of the thyristors is catered for,. It was mentioned
previously that Kron's "eguation of constraint" technique provides
the method for this, which is valid after the topology change. This
approach simply imposes certain constraints on the device current, i.e.
the currents are set to zero, It follows from this that a new
connecting matrix is then developed which relates the intermediate
reference frame to the new mesh reference frame due to the topology
change. This new connecting matrix is in fact a reduction of the
matrix, C.?. . This tensor or matrix reduction method can be applied
systematically to produce the new state equations following any convertor
topoclogy change, (ref. 13).

A slight variation of the approach mentioned above, howéver, has
been adopted here, This takes intoc consideration the mesh currents
of the circuit that result from the topology change; As such the
currents of the non-conducting devices are neglected altogether,

i.e. without putting them to zero which eases computer implementation,
The number of mesh currents needed for a particular topclogy change is
simply cobtained from the following topological relationship, (ref.l7),

M = B-N+§ (3.30)
where M is the minimum number of independent meshés, or closed
paths; B is the number of branches; N is the number of neodes and S
is the number of electrically isolated subnetworks and in this case
s=1. A particular topological change of the parallel bridge will
be cited to explain this situation.

If, in the circuit of Fig. 3.8, only devices 10, 13, 16 and 19

are conducting, according to equation 3.30, three independent mesh
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currents are needed which is illustrated by Fig. 2.6. Taking the
current orientation shown by this figure, the current of the intermediate
reference frame Ii is related to the three loop currents i, ia and i

b
by the matrix, C.; as follows,

1?11 1 o]
[t o o

Pl o o
|lo o 1] [t
o o -1} [:®
Pl=lo 1 o] [{®
™o o o

' lo o 1

'8 lo o o

| lo 1 o

2 o o 1

1?4 o 1 1]

The connecting matrix, C.: is part of the master thyristor
conduction matrix which will be derived in the following section.
In general, the matrix equation relating the mesh currents and voltages
for these loops and the permanent loop of the transformer tertiary
winding is,
m

Z I
mm

it

E +V
m m

(R +pL )1 o (3.31)

As shown by Kirchoff's voltage law, the vector, Vm is zero.
In a manner similar to that of the previous section, the following
relationships apply between the mesh and the intermediate reference

frames:
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i - i ® (3.32)
m
o

v = C_V {(3.33)

m m 1
i

i i
z = clz cl (3.35)

3.5.5 The Master Thyristor Conduction Matrix

The master thyristor conduction matrix is defined in Fig. 3.13.
It consists of twelve loops to cater for all practical thyristor
conduction patterns. Each loop contains one thyristor in the top and
one in the bottom of a bridge, and is orientated in the direction of
positive thyristor current to enable thyristor current extinction to
be determined by monitoring the reversal of loop currents. The orienta-
tions of the various branches in the branch/mesh transformation matrix
are obtained from the linear orientated graph of the system shown in
Fig. 3.14. The following orientation of the graph branches is observed:
(a) from 'start' to 'finish' in transformer winding branches,
(b} in the §irection of positive thyristor currents in the thyristor
branches,
{c) in the direction of positive direct current on the dc sideés

of the two bridges.

3.5.6 Derivation of the Transformation Matrix C.i

1l

The transformation matrix, C.; is dynamic, since its elements vary
according to the various meshes generated by the different conducting
thyristors. For example, consider Mode 4 operation, where conducting
thyristors are shown in Fig. 2.10. The transformation matrix C.i for
thgse mesh current loops are assembled automatically by the computer
program from the master transformation matrix of Fig. 3.13, The manner

that this is done will be dealt with in Chapter 4.
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Other branches are omitted here as their effect is included in the electrical connections

Note:

transformation matrix.

BRANCH/MESH TRANSFORMATION MATRIX

3.13

FIG.
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Note:
‘ 1. Branches correspond to circuit elements shown in fig. 3.8

2. Primary branches are neglected since these elements are

referred into the secondary and tertiary windings of the
transformer, )

Fig. 3.14 Linear orientated grarh of the reduced system
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CHAPTER 4 COMPUTER IMPLEMENTATION

4.1 Introduction

An existing computer program developed originally for solving
numerically the differential equations for a transformer-rectifier
unit (ref. 14) has been adapted and developed for this analysis. The
unit considered in ref. 14 used diodes and an interbridge reactor.
However, for the purpose of the present work, this computer program
has incorporated the feollowing additional features,

(a) a delta primary connection instead of star;

(b) formulation of triggering pulses for the thyristors and the
introduction of firing delay to replace the diodes;

(c) the impedance of the interbridge reactor is set to zero:;

(d) inclusion of the back emf in the load circuit;’

(e} inclusion of circuit elements to allow for thyristor vbltage
drop during conduction.

The integration step length has been chosen to give acceptable
accuracy ©of results consistent with minimising computer run time.

It has been established that the optimum step length for the Runge-
Kutta integration procedure is equal to the shortest time constant

of the system involved (ref.1l3]. This will be dealt with further
when discussing the intégration technique used in the computer program.
. For an insight into the development of the computer program

the sections below discuss the implementation of the mathematical
model developed in Chapter 3, FPirstly, the sclution process is laid
out‘indicating the quantities needed to be calculated as well as the
necessary procedures to be performed following any discontinuities

or topological change. This is then followed by an illustration of



54

a particular conducting situation of the thyristors as outlined in
Chapter 2. Finally, the various computer subroutines and their
specific functions are presented, and their uses related to the main
program.

The computer pfogram is written in FORTRAN. Lower case letters
are used in the listings of Appendices IIIand]V rather than the normal

cref1R)

upper case in accordance with the Honeywell MULTICS System, Sub-
routine names and variable arrays are shown in Capital letters in
the following sections. The program provides the transformer

winding, ac supply current and output voltage waveforms, both in

numerical form and plotted, and their harmonic components.

4.2 The Main Program

The following series of operations describe the solution process
of the computer program;
(a) Determine Zii {(this matrix is constant, and has only to be

assembled once at the beginning of a computer run)

-b b
Zyy = C g % O
(bl. Determiné me (this matrix is dynamic, and has to be re-

assembled when changes in network topology are caused by thyristor

turn-on or turn-off).

z = ¢tz ¢t
mm m  ii m

(e) Determine Eb and from it determine Ei

= .b
Ei = C.i EB

(4). Determine Em
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(£)

(g)

55

Equation 3,31 may be rearranged to give the state variable
equation

pr® = Tl (s_ - R_ 1 (4.1)

Numerical integration yields the mesh current matrix ™

Determine Ii

i = cigm
m
b
Determine I and Vb
Ib = C.? Ii
i
b
Ve T Zpl T B

The solution advances by one interval or step each time operations

{(c) to (g} are implemented. At the end of each step, the system is

tested for any change in topology which may have occurred. If changes

are detected, the solution proceeds as follows:

(i)

(ii)

(iii)

(iv]

(v).

the time between the start of the step and the first discontinuity
(either a trigger pulse or loop current falling to zero) is
determined; more than one discontinuity may occur within

the step,

the state varjiable equation is integrated from the start of
the step to the discontinuity,

the connection matrix, C.i is re-assembled in accordance with
the new system of meshes and its transpose C'i is formed,

the new mesh impedance matrix me is determined as cutlined

in operation (b) and the new state variable equation is formed,
the new equation is integrated from the point of discontinuity

to the end of the step,
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(vi) the system is tested for discontinuities occurring during the
reduced step operation (v}. If there is any change, operation
(i) to (vi) are repeated. If no changes are found, the
solution proceeds with operations (c) to (g} in the next step.
A simﬁlified flow chart of the computer programs of Appendix III and IV
are given respectively in Figs. 4.la and 4.1lb.

4.3 Solution Process

To illustrate the sclution process, a typical device conduction
pattern of the parallel convertor circuit is considered. Fig. 2.6
shows devices 1R and 6Y conducting in bridge 1 and devices 1R' and 6Y¥'
conducting in bridge 2. The illustration here is made with reference
to the computer program of Appendix IV.

Initially, the program determines the coefficients of phe be
matrix defined in Fig. 3.7a, b and c. Subrcoutine CONST performs this
function by.determining the two 2-dimensional arrays RB and XB, which
are respectively the branch resistance and inductance matrices.
Following this, and after obtaining the necessary input data, sub-
routine START determines the pair of thyristors that will conduct
in each bridge. This is done by the systematic checking of all
thyristors to find those which are most positively biased, and
subroutine . gpycTs provides the device forward conduction voltage drop.

The elements of the connection matrix, C.? of Fig. 3.12 and
the master conduction matrix of Fig. 3.13 are located respectively in
the 2-dimensional arrays CTRAN and CBRAN, Following the calling of

subroutine LOAD, C.? (CTRANT in the computer program) is assembled

from CTRAN and C.; and C';, respectively CB and CBT in the program,

are assembled from CBRAN. The latter transformations related} in this
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case, to the meshes comprising devices 1R with 6Y and 1Rt with 6Y'.
together with the fixed delta winding mesh. The elements of CB for
this conduction pattern are shown in Fig. 4.2, Within the subroutine
LOAD, the operation continues in order to implement the steps {a)
and (b) of section 4.2. Also, the inverse of me is obtained using
subroutine MATINV, |
Operations (c) to (e) of section 4.2 are implemented when
subroutine GN is called successively as required by the integration
subroutine MXRK4 and finally a solution to equation 4.1 is cobtained.
Thé values of I" are stored in the column vector AN in the program.
Finally, operations (f) to (g} are carried out by subroutines BRANI and
BRANV . In BRANI currents Ii and Ib are stored in the arrays AT
and AB respectively. In BRANV, Vb is calculated and store@ in the
array VB. Next, topology clianges are monitored using'subroutine
INTERP, whereby the program detects either a trigger pulse generated
by subroutine TRIGER or a current discontinuity indicating thyristor

turn-off. These processes are illustrated in the following sections.

4.4 Trigger Pulse for the Thyristor Circuits

The need to determine the instant of device turn-on and turn-off
has been stated in the previous section. The former process is
achieved by implementing the sequence of thyristor trigger pulses shown
in Fig. 4.3. The implementation is achieved in the computer program
such that each pulse fires a pair of thyristors to ensure that both
conduct, e.g. 1R and 6Y. Hence, two trigger pulses are shown in
Fig, 4.3 for each device. This subroutine is called at the end of

each step to check for the presence of the pulses in the operation of
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the parallel bridge, A simplified flow chart of this subroutine is
shown in Fig. 4.4 and it is called subroutine TRIGER in the computer
program. )

Apart from determining the presence of a trigger pulse the com-
puter program also determines tn, the time of the occurrence of the
pulse from the start of a step. This program is also designed to
incorporate triggering unbalance that might possibly occur in practice

between bridges and between the upper and lower rows of thyristors

in each bridge.

4.5 Current Discontinuity

The mesh current is monitored to determine when a device ceases
to conduct and this occurs when the current just beccmes negative.

Referring teo Fig. 4.5 the time to the discontinuity, ta, is Qetermined

by,
(1 - I.1
21 11 _
I11 + —~——1;-———- . ta = 0O
from which
I t
ta = % ) (4.2)
11 21

In the computer'program, the initial currents at the start of
a new run are set to a small value {10 mA, rather than zero, to ensure
that the program does not fail in the event of a current zero in
the first step.

It is possible that one or more discontinuities (including the
presence of a trigger pulse)} are observed in a step. The times of
these from the start of the step are determined as above and the

shortest time is chosen for operation (i) to (vi) of section 4.2.
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4.6 Interpolation

In the computer program the subroutine to perform the inter-
polation is called:' -INTERP The three main functions of this
subroutine are;

{2) To check the forward biasing of the individual thyristors and
the presence of a trigger pulse. . The former is done separately
for each bridge as the triggering of the thyristor pairs within
the bridge are not at the same time. In the computer program,
the thyristor anode-cathode voltage and the trigger pulse are
denoted respectively by the arrays VD5 and ITRIG,

(b) To check if any currents, ¥ are negative. This is based on
the calculation shown in section 4.5,

(cl) Followiﬁg any topology change due to either (a) or (b) above,
the subroutine then makes the necessary changes to theAmesh
number M and the loop patterns ICL.

The flowchart describing the operation performed by subroutipe

INTERP is illustrated in Fig. 4.6,

4,7 Thyristor Voltage

A thyristor has to be forward Biased and a trigger pulse applied
to its gate in order to conduct. This is achieved in the computer
program using subroutine CDUCT5 which supplies the voltage drop for
each individual thyristor. This subroutine determines the device
voltages from the transformer branch voltages and the voltage drdps
due to device impedances during conduction. As an example, consider
Fig. 4.7, which shows device 2B' as the next device to be triggered.

Its voltage is determined from,
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vas(2) = Vb(5) - Vb(13) ' (4.2)
Similar expression defines other thyristor voltages and these
are implemented in the computer program.

The numbering in the bracket of the left-hand side of egn. 4.2
refers to the thyristor numbers of Fig., 2.2, where 1R' to &Y'
represent 1 to 6 and IR to 6Y represent 7 to 12, and on the right~
hand side refers to Fig. 3.8.

Subroutine CDUCT fs implemented in a similar fashion, but it
is used for checking the thyristor wvoltage in the Mode 1 operation.
This is because only a pair of thyristors is conducting at a time and
the voltage is given by, -Vb(6} (see Fig.4.7) for thyristor pair

1R' and 2B' to conduct, thyristor 6Y' being switched off,

4.8 Integration Procedure

Techniques for numerically integrating differential equations
may be classified into multi-step and single-step methods. Multi-
step methods, such as the various predictor/corrector formulae, are
generally quicker and have greater stability than single-step methods.
However, since they rely on integration ahead using open-type quadratic
formulae (ref: 19) (in which the integration extends beyond the
ordinates employed in the formulae}, they require certain initial
values to start the integration process., Clearly, such methods
are precluded from thyristor circuit studies, since they would reguire
re-starting at every system discontinuity. From the wvarious single-
step methods available, a 4th-order Runge-Kutta routine has been
chosen, due to its high accuracy. The Kutta-Merscn method, which

determines the truncation error at each step (at the expense of



™

computer run-time)] is unnecessary, since the maximum step length
used by the computer program yields truncation errors which are within
error bounds.

The 4th order Runge-Kutta equations are

G0 = f(It,t)h (4.3}
G, = E£(I_+3G, t+3nh (4.4)
G, = £(I_+ %Gut + %hjh (4.5)
Gy = £(I + Gy t+ hih (4.6)
Toon = %7 %(Go + 2Gl + 2G2 + (;31 (4.7)

where h is the integration step length;
f(It,t) etec, are the solutions of the mesh state wvariable
equations for It' t etc;
It is tbe vector Im at time t, and
It+h is the vector I" at time (t+h).
A disadvantage of this integration method compared with other
approaches is its relative instability. A procedure developed

by Wwilliams (ref: 6] for selecting the optimum step length with

respect to numerical stability and is outlined below.

4.9 Optimum Step Length

The optimum step length for a Runge-Kutta integration procedure
is equal to the shortest system time constant. The system time
constants can be obtained by determining the eigenvalues  of the charac-
teristic equation formed from the state matrix of the state variable
equation. That is, from the standard state-variable equation

%] = [a]lx] + [B][v], (4.8)

the eigenvalues of [A] are found, These appear in the solution
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-2t
e n terms, where An is the eigenvalue of the nth local solution.

The largest -eigenvalue is the reciprocal of the smallest time
constant (ref: 12,13).

The computer program determines the shortest time constant using
a NAG library subroutine, and sets the step length accordingly.
This subrouﬁine is called OPSTEP in the computer program. However,
it may be removed if not required since after several runs, a step

length of 0.000l1 seconds is justified for the computation.

4.10 Input Data

Two computer program listings are presented in Appendices I1l
andlv., These are used specifically to obtain respectively the
current waveforms and their harmonic contents.

This is a convenient approach and reduces computing time from
that needed when both functions are incorporated in a single program,
It follows from this that two input data are needed as shown at the
end of the listings. The first will be explained here aﬁd the
other in Chapter 5.

In Appendix TII, there are nine data lines read by the computer
successively as follows:

Line 1. Three transformer winding phase resistances and the sixth
number is the thyristor resistance.

Lines 2 to 4. Transformer self and mutual inductances with the last
number being the thyristor path self inductance if any.

Line 5, NSTUD - number of studies to be made.

Line 6, Peak supply line voltage, frequency and firing delay angle.

Line 7, NSUB - number of sample,
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Line 8. Time to complete the run per sample (secconds)

Line 9. Load data; R, L, Ed and e
thy
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CHAPTER 5 HARMONIC ANALYSIS AND MEAN QUANTITIES

5.1 Introduction

The current waveforms of the model are further analysed for
their harmonic contents using Fourier Analysis. This section briefly
outlines the Fourier Analysis routine. In aiding the discussion,‘a
simplified flow chart is givenrin FPig. 5.1. Also, the mean output
currents and voltage of the parallel converter circuit will be

discussed with respect to their computer implementation.

5.2 Fourier Analysis

Generally speaking, any periodic signal f(t) may easily be analysed
if it may be expressed in terms of sinusoidal signals. That is, the
signal is said to be expressed in terms of its Fourier series as

shown below;

a
- _©° s
£(t) = > + a, cos wot + bl sin wot + a, cos 2mot
+ b, sin 2w t + ......
2 o)

a © o

br f(t) = == + I a cosnwt+ I b sin nw t (5.1)
n o n o
n=1 n=1

For any specific signal, £(t), as shown above. Fourier Analysis

- can be carried out. This involves calculating the coefficient ao,
a, and bn for the given signal (ref: 20, 21).

The series of equation 5;l'may be written in a number of apparently
different, althoﬁgh equivalent forms, one of which is obtained by
recognising that for all values of n,

a cosnw t+b sinnw t '
n o n o

= Cn sin (nwot + en) (5.2}
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where, ¢ = Ja?+p? (5.3)
n n n
a
sin® = L (5.4)
n 2
a“" +b "
n n
bn
cos Sn = - (5.5)
a + b
n n
and hence
-1
Bn = tan (an/bn) (5.6)

Combination pairs of terms in equation 5.2 gives the equivalent form
for the Fourier Series, (ref: 22).

f£{t} = Co + C sin(wor + 91) + ... Cn 51n(nwot + en) (5.7)

1
with Co equal to a°/2 and all other Cn and Bn defined by eqqations
5.3 to 5.6, The coefficient Cn is the amplitude and Bn' the phase
of the nth harmonic.

The Fourier Analysis of such a signal f£(t), is widely covered
in the literature. The numerical estimation of the Fourier coefficients
are obtained as follows:

(a) Estimation of a

o
T Of£(t,)
i=0 i

aO
2. = (5.8)

(b} Estimation of a
S

1

m

2 I f£f(t,) cos nw t,
\ i o i
i=1l

8, = > (5.9)

{c) Estimation of b
SN

m
2 I f(t,) sin nw t,
i=1 i o i

b = ’ (5.10)
n m

From these numerical estimates for a, and bn' the amplitude Cn and
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phase Bn of harmonics can be readily calculated using the digital

computer,

5.3 Variation of the step length in the estimation of the

Fourier Coefficients.

Up to this point, the numerical estimation of the Fourier
Series has assumed a constant step length. Sometimes, the signal
f(t) under study, particularly the current or voltage waveforms,
exhibit discontinuity. For improvement of the estimate, any
. discontinuities in the signal have to be determined exactly and this
necessitates using new iIntermediate steps within ;he step where the
discontinuity occurs.

Consider Fig, 5.2 where y = f£(t) is known for m values of t.
These are designated aS‘Yb, Yy Yor Y3 eeee Yo The contribution of
the first interval, shown as abed in Fig, 5.2 is approximately,

1 g * ¥y :
1 o 1 (5.11)

This is the area of a trapezoid having an average amplitude of

(yb + y11/2 and a base egqual to At, Similarly, the contribution of

the second interval is,

LYy (5.12)
2 At °

It can be seen that in forming the summation of the areas all values
of y are ﬁsed twice. Hence, for the case of equal step lengths (i.e.
At is equal throughout}, this gives rise to egquation 5.8. Equations
5.9 and 5.10 are similariy solved by this approach {(ref: 21).

Suppose a discontinuity occurs in the signal £(t} of Fig. 5.2
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FIG. 5.2 SIGNAL f(t) INDICATING THE OCCURRENCE OF DISCONTINUITY

1.0

05

60° 120 240 300° 36

FIG. 5.3 WAVEFORM GENERATED BY THE COMPUTER FOR THEE TLST



79

at point r within a step length At. This discontinuity has to be
determined exactly, which eventually gives rise to two new independent

step lengths, Atr and Atr_ With the introduction of these new

1°
step lengths, equations 5.8, 5.9 and 5.10 are modified accordingly

as shown below:

{a) Estimation of a
.o--

+ .
ig =.£[ yo ¥y + Yy ¥t Yy + Yyl + Yo ¥y * Yr+1 + V-1 * iy (5.13)
2 m 24t 24t Y28t 20tp T 24t )
r-1
{b) Estimation of a
+

. ) l{jyo cos nwot0 Yl cos nmot1 R yl cos nwot1 + y2 cos nwot2
n m At At

. yr_lcos nwotr_1+yrcos nmotr . yrcos nwotr+yr+1cos nwotr+l

Atr+1 ﬂtr
ym—l cos nmotm—l + ym cos nmotm
vee + At (5.14)

(e} Estimation of b
. n—

b 1 1 .\ y, sin nwotl + Y, sin nmot2
At At

n m

1[%0 sin nwot0 + Yy sin nmot

+ .
yr_lsin nwotr_l ¥, sin nmotr

Atr+l

+ LA

sin n
yr wotr + tr +

At
r

1 sin nwotr+1

+

ces t

Y ,sinnwt . +y sin nw t
m-1 o m-1 m omjl (5.15)

At
For the estimation of a and bn' the factor 2 which appeared in
equation 5.9 and 5.10 is missing above. This factor appears in

the expressions for the areas of the trapezoids of Fig. 5.2 and cancels.
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5.4 Computer estimation of the Fourier Series for a known signal
Equation 5.13, 5.14 and 5.15 were implemented in a computer
program. Tests on the effectiveness of this program to estimate the
Fourier Series were carried out by, firstly, generating a gnqwh signal
as shown in Fig. 5.3. The inputted numerical values for..the waveform
include the exact points of the occurrence of the discontinuities

at 6 = 600112dof18001etc. For this particular waveform at the
discontinuity the step length is zero.

The results for this test are depicted in Table 5.1 using 200
sample points. The table also provides the errors for each harmonic
component as compared with the values obtained by exact trigonometric
calculation, The errors are reduced by increasing the sample points.

A second test involves supplying the coefficients Cn and Bn in
the equation 5.7 to generate a waveform. This was then analysed
to obtain the corresponding values of Cn and Gn. Similarly this
was done with about 200 sample points, Table 5.2 provides the results.

The results of Both tests are depicted in Tableg 5.1 and 5.2
and these indicate the ability of the computer program to analyse

any periodic signal.

5.5 ' 'Mean dc output quantities

The dc bridge currents and output voltage are obtained using a
simple trapezoidal algorithm. A flowchart is depicted in Fig. 5.4
and this is named subroutine RMSAVE in the computer program of
Appendix Iv. Also, the program can evaluate the rms value of a

given function.
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armonic no: mod arg p.u of fund. derivation %X error
9.0 0.0000000 .
1.0 0.954853D0+00 90.00 1.0000000 1.0000000 0.0000
2.0 0.0000000+00 0.00 0.0000000 0.0000000 0.0000
3.0 0.0000000+00 0.00 0.0000000 0.0000000 0.0000
L4.Nn 0.0000000+00 0.00 0.0000000 0.0000003 0.0000
5.0 0.1905570+00 90.00 0.1995668 0.2000000 0.2166
6.0 0.0000000+00 0.00 0. 0000000 0.0000000 0.0000
7.0 0.1359420+00 270.00 0.1623698 -0.1428571 0.3411
2.0 J.,0030000+00 0,00 0.0000000 0.000000C0 0.0000
9.0 0.0000000+00 0,00 0.0000000 =-0.0000000 0.0000
10,0 0.0000000+00 0.00 0.0000000 0.0090000 0.0000
11.0 0.85774%0-01 270,00 0.0898304 =-0.0909091 1.1859
1?2.0 0.0000000400 0.00 0.0000000 0.0000300 0.0000
13.0 0.7269170-01 90.00 - 0.0761287 0.U769231 1.0327
14,0 0.0000000+00 0.00- 0.0000000 0.0000000 0.0000
15.0 0.0000000+00. 0.00 0.0000000 0.0000009 0.0000
14.0 7.0000000+0) 0.00 . 0.0000C00 0.0000000 0.0000
17.0 0.5443320-01 90.00 0.0570069 0.0588235 3.0883
18.0 0.0000000+00 0.00 0.0000000 J. 0000000 0.0000
19.0 0.4931950-01 270.00 0.0516514 =-0,0526316 1.864623%
20.0 3.0000000+400 0.00 0.0n00000 - (0.00000Q00 0.0000
TABLE 5,1

RESULTS OF THE HARMONIC ANALYSIS OF THE WAVEFORM GIVEN IN FIG. 5.3

9]



harmonic no: mod arq 2.u of fund. X error
0.0 " 0.0000000 :
1.0 0.9549100+400 90.00 1.0000000 1.0000000 0.0C00
2.0 3.0000000+00 0.00 0.0000000 0.0000000 0.0000
3.9 J.0000090+00 0.00 0.0000000 0.0200000 0.0020
4.0 0.0000000+00 0.00 0.0000000 J.0000000 0. 0000
5.0 0.190%300+00 90.00 0.1993933 0.1998932 0.0000 1
4.0 0.0000000+00 0.00 0.0000000 - 0.0000000 0.0000
7.0 0.1362900400 270,00 0.142725¢ 0.1427255 0.0001
3.2 0.0000000+00 0.00 0. 0000000 0.0000000 0.0000
7.1 2.0000000+00 0.00 0.0000000 0.0000000 0.0000
10.0 0.0000000+00 0.00 0.0000000 0.0000000 0.0000
11.3 0.8656990~01 270.00 0.0906576 0.0936578 0.0001
12.1 0.00G6000D+00 0.00 0.0000000 0. 0000000 0.0000
13.9 0.7323010-01 90.00 0.0766880 0.07646879 N.0001%
14,9 3.0000000+00 0,00 0.0000000 g.0000000 0.0000
15.0 2.000N000+092 0.00 0.0000000 0.0200000 0.0000
16.0 0.0000000+00 c.CG0 0.0000000 0,0000000 0.0000
17.90 J.5579210-01 90.00 0.0584244 0.05842¢44 0.0002
1%.N 0.0000000+0N 0.00 0.0000000 0.0000000 0.0000
19.9 0.499L99D-0 270.00 0.0527085 0.052%085 0.0002
20.0 0.0000000+00 0.00 0. 0000000 0.0000000 0.0000
. e i

derivation

TABLE 5,2

RESULTS OF THE HARMONIC ANALYSIS FOR THE SECOND TEST.

c8



83

Comm D
- 1

SET VECTOR ¥D to O
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FIG. 5.4 Flow chart for the sSubroutine RMSAVE
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5.6 Ihput data

A separate Input data is necessary for the program and this is
explained here.

The input data as printed at the end of the AppendixlV has
four lines to be read by the computer. They are as follows:

Line 1  Peak supply line voltage; frequency; load back emf;
thyristor voltage drop; load resistance and inductance.

Line 2  NSTUD, time, step length.

Line 3 triggering wvariation for the thyristors in the top and
bottom part of each bridge and between the bridges. The
first two numbers pertain to bridge 1 while the last two
pertain to Bridge 2.

Line 4 Firing delay angles; a number of firing delay angles
can be set after this line depending upon the value of
NSTUD (in line 2J). For example, to study one case of

tiring delay angle, NSTUD is set to 1.
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CHAPTER 6 RESULTS AND DISCUSSION

6.1 Introcduction

The purpose of this chapter is to present the results which;

a) validate the computer program by comparing the computed

and the experimental results and;

b) demonstrate the operational characteristics of the parallel-

bridge system considered.

A description of the experimental laboratory arrangement is
presented to provide an insight to its features. However, its
constructional details are omitted for conciseness,

It is important that the impedances and voltages are well balanced
between the two secondary windings of each phase, and between the
three phases. Special attention is focussed on the adjustments made
to the transformers to ensure acceptable balance.

The computer program of the developed mathematical model
presented in Chapter 3 can be executed when typical circuit parameters
are available. These parameters comprise the transformer data, the
thyristor modelling data and the load data together with operaticnal
details such as sﬁpply voltage and firing delay angle, The measurements
of these data from the laboratory convertor s&stem will be outlined.
Validation of the computer program is achieved by comparison of the
computed and measured current waveforms in the transformer windings
and ac supply lines, The capability of predicting these waveforms
is, of course, one of the objectives of the research.

Finally, the various operating characteristics plotted from the
computer program are presented and discussed. Some of these,

as appropriate, are verified experimentally.
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6.2 The Laboratory Convertor System

Photographs of fhe 12-pulse parallel convertor system used
are shown in Fig., 6.1 with the pulse shifting transformer and its
protractor in evidence, The supply transformers are shown in Fig. 6.2
with the associated extra bucking and boosting transformers and
inductances needed to improve balance, The circuit connections are
shown schematically in Fig. 6.3.

As stated earlier, three separate single-phase, three winding
transformers are used to supply the bridge rectifiers, these having been
adapted from existing two-winding transformers with split secondary
windings. Not being purpose-bBuilt for the role, improvisation has
been necessary to provide the required voltage and impedance balance
previously mentioned, For equal and balanced supply voltage to the
two bridges, additional bucking transformers are used with the star-
secondary and boosting transformers with the delta secondary windings
(Fig. 6.3}, Extra air-cored reactors are included in each transformer
prhase to give equivalent circuit inductance balance between the two
secondarthindings in each phase, and between the three phases.

This proceg;re involved repeated short circuit testing and adjustment
of values until satisfacfgry results were achleved. The three-
branch equivalent circuit (per phase) for a three-winding transformer
is shown in Fig. 6.4, with the final values shown in Table 6.1 for
each transformer. The values are referred to the rectifier side

of the transformers. The negative quantities indicated in the table
depend on the actual physical arrangement of the windings on the core
{ref. 23). It was found to be not feasible to balance the winding

resistance further, the inductance being deemed the more important.
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FIG. 6.1 THE EXPERIMENTAL SYSTEM OF THE 12-PULSE
PARALLEL CONVERTCR
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FIG. 6.2 THE THREE SINGLE PHASE THREE-WINDING SUPPLY TRANSFCRMER
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BLUE| ©7
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SECONDARY (BUCKING)
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THREE SINGLE--PHASE TRANSFORMERS A, B AND C
(a, terminals on the secondary and tertiary windings are
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FI1G. 6.3 Three-Phase Connection of Single-Phase Transformers, with Additional Bucking/Boosting
‘ Transformers (Actual Connections).  Bridge 1 Voltage leads Bridge 2 Voltage by 30°
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Branch ‘ .
Parameters Transformer A Transformer B Transformer C
¥ (@) -0.266 ~0.207 -0.237
Ll(mH) -3.075 -3.024 -3.177
r, @ 1.096 0.962 0.895
Lz(mH) 8,321 8,27 8.203
r3(9) 0,994 0.895 0.949
L3(mH) 8.407 8.27 8.27
Table 6.1  Measured Transfdrmer Equivalent Parameters
(Ref, Fig. 6.4)
Star secondary (V} Delta secondary (V)
R-Y ¥-B B-R R-Y ¥-B B-R
129,5| 129.8 jl1l29.0 129,0 | 129,8 | 129.5
Table 6.2 Open=-circuit Transformer Secondary Line Voltages.,




Q2

The open~circuit secondary voltages are given in Table 6.2 for
an applied primary voltage of 240v, balanced to within 1V. An
average value of 129.4V has been used in the program. The effective
transformation ratios for each secondary phase to primary phase as

defined in Figs. 3,11 and 3.12 are:

Ny
—= = 0.5392 6.1
N

1
N,
L = 0.3113 6.2
Ny

As noted in Chapter 3, the equivalent circuit parameters of fhe
form given in Table 6.1 were not used in the analysis, but were
replaced by the self and mutual inductances of the windings. The
calculation of these values from the circuit measurements is given in
Appendix T. Again, inevitably, there is small unbalance bétween the
windings, and average values were adopted for the program. These
are presented in Table 6,3,

The control circuitry for the parallel bridge convertor and the
thyristor gate drive circuits are given in Appendix II. Adjustment
of thyristor firing delay is made by a phase-shifting transformer
{magslipl with a protractor to indicate directly the firing delay
angle. Each bridge is fitted with its own magslip, But the connection
is such that one operates as a master firing angle ceontroller for
both bridges (this being Bridge 1 magslip), while the other is set to
give a 30° firing delay to the Bridge 2 thyristors relative to those
of Bridge 1. This latter magslip may be used to trim the'firing of
the Bridge 2 thyristors for best balance between the bridges.

The measuring equipment includes dc meters of the moving coil

type and ac-dc meters of the moving iron type, connected respectively



Resistances

Self Inductances

Mutual Inductances

() (H) {H)
rl = r2 = r3 = 0.708 Lll = L22 = L33 = 1,66 le = L25 = L36 = 0.901
Iy =Ly =X, = 0.289 Lgg = bgg = Leg = 0.506 L17 = L28 = L39 = 0,523
Ty = Xg=1Ig= 0.307 L,; = Lgg = Lgg = 0.170 L7 = Lgg = Lgg = 0.279

Table 6.3 Transformer Data used in the

(Ref, Pig. 3.7a, b and c)

Mathematical Model

¢6
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on the dc and ac sides. To aid the measurement of the current using
the oscilloscope or its harmonic contents, a coaxial shunt of 0.01Q
resistance has been used. Care has to be taken when measuring the
primary side current as the oscilloscope chassis is usually earthed.

A Tektronix type 555 dual beam oscilloscope has been used. The
harmonic contents of the current are measured using the Brllel and Kjaer
frequency analyser type 2105.

The device modelling data used in the mathematical model is as

follows:
ethy = 0
L thy = o)
Rthy = 0,10

6.3 Alternating current waveforms

For the purpose of waveform prediction, four firing delay
angles have been chosen to cover the four operating modes of which the
experimental system is capable, With delay angles of 1600, 1500,
120O and 600, which correspond to Modes 1, 2, 3 and 4 respectively,
both with and without load back emf present, (except in Mode 1, the
delay angle for the latter is 16501, the following current waveforms
are predicted:

(a) The two bridge supply line currents;

(b} the tertiary winding current;

(e} the supply line current;

{(d) the primary phase current;

Additionally the mean dc output voltage and current values are

computed,
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The ac supply voltage to the rectifier system is measured to be
339.4 peak or 240V rms with a frequency of 50 Hz, The computer program
runs with a step length of 0.0001 seconds, this being éhosen by trial
and error to minimise the computing time and provide acceptable
accuracy in the final results, as mentioned in Chapter 4.

The load side is represented by a variable resistor, an inductor
and a battery connected in series, The load inductance was measured
at 100 Hz using the digital Marconi bridge meter. For the model, the
load resistance used in the‘computation is the dc¢ resistance which is

simply calculated from the knowledge of the dc mean output voltage,

Vd' the dc mean ocutput current Id and the battery open circuit voltage
Ed and frop,
a - Vd'- Ed
T4

The numerical values are shown below. The following gives the load
data used in the experiment and prediction of the currents:

R = 5,1Q L =0,0174.H Ed = 24,0V or OV

The predicted current waveforms and the oscillograms obtained
from the laboratory system are given in Fig. 6.5 to Fig. 6.20. The
shapes of the bridge supply current waveforms correspond with those
put forward in Chapter 2 and the individual transformer winding currents
havé the form expected by derivation from the bridge currents,
Correlation between computed and observed current waveforms is very
good. Amplitudes correspend for each operating mode within experimental
error, although there are small differences in the conduction intervals.

Mean dc values of the output currents, and I_, respectively

Ta1 a2

for Bridge 1 and Bridge 2, and the output voltage Vd' are given with

the bridge supply current waveforms. The measured and the predicted
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Frequency = 50.8hz ond alpha =168.0 deg. RL = 5.10000 ohms L = 8.817400000

current (amps) EB = 24.8  wolis
15 \

time (sec.)
00 9.2¢ 0,49 @60 @8.89 1,89 1,20 1.42 1.60 1.89 2.98

2 X192

¥IG. 6.5a THE ERIDGE SUPPLY LINE CURRENT

Tjq=0et A Ij,=0s & T, =024

V4 26 v

d =

current (amps)
13

18

3

TPt T A e T T M Sl e W n R time (sec.)
.00 0.20 9.4 0.0 0.80 1,80 1.20 1,40 1.6@ 1.89 2.09
-5 | X182

FIG. 6.5b THF TURT™TARY WINDING CURRENT

FIG., 6.6a THE BRIDGE SUFFLY CURRENT

a1 0.15 A sz = 0.2 A Id = 0.4 A

Vd 28.5 Vv

FIG. 6.6b THE TERTIARY WINDING CURRENT

THE OSCILLOGRAMS

Scale: Forizontal -~ 2 ms per division

Vertical - 5 A per division
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Frequency = 58.8hz and aipha =168.8 deg. RL = 5.18002 ohms L = 0.917400000

current (amps) EB=24.80  wolts
19
i9
3
B"""l""l""l’"'l"“l“"l"_"l T T Lime (sec.)
0 9.20 2.4 0.6 0.0 1.98 1.20 1.40 .60 1.8 2.00
- X872
-18
-13

FIG. 6.5¢c THE SUPPLY LINE CURRENT

current (amps)
15,

e Ty ti8@ (seC.)
gee 0.0 0.4 .60 0.89 1.8 1.20 1.49 1.60 1.60 2.0
5 X192

FIG. 6.5d4 THE PRIMARY PHASE CURRENT

FIG. 6.6c THE SUPPLY LINE CURRENT

¥IG. 6.6d THE PRIMARY PHASE CUFRENT

THE OSCILLOGRAMS
Scale: Horizontal = 2 ms per division

Vertical - 5 A per division
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Frequency = 58,8 hz and alpha =150.0 deg. RL = 5.10000 ohms L = B,017400000

current Camps) EB = 24.8  volis
15 . '

time {sec.)
. ; a80 1.8 1,26 1.46 1.60 1,80 2.8
-3 X2

FIG. 6.7a THE BRIDGE SUPFLY LINE CURRENT

Vy =324V

current (amps)
15

Lime (sec,)
8.68 0.80 1,00 1.2 1.4 1.60 1.88 2.00
3 x1e72

FIG. 6.7b THE TERTTARY WINDING CURRENT

FIG. 6.8a THE BRTDGE SUPFLY LINE CURRENT
| = = . A = 2.0 A
T, =094 I,,=1054 I

LRV ) 4_14—1-4_1__’_;_:_;4_:..4_.1-&
. i
[ .

SR SN S B

PIG. 6.8b TEE TERTIARY WINDING CURRENRT

THE OSCILLOGRANS

Scale: Horizontal - 2 ms per division

Vertical - 9 A per division
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Frequency = 58,8 hz and alpha =150.8 deg. RL = 5.10000 ohms L = 0.917400000 h

currenl (amps) EB = 24.8  volis
15

Lime (sec,)

00 620 9.499 0.050 0.80 1,60 1.20 t.40

FIG. 6.7¢ THE STPFLY LINE CURRENT F © PIG. 6.8c THE SUPPLY LIFE CURRENT

current (amps)
15

12

5]

01, . — Llime (sec.)

-5 X192

FIG, 6.7¢ THE FRIMARY PHASE CURRENT ? - FIG. 6.8d THE PRIMARY PHASE CURRENT

- TEE OSCILLOGRAMS
Scale: Horizontal - 2 ms per division

Vertical = 5 A per division
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Frequency = 50,8 hz and alpha =120.8 deg. RL = 5.18888 ohms L = 9.017400088 h

current Camps) EB=24.8  volis
15

5 /\/\
SERAR T e Lime (gec.)

080 100 1.0 1.40 1.68 1.0 2.08
‘ X1g72

FIG. 6.9a THE BRTDGE SUPPLY LINE CURRENT

d
76.8 V

<
1

current (dmps)
15

s S —— fr",q‘N\J//,/’\\\\\"—‘—ﬁ\\\\ —  lime (sec.)

0 100 1.0 1.40 1.68 1.90~2.00
X192

FIG. 6.9b THE TEPTIARY WINDING CURRENT

FIG. 6.10a THE BRIDGE SUFPLY LINE CURRENT

Id1 5.2 A Id2 = 5,254 =10.4 &

i

Va

81 v

FIG, 6.10b THE TERTIARY WINDING CURRERT

THE OSCILLOGRANMS
fcale: Forizontal - 2 ms peT division’

Vertical - 5 A per division
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Frequency = 50,8 hz and alpha =120.8 deq. RL = 35.10008 ohms L = 8.817400000 h

current (amps) EB = 24.0  volis
15

1@

5 /———\ l
) : — . Lire (sec.)

00 .20 0.9 .60 0.80 1.

FIG. 6.9¢c THE SUPPLY LINE CURRENT

current (amps)
15

10

]

ﬂrf_y._\.,, A lime (sec.}
o2 0.20 9.49 0,66 0.8 T 1.20 1,48 .80 2.90

-5 X192

FIG. 6.9d THE PRIMARY PMASE CURRENT

FIG. 6.10c THE SUFPLY LINE CURRERT

FIG. 6.10d THE PRIMARY PHASE CURRENT

THE OSCILLOGRAMS
Scale: Horizontal - 2 ms per division

Vertical - 5 A per division
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Frequency = 50.8 hz and alpha = 60.8 deg. RL = 5,10088 ohns L = 8.917400008 h

current {amps) EB =248 volis
30 :

2

" f’\’\
S — . —  Lime (sec.)

0.60 0.60 1.8 1.20 1.40 1.60~l1.80 .2.09
xg2

FIG. 6.11a THE BRIDGE SUPPLY LINE CURRENT
Id1 = 12,17 A Igpo = 12.25 4 I, = 24,42 A

v

current (amps)
38

8 e //——d-J‘#”/’-d—-‘ﬁ~\\\-_—\HT‘\ time {sec.)

08 0.28_B40-0.60 0.80 1.00 1.20 1.40 1.50—80_2.00

X192

FIG, 6.11b THE TERTIARY WINDING CURRENT

-

¥

¥IG. 6.12a THE FRIDGE SUPPLY LINE CURRENT

Tar =

v

M.8 4 I

a2 = 1.4 A Id = 23.4 A

4 144.5 V

FIG. 6.12b THE TERTIARY WINDIXG CURRENT

THE OSCILLOGRAME

Scale: Horizontal - 2 ms per division

Vertical

- 10 A& per division
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Frequency = 38,8 hz ond alpha = 60.0 deg. RL = 5.10080 ohms L = 0.817400000

currenl (amps) EBB=24.0 volis
3

20

19

] _ time (sec.)
8.00 0.20 0.40 9.60 0.BA_ 1.00 1,20 .48 1.607 1.8 2.00

-1@ ' X192

-20

-30

FIG. 6.11c TFE SUFPLY LINE CURRENT

curreni (amps)
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4""”—-" Lime (sec.)

LI 2 e e |

0 0.20 0.10 0.60—0.80 1.00 1.0 1487 1.60 1.80 2.00
-19 1972
-
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FIG. 6.11d TYE FRIMARY PHASE CURRENT

h

FIC. 6.12¢ THE SUPPLY LINE CURRENT

|
!
"l'illlffg;

LI TN S S

¥IG. 6.12d THE FPRIMARY PHASE CURHRENT

THE OSCILLOGRAMS

Scale: Horizontal -~ 2 ms per division

Vertical = 10 A per division
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Frequency =  58.8 hz and alpha =165.80 deg. R. =. 5.10088 ohms L = 9.017400008 h

 current (amps) £8 = 8.8 volts
15

8 Lime (sec.) _
00 0,26 0.4 0.5 0.80 1.80 1.20 1.49 1.68 1.8 2.00 _ - . LT
-5 xe2 S - A
i ‘ -L.AAJ—A—- LR .L,.J4+I )
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-154 ‘
3 601 THE BRIDGE SUPPLY LINE CURRENT ' | |
FIG Ja ¥ FI1G. 6.14a THE BRIDGE SUYPPLY LINE CURRENT
Igq =024 Typ=024 Iy=0.404 :
g1 =04 A I, =0.424 T, =0.824
v =17V :
d Vy =4.27
current (amps)
15 '
19
5
S SN § | '€/ )
00 0.20 8.4 0.60 9.83 1,89 1.20 1.4 1.6 1.80 2.00
-5 X192
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-15
FIG. 6.13b THE TERTIARY WINDIKG CURRENT ' FIG. 6.14b THE TERTIARY WIKDIFG CURRENT

THE OSCILLOGRAMS

Scale: Morizontal - 2 ms per division

Vertical — 5 A per division
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Frequency = 50.8hz ond alpha =165.0 deg. RL = 5.18988 ohns L = 2,817400008 h

currenl {amps} BB~ 0.8 volts
135
19
N
L S S —— : ey LiME (sEC.)
00 0.20 9.4 060 0.82 1.00 1.20 1.40 1,60 1,88 2.09
-5 e
-19
~13

FIG. 6.13¢c THE SUPPLY LINE CURRENT

current Camps)
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b}

"

2 time (sec,?
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-5 Y102

s .
FIG. 6.130 THE PRIMARY PHASE CURRENT

(R U JUDY O Y D RO S S N S S S

FIG. 6.14c THE SUPPLY LINE CURRENT

FIG. 6.74d THE PRIMARY PHASE CURRENT

THE OSCILLOGRANS
Scale: Horizontal - 2 ms per division

Vertical -~ 5 A per division
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Freguency = 50.8 hz and alpha =158.8 deg. RL = 35.10088 ohms L = ©.817400000 h

current Camps) ' BB= 0.8 volls
15

- Lime (sec.)
. 1.88 1,28 1.49 1,60 1,88 2.00
-5 x1g~2

FIG. 6.15a THE BRIDGE SUPPLY LINE CURRENT

Igq =161 4 Ty=1.614 I, =3.224

d1 dz2

Vd = 16.3 v

current. {amps)
15

time (sec.}

y 1.8 1,20 1.42 1.60 1.80 2.00
-5 X2

FIG. 6.15b THE TERTIARY WINDING CURRENT

FIG. 6.16a THE BRIDGE SUPPLY LINE CURRENT
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Frequency =  50.0 hz and alphe =150,8 deg. RL = 35.10000 ohms L = 0.917400000 h
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Frequency = 58,8 hz and alpha =120.8 deg. RL = 15,1000 ohms L = ©.017400000
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Frequency = 50.0hz and alpha = 68.8 deg. RL = 5.1006¢ otms L= 0.017400000 h
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values indicate acceﬁtable agreement.

Generally, within the limits of unbalanced impedances and bridge
supply voltages obtainable when setting up the transformers, the
predicted and measured results correspond very well indeed. The
setting of the 30° phase shifting transformer is critical, and balance
between the bridges is disturbed by only a very few degrees deviation
from the nominal 30°. This shows itself in differences of conduction
angle and mean values‘of thé bridge currents. The initial éetting
up of this 30° displacement has been performed as accurately as
possible on very light load with each bridge set up separately to
operate identically for @=75° on the master firing délay controller.
Nevertheless, the possibility of a small error in the 30° displacement
for the on-load operating conditions cannot be ruled out, éspecially
as some small unbalance of firing between the thyristors within each
bridge is inevitable,

As is to be expected, tﬁe waveforms become much closer to
sinusoidal en the primary side when the two secondary winding currents
are added. Naturally, this is most evident at the h;gher operating
modes,

To verify the harmonic contents of the current waveforms, for
experimental éonvenience no back emf is included and the firing
delay angles have been set at 1650, iSOo, 120° and 60° for the four
modes of operation, The waveforms are demonstrated in Figs. 6.13 to
6.20. Predicted components include the fundamental and up to the
20th harmonic. The harmonics are expressed as a ratio relative to
the fundamental. The measurements have been made of the supply

s\

currents to both bridges and in the red and blue phases. The harmonic
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currents in the delta tertiary windings are measured for all the
three phases to gauge the effect of the small transformer winding
impedance and voltage unbalance.

The results of measured harmonic contents of the current waveforms
are provided in Tables 6.4, 6.5, 6.6 and 6.7. The first of these
gives a comparison of the harménfcs in the supply currents to the
bridges, as well as the values in the two phases to each bridge
which show most discrepancy. In Table 6.5, the harmonic contents
of the currents for all the three phases of the delta tertiary are shown.

The measurements give an acceptable correlaticn of harmonics
between phases and between the two Bridges except for Table 6.5 with
a firing delay angle of 165°, Here the per unit harmonic currents
with respect to the fundamental in phase C are greater thaﬁ those
in the other phases by a factor of about 10, This is due to a small
sinusoidal circulating current round the delta loop which is additive
or subtractive to some degree with each of the 120° - displaced
fundamental current cdmponents supplying the loéd. Evidently, it is
subtractive in phase C, giving a low fundamental and resulting in
high per unit harmonic values. (Fundamental phase current components
of 0.28a, 0,25A and 0.02A respectively in the three phases are
present]. The circulating current is caused by a small phase voltage
unbalance round the delta, and it is significant that it only
manifests itself on very low load.

Tables 6.6 and 6.7 provide the computed harmonics and allow
comparison with the experimental results in Tables 6:4 and 6.5. For

the same firing delay angles, it is evident that although correlation



a Phase 5th 7th 11lth 13th 17¢th 19th

165°  Red 0.863 0.685 0.508 0,355 0.173 0.069
Blue 0.795 0.614 0.455 0.318 0.168 0.082
150° Red 0.63 0.46 0.08 0.031 | 0.066 | 0.046
Blue 0.595 0. 405 0.081 0.030 0.073 0.041
120°  Red 0.26 0.022 0.056 0.034 0.047 0.023
Blue 0.24 0.021 0.06 0.036 0.037 0,025
60°  Red 0,102 0.05 0.02 0.024 0.02 0.017
Blue 0.095 0.046 0.023 0.021 0.017 0.016

{a) on the star side (Bridge 1)

a Phase Sth 7th 11th 13th 17th 19th
165° Red 0.897 0.795 0.513 0.308 0.154 0.072
Blue 0.792 0.625 0.438 0.30 0.104 0.05

150° Red 0.63 0.34 0.032 0.063 0.066 0.024
Blue 0.59 0.354 0.031 0.067 0.064 0.038

120° Red 0.26 0.023 0.06 0,037 0.044 0.024
Blue 0.235 0.022 0.063 0.038 0.048 0.027

60° Red 0.102 0.047 0.026 0.021 0.021 0.017
Blue 0.09 0.045 0.02 ‘ 0.02 . 0,017 0.015

{b) on the delta side (Bridge 2)

TABLE 6.4 BRIDGE SUPPLY LINE CURRENT HARMONICS (EXPERIMENTAL)} AS A FRACTION OF THE FUNDAMENTAL

7Ll



Phase 5th 7th 11th 13th 17th 19th
A 0.347 0.333 0.181 0.10 0.044 0.021
165° 0.549 0.431 0.275 0.204 0.069 0.029
o 5.25 4.0 3.50 2.0 0.825 0.375

A 0.60 0.36 0.028 0,068 0.06 0.04
150° 0.667 0.383 0.028 0.071 0,058 0.038
0.538 0.292 0.026 0.054 0.058 0.028
0.27 0.028 0.058 0.038 0.046 0.024

120° 0.29 0.023 0.058 0.036 0.046 0.024
o 0.264 0.023 0.06 0.035 0.044 0.023

0.10 0.052 0.02 0.018 0.016 0.015
60° 0.092 0.054 0.022 0.023 0.018 0.016
C 0.091 0.045 0.02 0.02 0.018 0,017

TABLE 6.5

DELTA TERTIARY WINDING CURRENT HARMONICS (EXPERIMENTAL) AS A FRACTION OF THE FUNDAMENTAL

Lt



a Sth 7th 11th 13th 17¢h | 19¢h
165° 0.86 0.735 0.43 0.28 0.046 0.031
167° *| 0.892 0.793 0.541 0.406 0.161 0,065
150° 0.64 0.38 0.009 0.056 0.019 0.014
154° *| 0.69% 0.462 0.06 0.046 0.073 0.037
120° 0.29 0.03 0.069 0.04 0.039 0.026
122° *| o.301 0.021 0.070 0.038 0.041 0.025

60° 0.085 0.049 0.036 0.030 0.006 0.008

58° *| 0.080 0.047 0.038 0,030 0.0 0.007

TABLE 6.6 BRIDGE SUPPLY LINE CURRENT HARMONICS (COMPUTED) AS A FRACTION OF THE FUNDAMENTAL

o 5th 7th 11th 13th 17th 19th
165° 0.859 0.732 0.427 0.277 0.041 0.034
167° *{ 0.89 0.790 0.536 0.40 0.155 0.060
150° 0.637 0.377 0.0 0.057 0.017 0.016 .
154° *| o0.692 | o©0.456 | o0.084 | o.0s1 | o0.072 | o0.036
120° 0.278 0.040 0.064 0.044 0.035 0.024
122° *| 0.287 0.032 0.065 0.043 0.038 0.024
60° 0.098 0.048 0.033 0.031 0.007 | o©.0
58° *| 0.087 0.041 0.037 0.032 0.007 0.0

TABLE 6.7 DELTA TERTIARY WINDING CURRENT HARMONICS (COMPUTED} AS A FRACTION OF THE FUNDAMENTAL.,

gtl
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is acceptable at the lower orders, it is not so for the higher

orders except at a=120°, that.is, Mode 3, This may be accounted for
by the slight unbalance in the experimental equipment and inaccuracy

in setting the firing delay angle a. It has been mentioned that

the slight unbalances have brought about the difference in the
conducting period as observed from the oscillograms and the predicted
waveforms. Therefore results have been re-computed with the firing
delay adjusted to provide the same conduction period as obtained
experimentally. These results are given in Tables 6.6 and 6,7 and
marked *, and clearly show the improvement in the higher order'harmonicé
when compared with the related results in Table 6.4. The wvariation of
the firing delay angle required is small, being between 2° ;nd 40,
illustrating the sensitivity of thHe harmonic levels to firing delay.

A point worth mentioning here is that within the device conduction
interval, the commutation periods in Modes 2, 3 and 4 do not correlate
perfectly with predictions. Results are given in the next section.

In summary, the sources of discrepancy in the results obtained
experimentélly compared with those computed are:

a) slight bridge ac supply voltage unbalance;

b) small transformer phase impedances unbalance;

¢l small firing delay unbalance between thyristors

within each bridge and between bridges;

d}. inaccuracy in setting the firing delay angle;

e) normal measurement inaccuracy inherent with the meters

and CRO,
The computer program assumes perfect balance relating to items (a)

to (4}, average circuit values being used,
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6.4 Operating characteristics

It can be accepted from the results of the last section that
the computer program is valid and able to be used confidently to
obtain various desirable operating characteristics. Now data
relating to a 12-pulse parallel bridge system, operating with or
without an interbridge reactor, can be used in the program for pre-
d#ction of the performance, as required, in terms of dc output voltage
and current, critical firing delay angles and commutation angles,
as well as the ac side current waveforms.

Fig. 6.21 shows the experimental bridge system output characteristic.
This exhibits the expected fall of the dc output voltage as the load
current is increased by reducing tHe load resistance,

Other characteristics plotted from the computer prograh are
shown in Fig. 6.22 to Fig. 6.28. Here the firing delay angle is the
independent variable parameter plotted with the following dependent
variables:

(al Device conduction interval (angle};

(b} Interbridge commutation angle;

(c} Interphase commutation angle;

(d} Interphase coﬁmutation.overlap angle;

(e} The ac line current harmonics.

All the above are measured in degrees with the exception of the
harmonics which are in per unit relative to the fundamental. The
operating characteristics are plotted for both bridgés as nbted by
the legend., This is to observe if any differences exist between the
two bridges although for a balanced system it is to be expected that

the results would be the same.” For the purpose of some limited
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FIG. 6.22 DEVICE CONDUCTION INTERVAL
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FIG. 6.24 INTERPHASE COMMUTATION CHARACTERISTIC
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FIG. 6.25 OVERLAPPING INTERPHASE COMMUTATION CHARACTERISTIC!

MODE 4

12

P

\

10 -
|
_ Legend
N K /A Bridge 1 v} .
; X Bridge 2
@ Expt. — Bridge 1
- 1\ I | |
6 \

COMMUTATION INTERVAL IN DEGREES

I |

CRITICAL FI?NG ANGLE

55 A ugy ey poT - 75 “ <80
FIRING DELAY ANGLE IN DEGREES

Load data
R=510hms L =001/4 H Ed =Q V



HARMONIC CONTENTS IN PER UNIT

| R4

FIG. 6.26 THE AC SUPPLY LINE CURRENT

HARMONIC CHARACTERISTICS

Harmonics
5th Component

7th Component

11th Component

13th Component

BXOXD

17th Component | | |

1 | | | | |

MJDE 4 MODE 3 MODE !; MODE|1
| | | | | |/
8

Bl
e e — —— - j./\ —_— - == -
40 60 80 100 120 140 160 180
FIRING DELAY ANGLE IN DEGREES
Load data

R=510hms L =0.0174 HEd=0V



HARMONIC CONTENTS IN PER UNIT

125

FIG. 6.27 THE AC SUPPLY LINE CURRENT
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comparison with experiment, black dots are included to denote
measured values.

The device conduction interval varies with the firing delay
angle as shown in Fig. 6.21. It exhibits well the mode changes as
the firing delay angle alters. The conduction interval is measured
for a single pulse of bridge current which, for Modes 1 and 2, is
below 600. The jump from Goo.to 120° results when the two 60°
~current pulses merge. Mode 3 conduction lies between 120° and
150° and Mode 4 conduction between 150° and 180°.

As shown in Chapter 2 the minimum possible operating firing delay
angle measured from voltage zero is 75° for an assumed sinusoidal
supply voltage. Here on full load the minimum o reduces to 55°.

This is brought about by the extreme distortion of the bridée supply
voltages which provides positive anode-cathode bias for the thyristors
over the additional range of 750 £ d g 550. Fig. 6.29 shows the
distorted supply voltage at a=55°. The distortion arises from the
normal switching of the devices and the voltage drops across the
transformer impedance components,

The interbridge, interphase and overlapping of interphase
commutation characteristics (Figs. 6.23, 6.24 and 6.25) are plotted
for the range of a corresponding to the related mode of operation
shown. The commutation angle (or overlapping as appropriate) varies
from 0° to 30° in each case. Fig. 6.23 shows a linear relationship
between the interbridge commutation and firing delay angles while that
of Figs. 6.24 and 6.25 exhibit some small non-linearity for thelinterphase

commutation characteristics.
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FIG. 6.29 THE DISTORTED BRIDGE SUPPLY VCLTAGE AT
FULL LOAD i.e o = 55°
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The computed conduction and commutation angles show differences
of value for the bridges, appreciably so for the interphase
commutations within the bridges {(Mode 3} and the overlapping of
~ interphase commutations between the bridges (Mode 4). Despite
balanced transformer impedances being used in the computer program,
for complete equivalence the delta values should be three times the
star values for the two secondary windings. Also, the mutual
inductance of the primary and the delta secondary windings should be
Y3 times the mutual inductance of the primary and star secondary
windings, In setting up the transformers it was found practicable
to make these so for the inductances but not for the resistances.
This accounts for the variation of characteristics between the
bridges. A re-run of the computer program with the resistances
so adjusted produces complete operating balance.

Differences between measured and computed valugs may be
attributed to the reasons listed in the previous section.

The harmonic contents of the total ac supply line current in
Fig. 6.25 are plotted up to the 17th component. Two accompanying
plots (Figs. 6.26 and 6.27) are also présented which differentiate
these harmonics into the characteristic and uncharacteristic ones.
For the ac supply line current waveform, the lowest characteristic
harmonics are the 11th and 13th while the 5th, 7th and 17th are
uncharacteristic. For an ideal rectangqular block‘waveform, the
latter are zero (ref. 24 and 25). Both the 1llth and 13th components
exhibit a significant change as the operation moves from one mode to
the next. Both fall to zero at firing delay angles which are within

a few degrees of the critical values between the modes except between

”-
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Modes 1 and 2 where bridge current conduction is discontinuous and
they remain high, being on an increasing characteristic ag the load
current conduction interval becomes shorter. Apart from these very
high levels, with continuous bridge current the peak level is about
6% of the fundamental. As might be-expected, the uncharacteristic
harmonics have extremely low values, even down to virtually zero
conduction angle. They are present due to system and firing angle

unbalance (refs. 24 and 25).
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CHAPTER 7 CONCLUSIONS

7.1

Summary of work done

This thesis has described an investigation intc the operation

and performance of two bridge rectifiers connected in parallel,

without an interbridge reactor and supplied from a three-winding

transformer. In particular it has covered:

(a)

(b)

{c)

(d1

(e)

(f1

(g).

7.2

the definition and description of the operating modes;

the analysis of the system and its mathematical modelling,

the model developed being sufficiently flexible to incorporate
an interbridge reactor‘if required;

the implementaticn of the medel in a computer program;

the development of an experimental laboratory arrangement to
verify the predicted results from the model;

computation of the transformer and ac supply current ﬁaﬁeforms
and their experimental verification;

harmonic analysis of the current waveforms noted in (e} and
experimental verification;

computation of the operating characteristics of the system with

experimental verification.

Discussion

The omission of the interbridge reactor for paralleled rectifier

circuits provides advantages, especially from the economical point

of view, This has particular attraction with large, high current

rectifiers for electrochemical application. In such cases, it is

usual to design the main transformer with the secondary windings

having equal reactances which are high relative to the primary winding



132

reactance to avold high circulating components between the bridges.
The reactances referred to here are those of the transformer equivalent
circuit (Fig. 6.4), and normally known as the leakage reactances.

A rigorcus analysis of such a system has apparently not been
undertaken before, the possible reasons being;

{a) the complexity;

(bl the lack of perception of the practical need.

This has now been achiteved in this research.

The particular featureé of the analysis are:

(i) no assumptions such as infinite load inductance are made;

{(ii) no separately derived equivalent circuit is used; the model
is developed from first principles including all winding self
and mutual inductances, and winding resistances;

(fii} the model is adaptable to parallel rectifjer systems Qhere
an IPT is included; it can Be used when a three phase transformer
is used or single three-winding transformers for each phase,
as here;

(iv) thyristor conduction drop has been incorporated;

{v) the dc load considered.includes all the typical elements of
resistance, inductance and back emf,

The mathematical model has been shown to be accurate by the
satisfactory correlatién between the computed results and those
obtained from the experimental laboratory system bearing in mind that
the transformer impedance and voltage balance, and firing delay
balance, is not perfect in the latter. Perfect balance of firing
delay and transformer Impedances between phases is assuﬁed in the

model. Far better balance can be achieved in industrial transformers,
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purpose built for the application. The model has been developed
using tensor techniques,

Since the model requires transformer parameters including total
and mutual inductances rather than the conventional percentage or
per unit winding leakage inductances, the data requirements are
somewhat unconventional in relation to industrial practice.

The need for such a detailed and fundamental approach arises
due to the use of a three-winding supply transformer, the conventional
equivalent circuit per phase for which has been found to be unsatisfactory
for the purpose of this analysis since it does not take into account all
interphase mutual coupling. Additionally it was found difficult to
use in conjunction with the rectifier switchiﬁg action.

The program automatically determines the operating mode and
provides a print out of the ac side current waveforms, harmonic
components and the conducticn, interbridge, interphase and overlapping
interphase commutation angles, Additionally, the mean wvalues of the
de output woltage, individual Bridge and total output currents are
given, Thus a full range of operating characteristics are avajilable.

The need for a more accurate techniqﬁe than has been used
hitherto for the calculation of the harmonic current components in
the rectifier transformer windings when an interBridge reactor is not
used, has provided the incentive for this work. It is hoped that

the research has made a valuable contribution towards fulfilling this.

7.3 Suggestions for further work

(i) The study of the l2-pulse parallel bridge system can be extended

to include the effects of voltage and transformer impedance unbalance,
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and thyristor firing delay angle asymmetry. This, however, will
be required only in situations where such problems are particularly
severe and would involve considerable adéitional complication in the
analysis and.model.
(ii) Due to the versatility of the tensor technique, ac side filter
circuits could be included in the model of the system if required.
(iii) The operating characteristics may be develeoped into a more
general normalised form, rather than be related to specific impedance
values.
C(iv) The developed mathematical model could be modified into a

package form for use with a microcomputer. This would make it

more convenient for the rectifier system designer.
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APPENDIX I

MEASUREMENT AND CALCULATION OF TRANSFORMER PARAMETERS

I.1 Measurement

The open-circuit test was employed to determine the transformer
parameters, This was carried out on the three phase basis.
Fig. I.l below shows the circuit measurement and Table I.l provides
the readings of the meters in the circuit. The measurement was

repeated with the three-phase supply to each transformer windings.

RI
Yl
R
3 v
supply Tertiary
I Y e =
—B-k
B v
secondary

Fig. I.1 ‘Open-Circuit Test for the 3—windin§ Transformer

The dc resistance of the windings was measured using a digital

resistance meter and the readings of each winding resistance is

produced in Table I.2.



line currents of primary secondary delta tertiary

the windings as phase voltage : phase voltage rhase voltage
defined (A) (v) (v) (v

IR IY IB R Y B R b4 B R b4 B

0.81 | 0.76 | 0.78 236.3| 235.2 |235.8 125.5} 125.63 1125.96 125,55 | 125.6 126.18

1.37 | 1.32 | 1.39 228.8| 228.,6 |227.5 126,01} 125.65 |125.79 119.2 120,27 | 119.72

1.42 | 1.33 | 1.36 228.3 | 226.9 (227.6 119.23 119.82 |119.66 125,81 | 125.58 | 125.84

TABLE I.l: Open circuit test readings of Fig. I.l

Note: a. 3-phase supply to the primary winding
b. 3-phase supply to the star secondary winding

c. 3-phase supply to the delta tertiary winding

6%l
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Resistance of R-¥ R-B ¥-B
The primary windings (&) 0.353 0.471 0.462
The star secondary windings (Q) 0.578 0.488 0.609
The delta tertiary windings ({1} 0.144 0.204 0.178

Table I.2 DC resistance of the transformer windings

I.2 Calculation
The following relationships are used to obtain the transformer

parameters. These represent the windings 1, 4 and 7 of Fig. 3.1l.

dil di4 617

Vi T Tty Py e Yl e Y TEe
. . dll . . di4 ‘L d17
4 T a1 Tat T Taa'a 44 "at 47 ~dt

ai, ai, di,
Vo = Lgy @t s ae Tt Yy &
These relationships become, when i4 = 17 =0,
s
Vi % ity YR Tae
_ . dll
Va T a1 Tac
ai
1
Vo = L&

hence for a steady state system,

Vl = rllll + JlelIl

Vg = Ly I

Vo = Jubl, Ty
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similarly, when il = i7 = 0, give,
Vi = dubgg I,
Vo = Thaly todulyy T,
Vo = Julg, I,

and, when il = i4l = 0, give
Vi o= duhy, I,
Vy July, I
Vy = Taqly + Julg, I,

From Table I.l and Table I.2 taking the‘average values of the
currents and veltages and adding 10% to the average dc resistance
of the windings (i.e. to obtain the eguivalent ac winding
resistance} respectively, the self and mutual inductances are

calculated as given in Table 6.3.
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APPENDIX II

CIRCUIT DETAILS FOR THE LABORATORY SYSTEM
Fig. II.]l represents the control ciréuit for the parallel bridge
system used in the research. The two phase shifting trangformers
(Magslips) are clearly shown indicating their respective functions.
The output of these transformers are also shown connected to a 3/6 phase
transformer for connection to the pulse circuits. Fig. I1.2 shows the

pulse circuit for one of the thyristors.



¥1G. II.%1 RECTIFIER FIRING CONTROL SCHEMATIC AND THE PULSE CIRCUIT

143

250/2-5 ¥ 3/6 Phase ;
Transformation i To
——— Transformatio , monos table
\ , firing clrcuity
. \ for
/ 4 bridge 1
N 3 thyristors
Firing delay . 4
angle control i 5
magslip (Master) 2+5/25¥ 6
Magslip set to /\
give 30° phase ‘ / )
delay \J
- ! To
' 2 monostable
Main rectifier firing circudte
transformer ) for briige 2
: thyristors
supply busdbars
4
5
6
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FIG, II.2 PULSE CIRCUIT FOR ONE THYRISTOR

220N

k]
To base rectifier of T3 of previous

4 pulse circuit,

=10V 290 Th

Input
2°4 V
a.c D13

Tr1 —NV\
IE

%1-8!(.0.

f

T1 and T2
T3

Tri

D

D2

J From collector of T2 of
following pulse circuit.

Transistor, Mulard, type EET 113 or GET 114
Tranaiastor, Mulard, type GET 115 or GET 114
Output transformer, Telcon - type 3A core
wound with 1000 turn primary and secondary
of +004" atrip wound with 600 turna,
Silicon diodse, Mulard, type GEX 23

‘Texan’ diode
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LA This is the computer orogram for the
kk mathematical nodeiling of the 12-oulse
* & parallel rectifier bridge system

* % by:
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THE MAIN PROGRAM

inplicit real*8Ca-h,o~wsr2)

dimension an0(12),an(12),ab(24),vb(24)sicl(12),
1vd(12),vd0(12),rD(24424)0itriqg(13)

dimension cbran{(12,12),v1(24)

real*3 intv,xb(24,24)

real y1¢(500),y2¢500),y3(500),y4(500),y5(500),y6(500).,x¢(500)

real y7(500),y8(500)

common/btk438/iksij

common/blk2/cbran

common/blk3/xo.rb

common/blk156/dildt

common/bl k521 /vx

commoa/blk11/ab

common/blk12/vdsvd0

common/blkB92/axsar ‘
common /olk200/icl

common/blk201 /vl

common/blk33/itrig

common/blk16/delt

common/blk24/tn

common/blkeS/ebsethy
soen(unit=10,filez*data-16"',form=z*fornatt=d")
ij=1

ik=1

delt=,1d-03

set Zob wmatrix by sudroutine const and obtain the
required input datas
nstud- number of studijes
nsub =“number of subject
nol -sh2n egual 1 the waveforms are plotted
when equal 0 n> plot
tim - time in seconds

the firing delay anqle is obtained from subroutine params

call consts
read(1C,*) nstudsnpl.
do 103 icenti=1,nstud
call 2arans
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274

104

202

read(10,%) nsub
inum=1
t=1,01-09
tstop=tt+delt

The parallet bridge system is initiated by
subroutine start

call start{anranl,iclomoem2,t)
do 105 icnt2=1snsub
read(10,%) tim

num=tim/delt

call Load(m)

ctosa(unit=10)

call spstepl(itersdelits,m)

call Llabel?2

40 137 icnt3=1snun

The inteqration begins here

also the trigger putses of the thyristor are set
checking of the pressnse of a trigger pulse s3r mesh
current just 30in3 n23ative 2y sudroutine interp

calt nxrké{tststopransanO,msiter)
call triger(itriqgqststoon)

iv=0

call interp(ansanlsicletbedeltsmonensiv)
if(n.2q.1)q90to 202

intv=delt-tb

itrap=1

ts=t

ti=t+tb

if{tn.le.tblgoto 204

tn=tn-tb

iv=1

continue .

call wnxrkd(ts,tisanran0,m2,iter)
call initenCiclsansand,men2)

call draniCan,m2)

call a2ranvivb,m2)

catl cnduct(va,vd)

do 104 i=1,12

vd0(i)=vd(i)

call wxrké4(tiststopsansanlomeiter)
call interpCansand,iclstbrintvemenonsiv)
if{n.*qg.1)goto 202

intvsintv=-tb

itrapsitrapt+1

tn=0,1d+00

iv=0

ts=ti

ti=titth

if(itrap.lt.5)g0 to 204

stop

contiaue :

catl srint{tstoprabsitriqg)



O 00000

S0 0D

OO0 000000000

131

501
107
106
100

300

do 101 i=1.m
an0(i)=an{i)
t=t+aelt
tstop=tstop+delt

computed valuess of the current or voltage are store
ready for plotting

ifient3.Lt, 1351, 0r,icnt3.9t.1253)g0ta 51
x{icnt3=1050)2deit*x(icnt3-105D)
vy1(ic1t3-1050)=ab(1)

y2Cicnt3-1050)=ab(7)

y3(icnt3-1050)=ar

v4(ic1t3-1050)=vx
y5C¢icat3-1050)=ab(24)%r0(24,26)+dildtaxb(24,24) teb
y6(icnt3-1050)=ax

y7{icnt3-1050)=vd(7)

yB8Cicat3-1050)=ab(4)

cont inue

continue

continue

continue

the program stop here if waveforms are not required
if{nol.eq.0)stop

the plotting device is called here

two sets of plot are obtained here;

olot - to plot the two bridge supoly currents,
the tertiary 4inding current and
the output voltage

ntott- the ac side currents and voltage

callct05) n

call olotlxey2syBeyhayS)

call olot1(xey3aylaySey?)

call devend

format('excessive discontinuities in a step - run abandoned®)
stop

end

block data

real*B ctran(24,12),cbran{12.,12)

commoa/blk1/ctran

common/blk2/cbran .

data ¢tran/-0.5392,2*0.0,1.0,6%0.0,~1,0+,0.0,1.0,12%0.0,
1-0.5392'2*000'1-0'?*:]-0'-1.0'0.0'1 .0'11*0.0'-0053921
22%0.0,1.2,4%0,0,1.0,3%0.0,-1.0,9%0,0,-0.3113,0.0,0.3113,
33%0.0,1.0,0.0+=1.0,720.00=1.0+3%0,0,1.0,4*%0.0,-0.3113»
§0,3113,4%0.0,1.0,-1.0,9*%0.0,-1.0,0.0,1.0,12*0,0,1.0,1.0»
52%0,0,2%=1,.0,20%0,0,2%1.0,2%=1.0,24%0,02%1.0,2%0,0,»
62%=1,0,20%0,.0s2%1,0,2%-1,0,15%0,3,2%1.0,6%0,31,1.0,21%2,0,
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12

13

15

15

17

430
200

601
201

100

72%1,0,0.0,1,0,24%0.0,1.0/

data cbran/1.0,4%0.0,1.0+3%0,0,1.0+,0.0+,1.2,2#%0.0,-1.0,2%0.0.,
11.0,3%0.0,1.00,0.0+,1.2,0.0+,1.0,6%0.0+,1.0,2%0.0+s1.000.00,1.0,=1.0¢
25%0,0,1.2,2%0.0,1.0,0.0,1.0,2%0.1,1.0,6*0.0,1.0,0.0,1.0,0.0,
3-1.0,7%0.02140s0.0,1.003%0.0+,1.0+,=1.0,2%0,.0,1.0,2*%0,0,2%1,0,
43%0,0,1.0,3%0.0,1.0,2%0.0,2%1.0,4%0,0,1.0,3*%0,0,1.0,0.0,2%1_.0,
S3I%0.0¢~1.9+1.0,3%0.0,1.0+0,0,2%1,0,3%0.0,=1.7,6%0,0,2%1.0,4*0.0,

6-1 .0'5*0.0’2*1 .0,
end

subroiJtine consts

implicit real*8(a-h,n3-2)
dimension xbf{ 24:24):rb(24o24)or(5)a:(16)
common/btk3/xbs,rb

read(10,%) (rlidsi=1.5)
read(10,%) (x(i)siz=1+186)

do 20) i=1,6

write(5,500) i,rfi)
format{10x,'r*,i1,* = *,e12.5)
contiue

do 201 i=1,16

write(S,5601) d.x(i) '
format(10xs"x*,i2:+" =2 *,e12.5)
contitue

10 103 iz1,24

do 10) i=1.24

rb(j.41)=0,0

xb(jri)=0,0

do 11 i=1,3

10 10 j=1.,3

xb(iri)=x(T7)

xb{irsid=x(1)

rb(irid=r(1)

do 12 j=4.6

xb(isjdax(8)

it=i+3

xb{t,i1)=x(2)

do 13 j=7.9

xbClisrid=x{?)

i1=i+5

xb(isi1)=x(3)

contiauye

do 14 i=6,6
do 15 j=1.,3
xb(irjr=x(8)
i1=i-3
xb{iri1)=x{2)
do 16 j=b.6
xbh(irjd=x(10)
xblirid=x(4)
rblirsid=r(2)
do 17 §=7.,9
xb{irsjd=x(11)
i1=4+3
xblirsi1)zntb)
contilue



19

20

O a0 n

22

d0 18 i=7,9
do 19 §1=1,3
xb{i,sjd=n(9)
i1=i~-5%
xb(isri1d=x(3)
da 20 ji=4.6
b{isid=x(11)
il=i-3
xb{ir,il)=x(8)
d0 21 i=709
xb{irjl=x(12)
xb{(ir,i)=sx(5)
roli.id=rl3)
continue

do 22 1=10.21
rb{isid)=r(4)
bh(i,id=x(16)
continue

rb(23,23)=r(4)
rb(22,22)=r(5)
xb(23,23)=x(13)
xp{(22022)=xC14)
xb{23,22)=x(15)
xb(22,23)=x(15)
return

end

subroatine cnduct{vb,vd)
impticit real*8{a-hs2-2)
dimension vb(24)ovd(12)oicl(12)
common/blk200/4ct
vd{1)zvb{4)

vd{(2)=z-vh(§)

vd{3)=vb(S)

vd{4)==-vb(4)

vd{5)=vb(5)

vd(8)Y==v>(5)
vd(7)=vb(7)=-vb(8)
vd{8)=vb(7)-vb(9)
vd(9)=zvb(8)-vb(9)
vd{10)svd{(8)=-uvb(7).
vd{11)=vd(9)=vb{(7)
vd(12)=vb{9)-vb(8)

do 13 i=1.6

ip=i+]

ig=i+2

if(io.eq.7)ion=1

if{ig.eq.?7)iq=1

if(ig.eq.8)ig=2
iflicl{i).eg.1.and.iclin).egq.1)vdliq)=0.6



o060

S0 00

10

110

continue

40 20 i=7.,12
in=i+|

igq=i+?2
if{in.eq.13)ip=7
1f(ig.eq.13)ig=7
if(ig.,eq,14)ig=8
if{ict(i),eq.1. and.1cl(10).ea.1)vd(|q)=0 &
continue

return

end

subroJtine cdiuctS5(vh,vd5)
inplicit real*x8(a~h,o~2)
dimenston vb(24),vd5(12)
vdS(1)==vb(6)
vd5(2)=va(5)
vd5(3)=z=vnl4)
vdS(4)=vh(4)
vdS5(5)=~yb(S5)
vd5(6)=2vd(4)
vdS(?2)=va(7)~vb(9)
vd5¢(8)=vb(8)-vb{(9)
vdS(9)=vn(8)-vb(7)
vd5(13)=va(9)-vb{(7)
vdS(11)=va(9)-vh(8)
vd5(12)=vd(7Y~vb(B)
return

end

subroutine initen(iclsansand,m,m2)

irolicit reat*8Ca~hso-2)

dimension icl(12},an(12),an0{12)scbran¢12,12)
Tort (12,1225t €12,12)0rn (12,1222 (12,12)0yn{12,12)»
2cb(12o12)ocbt(12:12)o1d(6)'adun(12)'xnt(12012):
Irnt(12,12).yt{12,12)

commoa/blk2/ chran

comnoa/blkd/ytsortext

common/blkS/ xn.rn,yn

common/bilk?/ cba.cbt

commoa/blk8/ jd

common/blk28/intv

common/blk13/intt,inte
common/bitk29/intdsenogend
commor/blk30/ntjomtisltjonsjomsjolsi

310=900

nog=0

n=m2=1

nl1=m=-1 .

do0 110 i=z1,12

adum{i)=0.01

de 101 i=1,m

do 101 j=1.m

rn(joi)=0.0



O a0 00

0O a0 00

121

132

134
112

m

290
105

106

107

103

198

109

19
20
21

222

xn(j»i)=0.0

dao 102 i=1,12

do 102 j=1.,m
rnt(jr.i)=2.0
lnt(ili)=000
ifin.eq.2)qoto 112
40 104 i=1,n
adum{jd(idYr=an(i+l)
3{0=al0+an(i+])
continue

do 111 i=1,6
jd¢i)=0

k=1

do 105 i=1.,12
iflict(id.,eq.0)goto 200
jd(k) =i

k=k+1

contiaue

contiaue
an0(1)=an(1)
if{n1,eq.0)q0to 103

d0 105 i=zt,n1
an0(i+t)=adum(jd{i})

do 107 i=1.n1

do 107 §=1.,12
chbljesi+l)=cbran(jesjdi))
cbt(itl,jd=chb(jritl)
continue

40 108 i=1.m

do 108 j=1,12

do 108 k=1,12
rnt(isjd=rnt(isjltcbt(isk)*rt(k,j)
ant{isjlzxnt(isrjdtcbt(irkd*xxt(k,ij)
40 109 i=1,m

do 109 j=1.m

do 109 k=1,12 .
rnlisjd=rnl{isjltrnt{irsk) xcbl{k,j)
xn{isjd=xnlisidtxnt(irsk)tchiksj)
ifim.lt.56)gq0t0 222
write(S,19(id(i),iz1,6)
Jrite(5,2(lcblisrjdoi=14+6Y0i=1,12)
Wwrite(5,21)((cbt(i,3i)sj=1,8)si=1,4)
Write(S5.22)C xnlirjlei=1e?)ei=1,7).
write(5,22Y{rnisidsri=t1a?dsrizl?)
format(//5i14)

format (//C¢6£7,2))

format(//(8Ff7.2))
format{//(7%¥15,8))

contilue

call natinvixnsyn,m)

return

end
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subroJatine branv{vbs,a)
implicit real*8(a-h,on-2)
dimension vb(24),ab(24),rn(24,24),x0(244+2%),
13024),94t(12),94(12)»g4b(24)sctran(26,12)sctrant(12,24),
1eb(12+12)2cbt(12,12Y0e(24)svi(12),va(12)
common/blk1/ctran
commoa/blk9/¢ctrant
commoa/bilk156/dildt
common/blk3/xb.rb
common/bi{k7/chrcht
common/bilk10/ g4
commoa/blk11/ab
common/blk21/ e
common/blk22/vm
e(4)=-0,5392d+00*e(1)
2(5)=-0.5392d+00%x2(2)
2(6)==-0,5392d+00*e(3)
e(?)=«0,31134+00%*e(1)
e(8)=-0.31134+00*=(2)
e{9)=-0,3113d+00+=2(3)
do 10] i=1,24
vb(i)=,04+00
géb(id)=,0d+00
100 a(i)=,0d+00
do0 101 i=1,24
do 101 j=1,24
191 a(id=alid+rblisjl*ab(j)
do 102 i=1,12
va(id=0.0
vi(i)=2, 04+00
102 q4t{i1)=,2d+00
do 103 i=1,12
do 103 j=1.m
133 g4t(id=qb4t(i)+tcbli,jdl*qgé(i)
do 104 i=1,24
do 104 j=1,12
134 34blid=ginfidectranii,jrvqbt(i)
ditdt=g4b(24)
do 105 i=1,24
40 105 j=1.,12
136 vb(idsvb{id+xn{i,jdx34b (i)
do 107 i=1,24
107 vbh(id=-vo(i)=-af{id)+e(§)
do 105 i=1,12
do 105 j=1.,24
135 vitid=vi(id+ctrant(inj)avb(j)
do 108 i=1,m
do 108 j=1.,12
138 vaCidzvm(id+che (i jravi(j)
return
end

subroutine params

implicit real*8{a~geo=-2)
common/btk&/alphasomegasvmaxeangle
common/blk15/3losaroh
common/blk26/haloshfreq
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100
999

read(1G,*) vmax,freqsangle
a=,8d+01*atan(,14+01)
aloha=a/.3d+01
asmega=akxfreqg
alp=arangle/3,.6d+02
sh=al/t.24+01

halp=angle

hfreq=z=frag

return

end

subroutine intero(ansan0siclstbstemsamonsiv)
implicit reail«8(a-hso=-2)
dimension vb{(24),an(12),an0¢12),vd(12),vd3(12),
Tict(121,54(8)Y,itrigl13),vd5(12)
commoa/blk8/ jd
common/blk12/vd,vd0
common/blk13/ intl1,int2
commor/blk201/vb
common/btk438/iksij
common/btk33/itrigqg
common/blk24/tn
commor/blk28/intv
common/blk2%/intdsnojesnd

ang=0,0

anc=0.0

ni=1

R2=m

tv=t

ti=t

call braniCan,m)

call sranvivbem)

call znduct(vbh,vd)

call cduct5{vbsvd5)
vdumi=vd{int1)

vdum2zvd(int?2)

vdum3t=vd3{int1)
vdumQ02=vd40{int2)

tvl=t

iflik.lt.5.and.iv.eq.d) go to 997
intvaszintl

do 100 i=1,6
if(vd5(i).te,0.0)30t0 200
if(¢itrig(id.eq.tlgots 210
ifd{viumt-vdliY),ge.3,0)30t0 200
t1={viumd1=vdI(i)I*t/(vdum0l -vdO (i) +vd(i) ~vduml)
if(tl.qt.tvidgoto 209

qoto 200

contiaue

tvi=tn

ik=0

intva=i

goto 100

continue

cont ivue

continue

ikzikt1
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291
101
998

202

234

203
132

235

840

tva=t

iflijolto.b.and.iv.eq,0) go to 998
intvb=inte

do 101 i=7,12
if({vd5(id.te.d.0)qo0ty 201
iflitriglid,eq.1dqots 211
if((vdumr2-vd(i)).qe, d).0)goto 201
t1=(vium02~-vdl(i})*xt/{vdumbD2~ de(i)+vd(1)-vduu2)
if{tl.gt.tv2)joto 201

goto 201

contiaue

tve=tn

ij=0

intvb=i

Joto 101

continue

continue

continue

if=ij+

if(tvli.eq.t.and.tv2,.eq.t) go to 204
ifl{tvi-tv2) 202,202,208

continue

tv=tvl

intv=intva

go to 204

continue

tv=tv2

intvsintv)h

continue

do 102 i=2,n
ifan(i).3t.0.0)goto 203
if{anl{iY.eq.).01)g0t0 203
ti1=anlid*t/Can0(i)=-an(i))
ifitl.qt.tidgoto 203

i=t1
ax=an(i)
inta=i
inti=i=-1
cont inue
contiaue

if(ti.eq.t.and.tv.eq.tdgoto 209
n=2

iflevoltati)goto 205

to=ti

int=jdlinti)

jcl{int)=)

m=m=-1

goto 206

contioue

do 80) i=t.m
if(intv.eq.jd(i))gqoto 206
contilue

th=tv

int=ziatv
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103

a0 00

106

107

100

108

11

ictl{int)=1
n=m+
int1=zintva
int2z=intvd
continue
return

n=1

do 1203 i=1,12
valdid=vd(i)
return

end

subroutine start(ansanDsiclemem2,t)
imolicit reat+*B(a-h,0~2)

dimension an0(12).an(12)r1cl(12).vb(2&).vd(12)p

Teb{12,12),cbt{12,12),id(6)svdl(12)
commoa/blkA/alphasomegarvmaxesangle
common/blk7/checbt
commoa/bl%x8/j4
common/blk12/vd,vd0
common/blk13/auml,nun?
common/blk23/n1sn2
common/blk25/ebs,ethy
commoa/bik28/intv
do 10% j=1,3
chi{jr1)=1,0
Cbt‘1oi)=1-0
continue
40 107 j=4.12
¢b(j,1)=0,0
cbt{1,j)=0.0
continue
o0 100 i=1.,12
an(i)=0,)
an0(i)=0.21
m=3
mn2=3
tc=t

if(t.gt.0.025)tc=t
vb{1)s{vmax*t/te)*sin{omegakt)
vh{2)2(vaax*t/tc) 4siv{omega*t-alsha)
vb(3)= (vnax*tltc)*511(omeqa*t+aloha)
vh(4)==0,53924+00+vb(1)
vb({5)==-0,5392d+00+*vb(2)
vb(6)2-0,5392d+00*vb(3)
vbh(7)==0.31134+00%xvb (1)
vb(8)Y=-0,31134+00%vb(2)
vb{9)2~0,3113d+00+*vb{3)
do0 108 i=10,21
vb{(iYs-ethy
contiaue

vb{24)=-ebd

call cnduct{vorvd)

40 101 i=1,12
vdQ(i)=vd(i)
numi=t
num2=7
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vdumt=vd (1)
vidumz=svd(7)
do 102 i=2,6
if{vdum?-vd(i).qe,.044+400) g0 to 200
vdumi=vd (i) ‘
numi=j
200 continue
102 continue
10 103 i=8,12
if{vdim2-vd(id.qe,.034+00) go to 22
vdum2=vd({i)
num2=j
231 contiaue
133 contiaue
do 10% i=1,12
104 icl(i)=0
do 105 iz1.6
135 j3¢i1=0
jcti{num1)=1
iclinum2)=1
jd{1)Y=znum
jd(2Yznum?
n1=nuxt
n2=nun?
return
and

subrostine lLoad (n)

implicit real*8(a=-gs5=-2)

dimension cbran(12,12)sctran(24,12)Ysctrant{12.,24),
Teb(12012)0cbt(12,12)0en(12,12)0xn(12,12)0rt(12,12)
2oxt(12212)0r0C24+24)0xb 24,2430 (124.24)
3oxC12s24),§d09)0sral24s12Y0xa(24,12)0v2012+,12%0yn{12.,12)
commoa/blkt/ctran

common/blk2/cbran

common/bLlk3/xbasrd

common/blkéd/ytertent

common/blkS5/xvernsyn

common/blk?/chsrcbt

common/blLk8/jd

commo/blk9/ctrant

commor/bik25/sb,ethy

commaa/blk27/hrl,hxlsheb

do 100 i=1.24

do 103 j=1,12

100 ctrant{jsid=ctran(i,j)

do 101 i=1.,m~1

do 101 j=1,12

cbljsitld=cbran(j,jd(i))

121 cotlitlrjr=chljnritl)

read(10,*) rloxlsebsathy

hri=rl

hxt=xl

heb=eb

call labelt{rl.xl)

do 102 i=1.24

do0 102 j=1,12
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133

124

135

106

197

138

129

10

400

r(ir,1)=0.0

!(ili)=0¢0

40 103 i=1,12

do 103 j=1,24

raljrid=0.,0

xal{jr,id=0.0

do 10% i=1,12

do 104 §=1,12

rtijrid=0,0

xt{jrid=0.0

do 105 1=1.,12

do 105 j3=1,12

rn{jr,i)=0.0

xn{jrid=0,0

ro{24¢24)=r1

xb(24,24)=xt

do 105 i=1.12

da0 105 §=1.,24

d0 105 kz1,26
rlisid=rlisidéctrant(iskd2rblks,j)
K(1;))‘x(1:1)+ctrant(i:k)*xb(k:;)
do 107 i=1.12

do 107 j=1,12

do 107 k=1,24
rtisidsrtlisid+r(iskd*ctranlks,i)
xt{irjd=xt(isi)+xlisk)tctrani{ks,j)
40 103 i=z1,m

do0 198 §=1,12

do 108 k=1,12
raCisid=ralirid+chbtisk)*rt(k,j)
xalisjd=xalirjd+cnt(isk) axt(ksj)
40 107 iz1,m

do 109 j=1.m

do 109 k=1,12
rn{isjlsrnlirsid+raliskd*cnlks,j)
xnlisid=xnlirjd+xalirkd*cblksi)

call natinvixnsyn,m)
if(xl.eq.2.0230 to 110
return

call natinvixt,yt.?)
return.

end

subroJtine Llabel1(rl,xl)

inpticit real*x8(a-h,3-2)

dimenston xb(24,24).rb(24,24)
common/blk3/xbesrb
commOﬁlblkélaloharOm-qaovmanaanqte
cammon/bilk25/2b,ethy
counli=xn{1,2)/sart{xb{1,1)*xb(2,2))
coupli=0,0

write(5,400)

format(//,26htransformer rectifisr unit,

122h simulation (tru152/2))

drite(S,402)
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format{48(1h-))

Arite{5,401) vmax,anjle,omeqarrlexlsebecoupli

format(8x,16hsupoly voltage =,f7.2,5hvolts,
*Sh peaks//,8%x,20hfiring delay angle =+f7.2»
*Bh dejrees,//,8xs19h3nqular frequency =,18,2,
25hrats/ss//,8%,17hl03d resistance 2,f7.3,4hohmse
3//+8xs17nload inductance =,e10.3+,1hhs//,
*8xs,18ht0ad back a2.m.f, =2f7,.2+,Shvoltse.//,
48xs23hcounling coefficients =,¥7.3//)

retura

end

subroJtine Lanel 2
Arite(S5,400)

40O format(2usttine,8x,'v1's8%,%i1%, 6% irtsbns'it?

100

121

221
232

301

1o6x2"i7%0bxs"vd?24x0'i24")
return .
end

subroutine gostep{iter.delt,n)

inplicit real+8{a<h,o~2)

dimension a(8,8)sr(8)se(B)exn(12,12)eyn{12,12)0rn(12,12)
common/blkS5/xnsrn,yn

d0 10) i=1,m

. do 10) j=1.,m

aljrid=0D.)

do 101 i=1,m

do 101 j=1,m

do 101 k=1.,m
3(irjd=alisjdtynliskdernik,j)
ifail=0

call {02 aafla,8,msrrerifail).
if(ifail,eq.0) qo to 200
drite(5,300) ifait
format{terror in f02 aaf,ifail:=',i2)
stop

continue

tl1=delt*xr(m)

if{tl.qt.1.0) gqo to 201
iter=1

9o to 202

iter=nint{t1)

continue

steo=delt/iter

#rited5,331) step
format(*step tenqth =*,e12.9%)
return

‘end

subroutine mxrk4{tl,tstoprsansanO,mriter)
imolicit realx8Ca-h,o=2)
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134

105
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101

197

138

109

110

dimension em(12)sxn(12,12)srn(12+,12)syn(12+,12)
dimension g0€12),91(12),92(12)¢q3{12),an(12)
1,an0(12);q4{12)oatema(12)ov(12)ovm(12)
common/btkS5/xnsrnsyn -
common/blk10/ 34

common/blk2d/em

common/blk22/um

hiter=float{iter)

dt=(tstoo-t1)/hiter

t=t1

40 10) i=1,m

an{i)=anl(1i)

do0 101 i=tesiter

40 102 i=1rm

atemp(ij)=an(j)

call gni{tsan,g0/,m)

40 103 j=1+m
an(jl=atenn(jr+q0(jrede/0.2d+01
t=t+dt/0.2d+31

call gn(tran,ql.m)

do 104 j=l.m
an(jlzatemo(j)+ql(jl*xdt/0.2d+01

catl gn{tsans32.,m)

do0 105 j=21.m

an{jlzatemp(jd+g2{j)+dt

t=t+dt/0,2d+01

call 3nitran,33,n)

10 105 - j=1,m

an(j)=atewn(j)+(g0(j)+0,2d+01xq1(j)+0,2d+I1xq2(j)+q3

1)) *xdt/0.6d+01
continue

40 197 j=1.,m
vi(j)=2.04+00
g4(ji)=0,3d+00

do 108 i=1-m

40 N8 k=1,m
v(id=v(j)+rn{jrkd*an(k)
do 109 j=1,m
vi{jls=v{jl+tem(j)

40 11) j=1.m

do 11) k=l.m

346 (1)=234CidY+yn(jok) *v (k)
return

end

subroutine gni(tsansgem)

imolicit real+«8(a-h,3~2)

dimension an{12Yern(12,12)oxnC12,12V,yn{12,1"
123,9€12)res(24),ei(12)sem(12)sctrant(12,24)
1ocb(1?o1Z)ocbt(12;12):d(12):vm(12)
common/blkS/xnernsyn .
commo1/blk6/aloha.om°qa:vma:oanqle
common/blk7/carcht

commoa/blk?/ctrant

common/bitk20/em

commoa/blk21/es

common/blk25/ebsethy
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common/plk22/vm
commoa/blk30/ntismtijerltionsiomsiolsi
d0 99 i=1,24

9% es(i)=0.24+0)
te=t

1f{t.9t.0.025)tc=¢

es{1)z2(vmnaxrt/te)*sivr{omegart)
es(2¥z=(vwax*t/tcr*sian(omegarxt-aloha)
es(3)=s(vaaxxt/tecl*sin(omega*t+alaha)
do 98 i=10.21
es{i)=~ethy

928 continue
ag(24)=-ey
do 107 i=1.,12

100 ei(i)=0,.04d+00
40 101 i=1,12
do 121 j=1.24

131 eiCid=zeilid+ctrantCisrjd*esti)
do 102 izt{,m

102 em(id)=0,34+00
40 103 i=1.,m
do 103% §=21,12

103 em{idzem{id+cbt(irjd)rei(j)
do 104 i=1,m :
4(i1)=3,04+00

134 9¢id)=),04+00
do 105 i=t1,m
do 105 §j=1,m

125 d(id)=3CiY+rn(isjdran(j)
do 105 i=1.,m

196 dCiY=sem(i)~d{i)
40 107 i=1,m
d0 197 j=1,m

137 glid=glid+ynlirj)*d(j)
return
end

subroJstine braniCan.,n)
inolicit real#«8Ca-h,a-2)
dimension an(12),3b(28),ctran(24+12)scb(12,12)
tscbt(12,12)2a28(12)
common/blkl/ctran
common/blk?/cHscht
common/blk11/ab
do0 101 i=1,12
100 atli)=0.0d+00
do 101 i=1.,24
121 ao(id=0.34+00
do 102 i=1,12
do 102 j=1,m
132 at(id=zat(id+eblirjdean(i)
40 193 i=1,24
10 103 §1=1.,12
103 abfid=ablid+ctranlisrjd*at{j)
return :
end
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subroJtine print{tstiosabsitrig)
inolizit real*8Ca~hso=-2)
1imension icl(12),vb(24),ab(24)2itrigl13)eithy(12)
dimension rb(24,24),xb(24,24)
common/blk3/xbs,rb
commoa/blk156/dilde

common /Hlk200/icl
commoa/blkS521/vx
common/blk892/axsar
commor/olk201/vb
common/blek438/iksij
common/blk13/41,i2
common/blk25/ebsethy
commor/btk28/intv

do 401 i=1,12

ithy({(i)=0

io=it

if(ip.,eq.7)in=1

if(io.eq.13)i0=7

ifl{icl{id.eq.sl.or,ict{ipl.eq.1)ithy(i)=1
431 cantiaue -

iflicl(?).eq.t,0or.icl{(8),ea.1) g5 to 500
if(icl(9).eq.1l,0r,.icl(10).2q.1) g0 to 501
tflicl(11).eqat.orsict(12).e3.1)30¢t0 S02
30 to 503
932 vx=vb(7?)~-yb(3)
q0 to 503
501 vx=vbi{7?)-vb(8)
30 to 503
SO0 vx=-0,6
533 continue
ax=ab{4)-ab(5)
ar=ab{1)=-3b(3)
write{5,400)tstonrsad(1)sabib)sarsaxsab(7)ovxevb{1)rilsiZ,
Fiel{1) icl(2),,ict(3),,icl(4)sicl(S),
el (5)picl{?)oicl(BY,,icl (D) pict (1Q)iclC 1) ricl(12),
*ithy(1),ithy(2),ithy(3),ithy(4)sithy(5)eithy(6),
*ithy{?),ithy(8),ithy{9),ithy{10),ithy{(11)sithy{12)
400 format(f8.5,2C 1% f10.7)55C 1 xrf9.320s2C1%,i2)21%212C1%x,11)21x,14(
1i1Y
return
end

subroJtine matinvixiadsyind,na)
implicit real*x8Ca-h,3~2) .
dimension xind(12,12),yind(12,12),aug(12,24)
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20
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284
288

286
289
235
290

283

287

307
110

do 500 i=1sna
10 58) j=1,na

if(absi{xind(j,i)),Llt,1.0d-08)

10 281 i=1,na

do 281 j=1,na
auqg{irsid=xind(inri)

d0 292 i=1.,na

do 282 j=nat+l1,2%na
if{i~j+na)305,306,305
aug(irj)=0.0d+00

goto 292
augli,jr=1,04+00

cont inue

do 29) k=1,na

40 288 i=1,na
if{na.,lt.7)Yq0t0 400
write(S5.20Yaug(irk)sink
format(//{f15.8,214))
continue

xi14(j»i)>=3.04+00

if(aug(isk),e3.0.0d+00.and,i.eq.k)qoto 307
iflauz(irk).29.0.3d+13)goto 288

dummy=zauq(i,k)

do 28% j=1,2%na
n=2xnatl-j
augCir,m)zaugli.m)/dunmy
continue

continue

do 285 L=21sna

iflaug(tsk).eq.0.3d+3J.0r.l.2g.k)go to 289

do 285 m=1,2*na

augllesm)zauq(lsm)=auj(ksm)

continue
contiaue
continue

do 283 i=1,na
do0 283 j=1,2%na
n=2*%na+l-j

iflauz(ir,m).eq.0.0d+00) go to 283

augli,m)=auglir.m)/aug(ini)

cont tye

do 287 i=1.,na

do 287 j=nat+l1,2%na
k=j=-na
vind{isk)=augli.,j)
return
write(S5,110)

format{(*zero on main diag.element®)

stop
end

subroatine trigerditrigst)

implicit realx8Ca-h,2~-2)
dimension itriqg(13)

common/blké/atpharsomeagarsvmaxsangte

common/blk15/alpsradsah
common/blk16/delt
comman/plk23/il1.,i2



common/blk24/tn

n=0

3=360,0
thetaz18000,0+t
if{theta.,lt.a)goto 101
aumztnetal/a
thetaz=theta-num#*j

101 continue
do 102 i=1.,12
102 dtrig(i)=]
do 193 i=1.,6
fot=aagle+(i~-1)%50,0
if{fot,lt.a)goto 104
num=fat/a
fot=fat-aumka
104 continue
j=i+3
ifdi.qt.3)i=i-3
fos(theta~fot)}/18000.0
if(fp.lt.delt,and.fp.3e,0.0d¢+00)itrig(j)=1
ifitrig(j).eqg.0)goto 105
tn=deit~-fp
n=1
135 continue
103 continaue
if{n.2q.1)return

do0 104 i=7,12
fc=i-$
fos=(angle=-30,0)+{(fc~-1.,0)%460.0
if(fps.lt.a)goto 107
num=fas/a
fos=fas=-num#*a

1a7 contitue
j=i+3
ifliazgta?)i=i=-3
fo={(tneta~-fps)/18000.0
if(fo.,lt.dett.and.fop.qe.0.0d+00)itrig(j)=
jflitrig(jl.eq.0)got> 108
tn=delt-fp

138 continue
104 continue

return
end

O 000 000N

subroatine olot(x.yn1ay020yp3oy94)

dimension x{(500),ypt¢ SOO);yp’(SOU)oy03(500)ovo4(500)
common/blk26/aloharfreq

common/blk2?/rlsatsen



s1=15,.0

ymax1=yp1(1)

ymax2=yp2{(1)

da 1 i=2.,200
iflymaxl. it yot{i)ymax1=ypl1(i)
iflymax2.lt.y22(i))ynax2=yo2(i)
contiaue

ymax=ymax2
if({ymaxl.gt.ymax2)ymax=ymax1

if(abs(ymnax),.3t.10.0,and.abs(ymax),.1e,30.2s1230,0
if(abs(ymax).3t.30.0.and.abs{ymax).Lle,.60.))s1=260.0
ifCabs{ymnax).qt.60.0.and.abs(ymax),.le . 120.0)s1=120.0
if{abs{ymax).qt.120,%.and.abs{ymax).le.300.0)s1=300.0
ifCabs(ymax),.gt.300.).and.abs{ymax).le.600,0)s1=24600.0
s2251+s1%2.0/3.0

$3=51+¢s51/5.0

call siccle

catl devpan(210.0,297.0,-1)

call sindow(2)

call sprnax(td)

call chasiz(1.5,2.5)

call axipos(1,50.0,222,.0,100.0.,1)
catl axino0s(0,50.0,222.0+,55.2,2)
call axisca(3,10,2.0,20.02-03,1)
call axisca(3,6,-51,81,2)

“call gramov(D.0,52)

call chahol('Frequency = hz and alpha = deg.*.*)
call 3ramav(0.004,52)

catl chafix{(freqg,5.,1)

call gramov((G.01,52)

call chafix{atlpha.5,1)

calti 3ranov(0,014,82)

call chahol(*RL = ohws L = ha,*)
call granov(0,.0152,82)

call chafix{rls10.,5)

catt gramov(0,0228,52)

call chafix(ul,12,9)

call 3rawov(=1,002,s5%)

call chahol(®current (amps)*_ ?)
catl 3ramov(0.014,53) .

call chahol(*EB = voltsx,*)
call 3ranov(0,0152,s3%)

call chafix{eb,5,1)

call 3ramov(0,021,0,2)

call chahol(*time (sac¢c.)}*.")

call axidra(2,%.,1)

call axidra(=2,-1.,2)

call zrapolix,yp1,200)

calt 3ranav(0.006.,~-s53)

call chahot(*1. The t/f secondary Line current*.*)

call axioos{1,50.0,1%0.0,100.0,1)
call axip2s(0.,50.0,100.0-,55.2.,2)
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catl 3axisca(3,10,3.00,20.0e-03,1)
call axisca(3,6,-51,51,2)

call gramov(-0.002,53)

call chahol{(*current (amps)*.?)
call grawnov(0.021,0.)

call chahol{('time (sec.)%_?)
call axidra(2,1,1)

call axidra{=2,-1,2)

calt gzraool(xs,y¥yn2,20))

call 3ranov{D.006.,-s3)

call chahol(*2, The t/f tertiary winding current+, ')

call axip2s(1,50.0,100.0,100.0,1)
call 3xi20s(0,50.0,100.0,58.2,2)
call 3xisca(3,10,0,0,20.0e-03,1)
call axisca(3,8,-200.0,200.0.,2)
call 3ramov(-0.002,225.0)

call chahol('voltage {volts)+_*)
call 3rawov(D,021.,0.0

call chahol(*time (sec.)*.%)

call axidra(2.,1,1)

call axidra(=2,-1,2)

call 3ranol{x.,yp3.,200)

call 3ramov(0.0056,-200.0)

call chahotl('3, thyristor voltage = 1rx_.")

calt axio5s(1,50.0,15.0,100.2,1)
call axinos(1,50.0,15.0,34.0.2)
call axisca{3,10,0.0,20.%e-03,1)
call axisca(3,4,0.0,200.0,2)
call jranov(~-0,002,225.Q)

call chahal(*voltage (volts)x,*)
catl 3ramov(0.021.0.7)

call chahol('time (sec.)*,*)
call axidra(2,1.1)

call axidra(-2,-1,2)

call 3raool(xsy04,200)

call 3ranovi(0.006,-75.0)

call chahol{'4. Load voltagex,*)
return

end

subroJtine olat1{x,y21,y02,y93,y24)

dimension x{(530),y01(500),y02(502),y03(500}),yp&t(500)
common/blk26/alpharfreq

common/blk27/rlsxlsed

£1=15.0

ymax1sypt1(1)

ymax2=yp2¢1)

do 1 i=2,200

ifCymax1,.({t.yot1(id)ynaxl=zyp1(i)

iflynax2,lt.yo20i)dynax2=yp2(i)
1 contiaye



ymax=ymaxe
ifl{ymaxt.gt.ymnax2)ymax=ynaxl

if(abs(ymax),qt,10,0,and.abs(ymax).1t.30.0)s1=30.0
if{abs{ymax).gt.30.0.and.abs{ymax), Lt  120.0)s1=120.0
if{abslymax),3t,120.2.and. abs(ymax).lt.300.0)Ys1=300.0
iflabs(ynax).3t.300.).and.abs(ymax), Lt.603.0)s12600.0
s2=s1+s1%2,0/3.0

53=51+s1/6.0

calt
call
call
call
call
call
catl
call
calt
call
call
call
call
call
catt
call
call
call
call
call
call
call
caltl
call
call
call
callt
call
call
call
call
call
call
catl

calt
call
call
call
catdi
call
caltl
call
catl
call
call
call

siccle

devpap(250.0,297.0,1

dindow(2)

arrmax(10)

chasiz(1.5,2.5)

3x1038(1,50.0,222.0,100.0,1)
3xinos(0,50.0,222.0,55.2,2)
axisca(3,10,9.0,20.2e¢-03%3,1)

axisca(3,b,=51,51,2)

gramov(0,0,52)

chahol(*Frequency = hz and atoha = deg.*,*
j3rawov(0,004,s52)
chatix(freqs,5,1)
jramov((0,01,52)
chafix(alphas5,1)

3ranov(d, 014,s2)

chahol(*RL = ohas L
gramovi(0.0152,82)
chafix{rlL,10,5)
Jramnav(0,.0228,s2)
chafix(xl,12,9)
jrawnov{(-3,002,s3)
chahol{*current {amps)*_ *)
Jramov{(0.014,s3) -
chahol(*'EB = ‘ volts*,*)
granovi(D,0152,s3)
chafix(ebh,5,1)
gramov(0,021,0.0

chahol('time (sec,)*,*)
axidra(2.,1.,1)

axidra(=2,=-1,2)
grasol(x.,yp1,207)
granov(0.006,~53)

chahol('1, The suooly line currentx,*)

h¥,*

axipos(1,50.0,100.0.100.0.,1)
axipos(0,50.,0,100.,0,55.0.,2)
axisca(3,10,3.0,20.0e-03,1)
aniscal{3,6,~s1ss1,2)
jranov(-3.002,s83)
chahol(*current {(amos)*,*)
jramov(0.021.,0.0) .
chahol(*time (sec,)*,*)
axidrac2:,1.,1)
axidra(=2,~1,2)
grapol({x,yp2,200)
3ramov(0.006,~53)
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calt

call
call
catl
call
call
call
call
call
call
call
call
caltl
calt

call
call
catl
call
call
call
call
call
call
catt
call
call
call

return

end

chahal('2, The t/f orimary <inding cuarrante,*)

axipos(1,50.0,100.0,100.0,1)
axionns{(0,50.0+,100.0,55.3,2)
axisca(3.,1%3,0.0,20,.0e-03,1)
anisca(3,6s~351451,2)
granov(=-0.,002,53)
chahol(*current C(amps)*,*)
jranov(0.021,0.2)
chahol{('time (sac,.)%x,*)
axidra(2.1.,1)
axidra{=2+,+1,2)
yranol{x,yp3,200)
3ranov(0.005,-s1)

chahol(*3., The orimary t/f sinding currentx,*)

axinos{1,50,0,35.0,100.0.1)
axi1205(0,50.0,35,.0,55.0,2)
axisca(3,10,90.0,20.%=-03,1)
axisca(3,4,-400.0,400.0,2)
gramov{~0.002,500.0)
chahol(*voltage (volts),*)
jramov(D,.021.,0.2)
chahol{('time (sec.)*.*)
axidra(2,1,1)
axidra(=2,-1,2)
grazoli{xeypnb»,200)
granov(0.006,-4700,0)
chahol('4, The secondary t/f outout voltagex,*)
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DATA=16

.78 N.289  0.307 0.0 0.C 0.1
1.66  0.601  0.523  0.506 0.17

C.279 0.0 0.0 0.0 0.0

0.n 0.n 0.0 0.n n,n n.n
1 1

3.3941d+0¢ 0.5d+02 1.6d+N2

1

125.54-03

S.1 0.0174 24.0 7.0
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THE MAIN PROGRAY

implicit real*8Ca~-h,2-w,2)

dimension an0{12),3n(12),a0(24)ovb(24),icl{12),
Twd(12Yevd0€12)orb(24.24)2itriq¢l3)

dimension cbran(12,12),vt(24),¢x(2100)
dimension ¢1(2100),¢2(2100),¢3¢(2100),c4(2100)
dimension ithy{12),¢ci1{30),¢i2{30),c01(30),c02(30)
dJimension ti1(30),ti2¢(30),t01(30),t02(30),mod1¢(30)semod42(30)
real*3 intvexd(24,248),xlexn{(12,12),yn{12,12)
real*3 ym1(30),ym2(3N),yml (3N

dimension rn(12'12),ay1C2100);ay2(2100):avl(2100)ovdl(2100)
common/bDLlKk438/iksid

common/blk2/coran

commnor/blk3/xnsrb

common/blkS5/xnsrn,yn

common/blk15646/dildt

commor/blkS21/vx

common/blk11/ab

common/blk12/vd,vdO

common/blk137id1,1id2

common/blk892/axsar

common /9lk233/ict

common/blk201 /vt

common/blk33/itrig

common/blk16/delt

commoa/blk24/tn

common/blk25/ebsethy
common/blkbs/aloharomegacsangle
common/blk3&/nstudsicn

common/blk3I0/ fregevmax

common/blk3i/rlaxt

common/blk32/ttst1

commoa/blké41/ecxscloc2sc3rcéh
cammon/blk43/astscst

common/blk45/dxs

common/btk50/numb

common/blkét/ia

commonr/blkS3/ak

common/blk34/nk
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common/blk4b/titl,tiZstolsto?
commoen/blké7?7/int '
common/blik48/nodl.mod?
common/blkS1/citsci2scolsrco?
common/blk&9/ithy
commor/blké0/aytsay2raylasvdt
commoa/blkbs/ ymleym2oymlorlx
common/blk70/dt1,dt2,de3,dt4
soeniunit=5,file=*data~dum®,form=*formatted’)
iji=1

ik=1

itn=1

The Zbb mratrix is set by subroutine const
the r2quired input data is obtained

vmax - peak suoply voltaqge
freq - supply frequency
eb - load back enf

ethy - thyristor treshold voltaje when conducting
rt - toad resistance

xt - load inductance
Aastud - numbesr of studies
tim ~ time in secands

dett - step lenght
dtl.dt2,dt3,dtd - deviation in deqrees for the trigger oulse
firing delay anqle is obtained from subroJutine params

call consts
read{Ss,*}vmaxsfregrebrethy,rl.xl
read(5,%) nstudstimsdelt
read(3,%x)dt1,4t2,4t3,dt4

40 19) icnti1=1,nstud

ite=1

icn=icnt!

call ocaranms

inum=1

t=1,.14-09

tstop=t+delt

call startCanran0,iclemom2,t)
num=tim/delt

catl load{(m)

call sostepn(iter,delt,m)

do 107 icnt3=1,num

calt mxrké(tststoosransanOsmsiter)
call triger{itrigs.tston)

iv=0

call interp(ansanlsiclotbodeltsmem2on,iv)
if{n.eg.1)qoto 202

intv=sdelt-tb

itrap=1

ts=t

ti=t+th

iez=(

if(tn.le.tb)goto 204

tn=tn-tbL

iv=1

continue

call axrké(ts.tivansanD.n2siter)



reneated interpolatian

to determine as close as possibie the mesh current
to the zero value

also to deternine the ctonduction interval and the
variods commutations.

O 000000000

if{nk,eq.1)goto 1046
jf(iaseq.deor.t lt,0,1050)qg0t0o 128
iflint.eq.8)cal{icn)=ti=-0.1050
if{int.eq.2)cd22(icn)=ti=-0.1050
if(idl.gt.1.0or.t.gt.2.1251)goto 109
iflintegteddtalicn)=ti=-0,1050
iflint Lt.7)to2Cicn)=ti=0,1050

109 continue
if(ie,gt.5)gqoto 1035
jf(an(ial.qt.Jd.Cuand,an{ia).lt.0.1d~-08)q0t0o 105
call extrap{(tstoostiran{ial))
ieziet]
goto 204

135 contiaue
an{ia)=0,0
goto 108

106 continue ,
if(int.eq.?7)cil1(icn)=ti~0,1050
iflint.e3.1)ci2{icn)=ti~0.1050
if(i(ﬂ.gt.1.0l‘.t.qt.).1251)goto 138
if{int,.gt.48Ygo0to0o 110
ti2l{icn)=ti=~0,1050
nod2{iecn)=m=1
goto 111

110 ti1¢icn)sti~0.1050
modi{icn)=m=-1

111 continue

108 contiaue
call aranifan.,m2)
call sranvi{vb,m2)
catl initen{iclsansanl,msom2)
call cnduct(vb,vd) :
do 10% i=1.12

134 vdOCi)=vd(i)
call arint(tisabsite)
call mxrk4(tiststopsansanlsmeiter)
call intero(ansan0ricletDsintvemem2ensiv)
if(n.2q.1)g0¢t3 202
intv=intv-tb
itran=itrap+1
tn=0.04+00
iv=0
ts=ti
ti=z=tisth
iflitrap.lt.5)go to 204
write(3,300)
stoo

202 continue

call srint(tstopsabsitr)
do 101 i=t,m
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anDCi)=an(i)

t=t+dalt

tstoo=ststop+delt

continue

write(3,20)angte

format(*firing delay angle =',f7.2,' degrees'/)
im=itr-1

numb=]

to perform the Fourisr analysis on the given current
and t3 determine the mean values
also to compute the mean output voltage

call fourerlcxsc2esS50sim)
call rmsave{aylsanisine.t)
call rmsavelay2ran2,imesl)
calt rmsave(aylsanlsin,1)
call rmsave({vdl,vdm,in,1)
Wwrite(3,30)vdnsin
format(/'The mean outout voltage = *,£9,3,5x+'Points = *,i4/)
ymi{icn)=an1

ym2{icn)=an2

yml{icn)=ant

write(3,21)

format {65(Th_3}//)
continue

this subroutine orint out the delay angle, harmonic component:

" commutation angless conduction angles and the mean

300

current values

call charac

format('excessive discontinuities in a step -~ run abandoned')
stop .
end

bYblock data

imoplicit real*x8(Ca-h,0-2)

real*8 ctran24,12),chbran(12,12)sr(6)sx(15)

commoa/blkl/ctran

tommon/blk2/cbran

commoar/blk29/r.x

data ¢tran/-0.5392,2+*0.0,1.0,6%0,0,-1,0,0,0,1.0,12*%0.0,
1-0.5392,2%0,0+,1.,0,7%).0,-1.0¢0.0,1.0,11%0,0,-0.53%2,
22+0,0,1.3,4%0.N,1.0,3*0.3,~1.0,920.0,-0.3113,0.0,0.3113,
33%x0.0,1.0,0.0,-1.0,7%0.0,-1,0,3%0.0,1.0,4%0,0,-0.3113,
40.3113,4%0.0,1.0,-1.0,9*0,0,-1,0,0,0,1.0,12%#0,0,2%1,0,
52*0,0,2%-1,0,20%0,0,2%1,0,2%=-1,0,24%0,0,2%1,%,2+0,0.
62%=1.0,20%0,N0,2%1.0,2%=1.0,15%0,0,2*%1.0,5%¥0.3+1.0,21%2,0,
72%1,0,0.0,1.0,24*0.0,1.0/

data cbran/1.0,4%*0.0,1.0,3%0.0,1.0,0.0,1.0,2%0.0,-1.0,2*%0,0,
1T1.0,3%0.0,1.0,0.00720+0.0071.00,4%3,0,1.0,2%0.0+1.0+0,0¢1.00-1.!
25+%0,0,1.3,2%0,0,1.0,3.0,1.0,2%0,3,1.0,6%*0,0,1,0.,0.0,1.0,0,0,
3-120e7%0.,3+7.0+,0.0,1.0,3%0.0+1.00~1.0,2*%0.0,1.0,2%0.0,2%1,0,
43x0.,0,1.0,3%0,0,1,0,2%0,0,2%1,0,464*0.0,1.06,3%0.0,1.0,0,0,2#+1.,0
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the transformer paraneters

data r/0.708,3.289,0,307,2*0.0,0.1/
data x/1.66,0.901,0.523,0.5056,0,17,0,.279,10»0.0/
end .

subroJtine consts

implicit real*8fa=h,0-2)
dimension xb(24,24),rb{(24,24),r(5)+xC16)
commor/btk3/ xha.rb
common/blk29/r.x

do 207 i=1,6

writel3,600) d.r(3)
format(10x,*r*,i1," = ',e12.5)
continue

do 201 i=1,16

write(3,601) ir,x(i)
format{10x,*x*,i2," =2 *,e12.5)
continue

do 190 i=21.,24

do 10] j=1,24%

ro(j».i)=0,0

xb(jri)=0,0

do 11 i=1,3

do 10 1=1.3

xbCisri)=x(7)

xblirsid=x(1)
rb(irid=r(l)
do 12 j=4,6
xpirjl=x(8)
it=i+3
xb(irit)=x(2)
do 13 i=?09
xb{is))=x(9)
i1=i+b
xbC(iril)=x(3)
continue

do 14 i=4,6
d0 15 j=1,3
xh{irsjd=x()
i1=i-3
xblisri1)=xl2)
do 16 j=ba.6
xblirjd=x(10)
xb{irid=x(4)
rblirid=r(2)
do 17 i=7,9
xb(irsjl=x(11)
11=i+3
xblisril)=xib)
contiaue
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d0 18 i=7,9
40 19 j=1.,3
xbCirsjl=x(9)
i1=i-%
xb(iri1)=x(3)
do 20 ji=4,56
xb{irjl=x{11)
i1=i-3
xb(irit)=x(8&)
40 21 i=?o9
xblirjlax(12)
xb(iri)=x{5)
roCiesid=r(3)
contilue

do 22 i=10.,21
rb{isid=r(b)

xbl{irsid=x(16)
continue

rb(23,23)=r(4)
rb(22,22)=r(5)
xb(23,23)=x(13)

xb(22022)5x(14)

xb(23,22)=x{15)
xb(22,23)=x(15)
return

end

subroatine cniuct(vb,vd)
implicit real*8(a=-h,3-2)
dimension vb{24),vd{(12),icl(12)
common/blk200/icl
vd{1)=vb(4)

vd(2¥=s-vb(6)

vd{(3)=vb(5)

vdi4d=-vb(4§)

vd(5)zvb(6)

vd{6)==vh(5)
vd{7)=vb(?)=vb(8)
vd{8)3vb({7)-vbi{P)
vd{(9)zvb{(8)=vh(9)

vd (10 =2va(8)~vb(7)
vd{11)=vb(9)=vb(?)
vdi12)=vbdi{%)-vb(8)

do 10 i=1,46

in=i#+1

ig=i+2

if({io.eq.7)in="

itligq.eq.7)ig=1

if{ig.eq.8)iq=2
jflicli{id,eg.t.and.icl(ip).eq.1dvd{iq)=0.0
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continue

do 20 i=7.,12
ip=i+]

ig=i+2
if(ip.eg.13)i
if(ig.eq,.13)i
if(ig.eq.14)1
if{icliid) . eq,
continue
return

end

o=7
3=7
=8
leandeicl{inleeq.1)vd(iq)=0.0

subroJtine cductS5{vbevdd)

implicit real
dimension wvb(
vdS(1)==vb(4)
vdS(2)zva(5)
vd5{(3)==-vb(4§)
vdS(4)=vn(b)
vd5{5)==y0(5)
vdS(6)=vnl4)

vdS5(7)=vyn(7)~
vd5{(8)=vb(8)-

x8{a-hs2-2)
24),vd5012)

vb(9)
vbh(9)

vd5(9)=2vo(8)-vb(7)

vdS{1J)=vn(9)
vd5{11)=va(9)

~vb{(7)
-vb(8)

vd5(12)=vb(7)-vb(8)

return
end

subroutine in
iaplicit real
dimension ict
Tort{12,12)sxt
22)Yscbi12412)»
312)srat (12,12

itenficltesanecan0smem?2)

*8(a-hsa-2)
(12),an(12)+an0(12)scbran(12,12)
(12+12)ern(12+12)exn(12,12)2yn(1201
cht{12,12),jd(8)radum(12),xnt{i12,
deyt(12,12)

commoa/blk2/ cbran
commoa/blké/ytertext
common/olkS/ xns.rn,yn
common/blk?/ cbecht

comman/blk8/

jd

commor/blk28/intv
common/btk13/intt,int?2

nz=me=1

n1=m-1

do 11) i=1,12
adum(id»=0,01
do 101 i=1,m
de 101 j=1.m
rn{j»,id=0,0
xn{j,i)=0,0
do 102 i=1,12
da 102 j=1,m
rnt{jr,t>=0,0



102 xnt{j»,1)=0,0
ifln.eqg.0)goto 112
do 104 i=1,n
adum(jd(irI=an(i+n)

174 contiaue

112 continue
do 111 i=1.,6

111 jd(ir=0
k=1
do0 105 i=1,12
iflicli{id.eq.0)qote 200
jdi(k)=1i
k=zk+1

291 cant iaue

105 continue
anD{1)Y=an(1)
if{n1.eq.0)g0to0 103

do 105 i=1,n1
106 an0li+1)=adum(jd(id)
do 107 i=1.,n1
do 107 j=1,12
cb(jritld=cbran(i,jid(i))
107 cbtlitlsj)=cbljri*l)
103 continue

40 108 izt,m
do 108 j=1,12
do 108 k=1,12
rat{isidsrnt{isidtcbt (i k)xrtlk,j§)
198 xnt(isjd=xnt{isjdl+cht(i,k)xxt{ks,j)
do 107 i=1,m
do 109 j=1,m
do 10?7 k=1,12
rnisjd=rnlisjdtrnt(isk)*xechbiksij)
139 xn(isjd=xnlisjletxnt(isk)*cblksi)
if{m.lt.6)qoto 222
weite(3,19)(idC¢id),i=1,6)
drite(3,200 0 chb irsjlej=1+52ri=1,8)
Wwrite(3,21)((cbt(irsjlsi=1,8),i=1,6)
write(3,22)({xniridei=1,M)si=1,7)
Wwrite(3,22¥C(rnliri)eriz=1s?),i=1,2)
19 format(//4i4)
20 format(//(4f7,.2))
21 format{//(8f7,2))
22 format(//7¢(7¥15.8))
222 continuye ‘
call natinvixnsyn,m)
return
end

O 000

subroutine branv{vbs,m)

implicit real#*8(a-h,o0=-2)

dimension vb(248),ab(24),rb(24+24),xb(24,20),
13(24),34t¢€12)0q4€12)rgbb(24)sctran(26.,12),
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100

108

101
132

133
104

106

197

1Cb(12912)ocbt(12012):9{24)

common/blkl/ctran
common/blk156/dildt
commoA/bltk3/xo.rb
common/blk7/chschbt
common/blk10/ q&
commoa/blk11/ab
common/blk21/ e
e(43=-0,5392d+00*e(1)
e{5)=-0.5392d+00*e(2)
e(6)=-0.5392d+00*e(3)

e (7)==0,3113d+00*=2(1)
e(8)=-0,3113d+00*e(2)
e{9)=-0.3113d4+00*e(3)
40 100 i=1,24
vb(iY=,0d+00
a(i)=,0d+00

do 108 i=1,24
g4b(id)=.0d+00

do0 101 i=1,24

do0 101 j=1,24
aC(i)=adlid+rbCisid*ab(ij)
do 102 i=1.,12
q4t(i)=,0d+00

do 103 i=1,12

do 103 j=1,m
q&t(\)-qﬁt(1)+cb{111)*q4(1)
do 104 i=1,24

do 10% j=1.,12
g4b(id=gbéblid+ctran(irj) *abtli)
dildt=g&b{24)

do 13% i=1,24

do 1058 j=1.12
vbCi)=vb(id+xb(is,jdxqbb(i)
do 107 i=1,24
vb(id==vD(i)=a(i)+e(i)
return

end

subroJtine params
implicit real*8{a=-g,2-2)
common/blké/alpharomeqasrangle
common/blk1S/alosasph ,
common/blk26/halor,hfreq
common/blk30/fregsvmax
read(5,%) angle

a=-8d"01 *datan(-1d+01)
alpha=a/.,3d+01
omega=arfreq
alp=akangle/3,6d+02
nh=al/1.,2d+01

halp=angle

hfregzfreqg

retuern

end



210

200
1420
999

subroutine interp(an,an0siclstbotemam2ensiv)
implicit real#*8{a-h,3-2)

dimension vb(24),an(12),an0C12),vd{12),vd0(T
123oicl(12),313(8)0itrigq(13),vdSC12)
common/bik88/ jd

common/btk12/vd,vdl

common/blk13/ intls,int?

commoa/blk201/vb

common/blk438/ikst]

common/blk33/itrig

common/blk24/tn

common/blk28/intv

common/blk32/td,t1

common/blk34/nt

common/blkél/inta

common/blkS53/ax

cammon/blk4?/int

int=0

ax=0,2

inta=)

nt=0

ni=1

m2=m

tv=t

ti=t

call oraniCane,m)

catl hranvivbh,m)

catl cnduct(vhsvd)

caltl cductS{vo,vdS)

vdumizvd{(int1)

vdum2zyd(int2)

vdumB1=vd0(int1)

vdum02=v40(int2)

tvi=t

if(ik.lLt.b.and.iv.eqg.0) qo to 997
intvazint1 :

40 101 i=1,6
if(vd(i).le,0,0,and . vdS5(i).1l2.0.2)goto 203
if(itrig(i),eg.1)gota 210
if({vduml=vd(i)).qge.0.0)g0t0 200
t1=2(vdumQi=-vdI(idd*t/{vdumO1t-~ vd0(1)+vd(i)-vdum1)
if(t1.g9t. tv1)qoto 202 }qw , . J
goto 200 I ‘ L d 7
continue jdi:

tvl=tn

ik=0

intvasi

continue

continue

contiaue

=ikt

tv2st

iflijolteband,iv.eq.0) 90 to 998
intvbzint?

do 101 i=7,12
ifivd(i).1le.0.0.3and.vdS5¢iY.le. 0O, O)qoto 201
iflitrig{id.eq.1)qots 211
if({vium2-vd(i)).qe.0.0)q0t0 201



t1={viumd2-vdId (i %t/ (vdumD2-vdO(i}+vd{i)-vdum?2)
if{tl.gt.tv2)goto 201
qoto 201
211 continue
tvi2=tn
ij=0
intvbh=i
201 continue
131 continue
938 continue
ij=ij+1
if{tvi.,eq.t.and.tv2.eq.t) go to 204
ifltvi=-tv2) 202,202,208
202 continue
tv=tvl
intv=intva
70 to 204
208 continue
tv=ty?2
intvsintvb
204 continue

do 102 i=2,m
if(an(i).qt,.0.0)q0t0 203
if(and(i).eqg.0,01)q0t0o 203
tizandlidxt/(an0{id=an(i))
if(t1.gt.tilgoto 203
ti=t1
ax=an(i)
inta=i
inti=i-1

203 continue

112 continue

¢

[+
if(ti.eqet.and.tv.eqg.t)qoto 209
ns2 '
ifltv,Lt.tid)goto 205
nt=2
td=ti
tb=ti
int=jd{inti)
icl¢int)=0
m=m-1
goto 206

[+

¢

205 continue

do 803 i=1,m
if(intv.eq.jd{i))goto 206
800 continue
nt=1
th=tv
int=intv
iellint)=1
‘mEm+1
int1=intva
int2=zintvb
206 continue



return
209 n=1
do 103 i=1,12
103 vdOd{id=vd (i)
return
and

000

subroutine startl{ansan0,iclemom2,t)
implicit realx3(a~h,o~2)
dimension anl(12),an(12),ict(12),vb(24)0vd(]
12)scb(12,12)cbt{12,12),jd(6)svdI(12)
common/biké/atpharomegasangtle
common/blk7/¢chechbt
common/blk8/jd
comaon/blk12/vdsvd0
common/blk13/numl,num?
common/bik23/n1.n2
commoa/bik28/inty
common/blk30/fregr,vmax
do 105 j=1.3
cb{j.,11=1.0
cbt(1,§)=1.0
106 cantinue
do 107 j=4.,12
Cb<i'1)=000
cbt(1,5)=0,0
107 contiaye
‘ do 100 i=1,12
an(i)=0.,0
100 an0¢{i)=0.01
mn=3
mn2=3
tc=0,325
if{t.3t.0.025)tc=¢
vb(l1)=(vmaxxt/tc)*dsin(omegart)
vb(2)z{vnax*t/tedrdsin(omegart—-alpha)
vb{3)=(vnaxrxt/tecdrdsin(omegart+aloha)
vb{4)=z-0,5392d+00*vb (1)
vb(5)s-0,.5392d+00*vb(2)
vb(6)=2-0.53924+00%xvb{ 3}
vb(7)=-0,31134+00%xvb(1)
vb{(8)=-0.3113d+00*yb(2)
vb(9)=-0.31134+00*vb(3)
call znductl{voevd)
do 101 i=1,12
101 vdO({i)=vd(i)
numl=1
aum2=7
vadumt=vd(1)
vdum2=vd(?7)
do 102 i1=2.,6
if{vduml-vd(i).qe..03+00) go to 200
vdumtzyd (i)
numi=j
200 continue
102 continue
do 103 i=8,12



O 00n

2N
113

104

135

if(vdym2-vd(i).qge,..03+00) go to 201
vdum2svd{i) ’
num2=ij

continue

cont inue

do 104 i=1,12

icl(i)=0

do 105 i=1.,6

jdiy=0

icli{numl)=1

iclinum2) =1

1d{1)=nunl

jd(2)=numn?

n1=nunt

neanum?

return

end

subroutine Load (m)
implicit real*8(a-gsd3-2)
dimension cbran{12,12),ctran(24,12)sctrant{12,2

M18),c0(12,12)0ebt(12,12),00012,12)0xn(12,12)0rt

100

101

132

103

2012,12Y0xt(12,12) 0rD{244+26) sxb{264+24) 0r(
3124,248)0x(12+24),j8C6),ral24,12)0xaC24,12) syt (12
4e12)oyn(12.,12)
commoa/blk1/ctran
common/blk2/cbran
common/blk3/xberd
common/blkéd/ytertsxt
common/blkS/xnsrnsyn
common/blk7/cb.cht
common/blk8/jd
commoar/blk9/ctrant
commoa/blk25/2bsethy
common/blk27/hrlishxlshedb
common/blk31/elasxl

do 10) i=1,24

do 10 j=1.,12
ctrant(jrid=ctran(i,j)
do 101 i=1,m-)

do 101 j=1.,12
chb(jeitldzcbranlj.jid(id)
cbtl{it1,3)=chb(jritl)
hril=rl

hxl=xl

heb=en

call labell

do 102 i=1.,24

do 102 j=1.,12

r{i»1)=0.0

x{jrid=0.0

do 103 i=1,12

do 103 j=1.24
ra(j»ix=0.0

ta(ioi)=0.0

do 104 i=1,12

do 104 j=1.,12



OO0 n

14

135

106

137

108

109

110

400

402

401

rt{j,i)=0,0

xt(jrid=0,.0.

do 105 i=1.,12

do 105 j=1.12

rn(j»i)=0.0

xn{jri¥=3,0

rb(24.,24)=prL

xb{24,24)=x]

do 105 i=1,12

do 105 i=1.,264

do 106 k=1,24
r{isjd=ri{isjdtctrantiiskd*rblk,i)
x{isjd=xCisidtctrant(isk) *xb(ksij)
do 107 i=1.,12

do 107 i=1.,12

do 107 k=1,24
rtlisid=rtCisid+rdiskd*ctranik,j)
xt(irsjd=xt(irjd+x(isk)*xctran(k,j)
do 108 i=1,m

do 108 j§=1,12

do0 108 k=1,12
raCisjidaralisjdecbtlisk)*rt(ksj)
xal{irsjd=xa(irjd+cbhbtlisk)txt(ksj)
do 10% i=1,m

do 109 i=1,m

do 107 k=1,12
rnlisidern{isid+ralisk)*cbik,j)
xnliesjl=xnlisrjd+xalirk)*cblksij)
call natinvixnsyn,nm)
if(xl.eq.0.0Y30 to 110

ratura

call matinvi(xt.yt.?)

return

snd

subroutine label

imolicit real*8(Ca-hesa~-2)

dimension xb(24,24),rb(24,24)
common/blk3/xbsrb

common/blk30/freqsvmax

comnon/blk25/absethy

common/blk31/rlaxt
coupli=xb(1,2)/sqarti{xb{1,1)%xxb(2.,2))
write{3,400)

format(//,'The simulation of the parallet rectifier bridges'
1/'operated without an interphase reactor.®)
write(3,4032) -

format (48(1h-))

write(3,401) vmax.freqerlextsebocoupli
formac(8x,16hSupoly voltage =,f7.2,5hvolts,
*Sh peakse//s8xel1hFrequency =2,f8.2,3h hz.
*//+s8xs17hLoad resistance z,f7.3,4hohms,
*//eBxs17hlLoad inductance =,e10.,3,1hhs//»
*3xs,18nLoad back e.m.f., =,f7,2,5hvolts,//,
*Bxs23hCoupling coefficients 3,f7.3//)
return

end



o000

000

100

101

300

2100

201

2ne

301

100

1932

103

subroutine oostep{iter,dett,m)
implicit real*8Ca~h,3~-z)

dimension 3a(3,%),r(8)se (N oxn(12:,12Yeyn{12,12)0rn(12,12)

commoa/blk5/xnsrnsyn

do 10 i=1,m

do 100 j=1,m

aljrid=0.0

do0 1071 i=1.m

do 101 j=1.m

do 101 k=1.m
atisid=alisjdeynCisk)*xrn(ks,j)
ifail=0

catl f02 aaf(a,8,mor,e,ifail)
if{ifail.eg.0) go to 200
write(3,300) ifail
format('error in f02 aaf,ifail =',i2)
stoo

continue

ti=delt*xr{m)

if{tleqte1.0) g0 to 201
iter=1

70 to 202

iter=nint{t1)

continue

step=delt/iter

“rite(3,301) steo
format('step lLength =*,e12,.5)
return :
end

subroJtine mxrk4(tl1,tstopsansanlsnsiter)
implicit real+8(a~h,2-2)

dimension vn(12),xn(12+,12)s,rn{12,12)eyn(12,12)
dimension g0(12),31¢12),92(12),593(12),an(12)
1,an0(12),34(12),atema(12),v(12)
common/blkS/xn.rn,yn

common/blk13/gé

common/blk20/vn

nitersfloat{iter)

dt={tstop~t1)/hiter

t=t1

40 100 i=1,m

an(id=and(i)

do 101 i=1,iter

do 102 j=1,m

atemo(jl)=zand(j)

call 3n(tsanes30.,m)

do 103 j=1,m
an{j)=atenn{jr+q0{jl»xdt/0,2d+01
t=t+de/0,2d+01

call 3n{tranr,31,m)

do 10% j=1.m



O 0000

104 an(j)=atemn(j)+q1(j)*xdt/0, 2d*01
call In{tsans32sm)
do 105 j=1.m

135 an(jd=atenp(j)+g2(j)rdt
t=t+dt/0,2d+01
catl gn{teansqg3,m)
do 10% j=1,m

136 an(jr=atenn(jd+(gl(jr+0,2d+01xq1(j)+0.2d+¢I1*32(j) +q3
10§3)*xdt/0,6d+01

131 continue
d0 107 j=1,m
v(j)=],04+00

127 g4(3)¥=0,.04+00
d0 108 j=1.,m
do 108 k=1,m

108 v(id=v(jd+rn(jrk) xran(k)
do 107 j=1.,m

139 v(id==v(jd)+vn{i)
do 110 j=1.m
do 113 k=1.,m

110 34 (V=94 Cjd+ynCik)xuv (k)
return
end

subroutine gn{tsansgsm)
implicit real*8(a~hs,o0-2)
dimension an(12),rn(12,12)+xn(12,12)»yn(12.,1
12)Y,q(12)svb(24),vt(12)svn(12)sctrant(12,24)
1ocb(12,12)rcebt(12,12),d(12)
common/blkS/xn.rn,yn
common/otké/atohasomeqasangle
common/blk7/cHscht
commoa/blk9%/ctrant
commoa/blk20/vn
tommon/blk21/ vb
common/blk25/ebsethy
common/blk30/ freqs,vmax
do 99 i=1,24%
99 vb(i)=0,0d+00
tc=0.025
if(t.3t,0.025)tc=t
vb{1)=(ymaxrt/tc)rdsin(omegart)
vb(2)=(vmax*t/tc)rdsin{omegatt—atoha)
vb{3)={vmax*t/tc)*dsin{omeqgakt+alpha)
do 98 i=10,21
98 vb{idz=ethy
vb(24)=-eb
do 100 i=1.,12
100 vt(id=z0,0d+00
40 101 i=1.,12
do 101 j=1,24
101 vtiid)s= vt(1)+ctrant(1o1)*vb{])
da 102 i=1.,m
132 vn(id=0,04d4+00
do 103 i=1,m
do 103 j=1,12
133 vaCid=vn(idtcbt(i,idxvt(j)
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o000

do 134 i=1,m
1(i)=),04+00

104 9{y)=3.04+00
40 105 i=1.m
do 195 j=1em

135 d(id=3(id+rn(isjl*anlij)
do 105 i=1.,m

106 d4¢id)=vnlid=d(i)
40 107 i=1.m
do 107 j=1.,m

107 glid=q9{i)+ynlirj)xd(i)
return
end

subroutine brani(ansn)
implicit real#8(a-hr,3~-2)
dimension an(12),ab(24),ctran(24,12),cb(12,12)
Tscbht(12,12)0at(12)
common/blkl/ctran
commoa/blk?/coscht
cemmoa/blk11/ab
do 103 i=1,12

100 at{i)=0.0d+00
do 101 i=1,24

191 ab(i1=0.9d+00
do 102 i=1,12
do 102 j=tem

102 at(id=at(id+cbCirjl*an(j)

: do 103 i=1.,24%
40 103 j=1.,12

103 ab(id=ab(id+ctran(irjlvat(j)
return
end

subroJtine print{(tstopsabs,itr)

impticit real*8Ca-hr2-2)

dimension i¢cl(12),vb(24),ab(24),ithy(12)

dimension rb(24,24),x0(24,24),dxt(2100),dxs(2100)
dimension x(2100),y1(2100),y2(2100),¥3¢(2100),y4¢2100)

dJimension ay1(2100),3y2¢(2100),ayl (210D ,vL (2100
common/blik3/x2.rb
common/blkl156/dildt

common /blk200/icl
common/bikS521/vx
common/blk892/axsar
common/blk201/vb
common/blk438/iksij
common/blk13/i1,32
common/blk25/absethy
common/blk28/intv
common/blk40/dxt
common/nDlk4t/xsylsy2ey3avh
commoa/bik49/ithy



2]

O 0000000

401

502
501

500
503

10
11

400

500

common/blké0/ayl,ay2saylsvi

do 401 i=1.12

ithy(idY=3

in=it1

if:iDteq.?)iD=1

if(io.eq.13)in=7

iflict (i), eq.l.0r.icl{in).eq.1dithy(i)=]
continue

iflicl(?).eqel.or.icl(8),.2a.1) g2 to 500
iflicl(9),eq.l.0r.icl{10Y.eq.1) 90 to 501
iflicl{11).eq.leor.ici(12Y.eq.1)35t0 502

qo0 to 503

ve=syb{7)=vb(9)

90 to 503

vx=ya(7)~vb(8)

30 to 503

vx=-0_4

continue

ax=ab(4)-ab(5)

ar=anbl1)-ab(3)
if(tstop.le,0,1050.0r . tstop.3t.0.1250)return
x{itr)=tstop-0.1050

if{itr.eg.1)g0t0o 10

dext(itrdzx(itr)=x(itr-1)
ifldet(itr) Lt .0,9d=07)return

J0to0 11

dxt(1)=x(1)

continue

y1{itr)=ax

yelitrd=ab(?)

y3{itr)=ab(4)

y4Citrd=ar

ayl{itr)=ab(23)

ay2{itrd)=ab(22)

ayl(itrd)=ab(24)
vi{itr)=ab(24)*rb(24,24)+dildt*xb(24,24)+eb
write(3,400)xCitr)odxtCitr)rabC1)sarsansad(?)svnsvli(ited)oritlsi
*icl{1dsicl{2)icl(3)sicl{B)ricl(5),
il () el icl(B)ricl (M icl (1M picl(1Dsicl(12),
*ithy{1),sithy(2),ithy(3),ithy{&),ithy(S),ithy(8),
*ithy(?),ithy(8),ithy(3),ithy(10),ithy(11),ithy(12)
fFormat(fl.5,f7.6,2F15.112401%0¢7.2)0201%0i2) 1 ns12¢1xri1Ys1xs
114¢1x,11))

itr=itr+1

return

end

subroutine matinv{xindsyindsna)

implicit real*8Ca-hsd-2)

dimension xini(12,12),yind{(12,12),augq(12,24)

do 500 i=1+sna

do 503 j=1sna

1'f(abs(xlnd(i"i)).lt.'l.od'oa) lind(i'i)=0.0d+00
do 281 i=1sna



4o 281 j=1,n3

281 auglis,j)=xindli,j)
do 282 i=1+,na
do 282 j=na+1,2%na
it{i-j+na)305,3046.305

395 aug(irjl=0,0d+00
goto 282
306 augli»,j)=1,0d+00

282 continue
do 29) k=1sna
do 288 i=1,na
if{na.lt.?)goto 600
write(3,20augCisk),insk

20 formae(//(f15,.8,2i4 M)

500 contiaue
ifCaug(iskl.eq.0.0d+00.and,.i.eq.k)goto 307
iflaug(isk).eq.0.0d+00)qoto 288
dummy=aug(i,k)
do 28% j=1,2%*na
m=2%na+l-j
auq(ism)=augCi.m)/dummy

284 continue

288 contiaue
do 285 L=1,na
1f(aug(lsk).eq,0.0d4+00.0r.l.2q.k)gqo to 289
do 285 m=1,2*na

286 aug(l,m)=zaugllem)-auzlk,m)

289 continue

285 continue

290 continue
40 283 i=1.,na
do 283 j=1,2%na
m=2%na+t-]j
iflaug(irsn).eq,.0.0d4+00) g0 to 283
aug{ism)=auglism)/auzliri)

283 continue
do 287 i=1,na
do 287 j=na+l,2%na
k=j-na

287 yind(isk)=augl(iri)
return

307 write(3,110)

110 format('zero on nain diag.element®)
stop
end

(3 2 W'y N 2 ]

subro4tine trigqer{itrig.t)
implicit realx8Ca-h,2~-2)
dimension itrigf{13)
common/blké/alphasomegasangle
common/blk15/alpradsan
common/blk16/delt
common/blk23/it1,i2
common/blk24/tn
commona/blk70/dt1,dt2,dt3,dté
n=0

a=350.0



101

102

104

135
103

107

108
134

a0 00

theta=18000,0#*t
if(theta,lt.3)goto 101
num=theta/a
theta=the2ta-numxa

continue

do 102 i=1,12

itrig(i)=0

do 103 i=1,6

ifes(=1)**j§
fot=angle+(i=1I#60,0¢((1~ifc)/2)%4e3+((1+ifc)/2)*dts
if(fpt.lt.a)goto 1N4

num=fat/a

fot=fot-num#*a

continue

j=i+3

ifl{i.gt.3)j=i=-3

fo=(theta-fpt)/18000,0
if(fp.lt.delt,and.fp.qgt.0.0)itrig(j)=1
iflitrig(id.e3.0)30to 105

tn=delt~-fo

n=1

continue

continue

if{n,2q.1)return

do 105 i=7,12

ic=i~5

ifea(=-1)#+»ic

fos=(angle-30.,0)+(ic~ 1)*60+(C1-1fc112)*dt1+((1+ifc)12)*dt2
if(fos.lt,a)q0to 107

num=f3s/a

fos=fas-numka

continue

j=i+3

ifdiagt.?)j=i~-3

fo=(theta-fos)/18000.0
if(fop.lt.delt.and.fo.qgt.0.0)itrig{j)=1
iflitrig{jd.eq.0)gots 108

tnzdelt-fp

continue

continue

return
end

subroutine fourer{xtsys,n,m}

implicit real*83{a-g,0=-2)

dimension xt(2103),y{(2100),a3(50),b(50),c(50) »d(50),2¢50),x(50)
dimension hdel(SO)oharmon(SOoSO)odxt(2100):6:5(2100)

dimension dh{(50),erer(50)

common/blké/alphasomegasangle

common/blk36/n1sni

common/blk37/hdelharman



common/bilks0/dxt
commor/blk4S5/dxs
common/blkS0/num
common/blk55/4dh
w=400.0d+00%atan{0,1d+01)
zeta=l,184+05/w
do 63 i=1.n
a(i)=2.04+00

63 b{i)=3.0d+00
a0=0.1

if{nun,eq.0)goto 70
do 71 i=1,m

71 dxt(i)=dxs(i)
call harcur

70 continue

do 84 i=1.n

delisxt(1)hgny

adi)={y(mi+y (1) hcos(del 1)) *rdxt{1)

b{i)=y (1) *sin(del1) *dxt{1)

do 64 j=2.m

deltazxt(j)hkuki

thetasxt(j-1)xwri

a(id)=alid+(y(jdrcos(dettad+y(j-1)*cos(theta)) kdxt(j)
64 blid=blid+(y{jlrsin(deltal)+y(j=1)xsin(theta)) *dxt(j)

al=(y{(1)+y(m))*xdxt (1) /2.0
do 47 i=2,m

57 a0=2a30+ {y(id+y(i~1))xd4xt(i)/2.0
a0=a0/0,02
if(al.1t.0.0072a0=0.)

do 66 i=1.n
alt)=3(i)/0,02
66 b(id=a3C(ir/0,02

write(3,450Q)

450 format{(*harmonic content of current as a fourier sine series'//
write(3,451)

451 format(*harmonic no:',6xs"mod*»12x+%arq'+5x+'0.u 0f fund.®,2x
letderivation',4xs*% error®)
write(3,6453)a0

453 format(4x,'0.3%,35x,f10.7)

dum=sart{a(1)*a{1)+b(1)4+b{1))
sum=0,.0d4+00

do 485 i=1sn :
clid=sqredadid*alid+b{id*n(i))
e{i=cCi)/dum
ifte(id . Lt.0.5d-02)got0o 221
d(idzatanCaCid/b(i))
d(i)=dC(i)*zeta
if(b(i), 1t ,0.0)d¢i)=180.0+d¢(i)
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222

69
452
55

58

10

20

if(o(id.qt.0.0.and.,a(id). . lt.0.0)d(i)=360,0+d(i)
if(dCi)  Lt.920.0)4Ci)=30.0-4¢i)

1f(dCi) . 3t.90.0)dCi)=450.0~d(i)

goto 222

continue

c(i)=3,0

4¢i)=2,0

e(i)=).0

continue

sum=sum+e (i) *e{{)

x{(it)=1

if(nun.eq.0)goto 49

call 2rrar{isdhscserr)
write(3,452¥xCidsc(i)odCidseCidodh(idserr (i)
goto 55

writel3,452)x(idec{idoed(idseli)
format(3xofbolo?noel 3. 6,300 f7.2+,3%02F12.7+5x+%5.2)
continue

sum=sum=1

sum=sart{sum)

hdel (ni)=sangle

do 68 i=2+n
if(e(i),eq.0.MNqgoto 48
harmon{nisid=e(i)
continue

return

end

subroJtine covang(tdstmul,tmu?2)
implicit reatl#«8Ca-h,3-2)
common/blk24/tn
common/bik28/intv

common/blk30/ freqrvmax
common/blk32/th,t1
commoa/btk3I4/nt

tiz0.D

ifint.eq.1)gnto 10

ti=td+thb

return

t1=tdttn
if(tiseq.0.0.0r.t1.3.,0.0)return
iflintv,tt.b6)go0to 20
tmul=3480. . 0*frege(ti-t1)

return :
tmu2z3460.0*freqx{ti=-t1)

return

end

subroutine stadia(t,i)

impticit real*8{a-h,0-2)

dimension x(2100),dxt(2100),cd(2100)
common/blka3/x,cd



101
102

103

common/blké45/dxt
commoa/blkié/delt
oh=30,0

DiZ2d.)*xph

0i3=22.0%ah

pi23=4,.0+ph

pié3=8,0%ph

0153=10,0%*ph

a=360.0

ts=18000,.0*t

dd=del t*18000.0

th=0,J2+delt

if(t.3t.tblreturn

x{i)=¢

if({i.eq.1)goto 101
det(id2x(i)-x(i=-1)

goto 102

dxt(1)=x(1)

continye :
iflts,gt.0.0.and.ts.lt.pi3)ecd{i)=0.5
if{ts.gt.pid.and.tsalt.pid3dlecd(i)=1,0
on=pi3

txt=ts=pn

ifltxt.gqt.0.0,and,. txt.lt.dd)goto 103
if{ts.qt.ni23.and.ts. lt.n1)cd(1)=0 5
on=pid3

txt=ts=pn
if(txt.gt.ﬂ-ﬂ-and.txt.lt.dd)goto 103
if(ts.ge.ni.and.ts.lt.0id3)ed(i)==0.5
on=pi

txt3ts-pn
if{txt,gt.0.0.and. . txt.lt.dd)goto 103
if{ts,.gt.pi43 ,and.ts.Llt.piS3)ed(i)==1,0
onspiél

txt=ts=pn
if(txt.gt.0.0.and, txt. Lt.dd)goto 103
if(ts.gt.pi53.and,.ts.lt.adcd(i)==0,5
on=pis3

txt=ts=-pn

if(txt.gt.0.0.and.txt, tt.dd)goto 103
if(ts,ge.adcd(i)=0.5

pn=a

txt=ts-pn

ifitxt.gt.0.0,and, txt,tt.dd)goto 103
isi+1

return

cont inue

cd(i+2)zed(i)

cdli+1)=cd(i)

cd(id)=cd(i-1)

x(i+2)=x (i)

x(i+1)=pn/18000.0

x{i)=on/18000.0

dxt(i+2)=ztxt/18000.0

dxt{i+1)=0.0
dxt(id=pn/18000,0=xCi-1)

izi+3

return

end
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subroutine charac

reat*8 tit,ti2stol,ta?

real*3 cilsci2scolsco?

real*8 yal1(3D0),ym2¢30),yml(3D)rri(30)
dimension h(50,50),detlay(50)

dimension t31(30)-t12(30).t01(30)'t02(30).nod1(30)onod2(30)
dimension ci1(30),¢ci2¢(30),c01¢(30)»c02(¢(30)-
common/blk36/n,i

common/blk37/delaysh
comaon/blkés/tit,ti2,t01,t02
common/blk48/modl,mod2.
common/blkS1/citsci2scolsco?
common/blkés6/ymtsym2oymlsrl:

write(3,10)

write(3,11)

10 format(10x,*"The bridge supply line current harmonic contents®/

11

13

18

19
300
17

14

15

110x,53C1h=)/)

formatCixs®aloha® s 3us®3rd®eSxs®Sth®sSxs*7th®s5x,'11th%,4x,%131¢

Taxo®17thobxs ' 19tht bxo®taul®,2xs'tau2 st xs*mode®sinstct
2o3xs ' th7%ehxs'th1%sS5xs?id1%,6x,%1d2%s6x0%iL%7)

do 10) j=1.n

ngte=)

TfCtitT(idlt . tol(§).or.ti2¢jd).tt. toZ(i))qoto 13
tol1{jd=tol1{j)+0.02

to2(jd)=to2(jd)+0.02

continue
tfmod1(jleeq.3dtmulza(tol1(jl=-ti1¢($))*18003.0
if(m0d2(j).eq.3)tmu2=(to2¢(j)~ti2¢(j))*18000.0
if(mod1(j).eq.2.0r.modt(j).eq.4)tmula(to2¢id-tit(§))+«18000.0
if(mod2{jl.eq.2.0r.mod2(jl).eq.4)tnu2=(to1(j)~ti2¢(j))*13000.0
if(mod2(j).eq.2.and, tau2.qt.50.0)tmu2=tau2-63.0
if(mod1(j).eq.mo0d2({j)d)gqoto 17
if{mod1{(jdegt.mod2(j))qoto 18
iflmod1(j).eq.3)goto 19

tmodex2,3

tmul=(ti1(j)-to1(j))+«18000.0
th?7={tol1(j)=-cit1{j))*18000,0
thi={eco2{(j)=-ti2¢(j))*18000.0

goto 20

continue

if{mod1(jl.eq.3)goto 19

tmode=4,3

tmu2s50,0+(ti2¢§)-t01(j))*18000,0
th?=(co1(j)-¢ci1(j))=13000,0
thi=({co2(j)~-ci2(j))*18000.0

qoto 20

write(3,300)delay(j)

format (7?7, 2,1)x,'This operation is not expected for the model®
goto 100

continue

tmode=zmod1(j)

9oto(14,15,16,148) »modi ()

continue

th?=(to1(§j)-ti1(i))~18000.0
thi=(to2(j)-ti2¢(j))*18000.0

goto 20

continue



th7=(to1{jr~-cit(j)¥~18000.0
th1=(to2(j)-ti2(j)>*18000,0
if(th7.9t.90.0)th?=th7-60,0
goto 20
16 contiaue
th?7=(co01(j)=-¢ci1(j))*18000,0
th1=(c02(j)-ci2(j)»*18000.0
20 continue
ifltmul tt.0.1.andamodt(jlagteTdngle=t
if{tmu2.lt.0.1.and.m3d2(jlogt.1)Ingle=2
write(3,200)delay(jlehCis3)sh(joS)enlis?)ohlis11)sh(jrt3)
12hCi217)ehlj 1M stmulotmuetmodesrnglesth7sthisym1{idoym2{idryniy
200 format(f7.2,7€f8.5+216.2,F4.1,13,217.2+3C1x0%3.2))

aOao0o0
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continue
return
end

subroutine harcur
implicit real+«8(a~hs,0-2)
dimension h(50)
common/bLkSS/h

do 20 n=1.50
h{n)=0,0
piz=b,d*atan(1,0)
a=2,0/o0i
hdum=3_,0/pi
h(1)=1.0

do 21 is1,24
n=2xi+1

on=n

pn1=pnxpi/2.0
pn22pn*pi/é6.0
b=sin(on1)+sinl{pn2)
hin)=axb/{(pnxhdum)
continue

return

end

subroutine error(isdhse,err)

implicit real*8C¢a-hso0-2)

dimension dh(50),2(5)),err(50)
if{dh{i).2eq.0.0.0r.e(i).eq.0.0)g90¢t0 10
er={abs{dh(i))-abs(e(i)))/abs{(dh(i))
err{iY=abs(er)*»100.0

return

err(i)=0.0

end

subroistine extrap(tstopstican)
implicit real*8Ca-h,o5-2)
common/blk53/ax
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10
25

35

t=tstap-ti
t1=antt/(an-ax)
ti=tittd

return

end

subroutine rmsave(ys,ydememorr)
implicit real*8Ca-h,0-2)
dimension dxt(2100).,yc(2100),ys(2100)
common/blk40/dxt

yd=0,31

do 40 iz1,m

yclid=zys (i)

30t0(5,15)smorr

do 30 iz1,m

yel{idsyelidxycli)

continue
yd={yc{md)+yc (1)) xdxt(1)/2.0

do 10 n=2.,m
yd=ydt{yc{n=1)+yc(n)) xdxtin) /2.0
continue

30t0(25,35)smorr

yd=yd/Q,.02

return

yd=yd/0.02

yd=sqrtl{yd)

return

snd
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