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ABSTRACT

In this thesis, a novel approach for the simulation
of a chopper-fed.dc machine, is presented. Instead of the general
technique of combining the Kirchhoff's voltage, current and
branch characteristic equations, which‘would‘result in an eqguation
of the form g=§(§,%), the branch currents are evaluated in terms
of node voltages by applyinz Kirchhoff's voltage and current
equations, and they are immediately coﬁvefted to algebraic
equations by trapezoidal formula. Later on, the nonlinearities
are considered, and thyristor and diodes are linearized by
plecevwise linear models, In this way, breaking down the circuit
operation into different modes, which couses laborious analytical
manuplation or requires long computer time, is avoided. Also,
e method of obtaining the complete set of equations for-ahy

network, only by observing the topology of the circuiti, is

'developed.



OZET

Bu tezde, bir kiyici 1ile beslehen bir dogru akim
makinaesinin sayisal benzetiml ig¢in yeni bir yantem 5nerilmi§
ve uygulanmigtir., Biliren bir gzgenel teknik olan, Kirchhoff'‘un
volta}, akim ve eleman tanim bagintilarini birlegtirip §=§&§,%)
geklinde bir denxlem elde etimek yerine; eleman akimlari,
Kirchhoff'un volta) ve akim badintilarini uygulayarak, diglm
voltajlari cinsinden yazilmig Qe hemen 'trapezoid formuld' ile
cebirsel bagfintilara d3nligtiriilmiistir. Daha sonre, devredeki
diyod ve tristdr zibi do3rusal olmayan elemanler pargall
: &oérusai yaklaglklama yontemi ile ddgruééllasﬁlrllmlstlr. Bu
gekilde, blyik analitik‘islemleri Qe uzun bilgi sayar zZzmanl
gérektiren, devre iglevini ¢esitli kiplere ayrisgtirma
_yonteminden kaginilmigtir. Ayrica, herhangl bir devre ligin,
sadece devrenin yaplsina bakarak, devre denklemlerini elde

etmek igin kurallar gelistirilmigtir.
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CHAPTER 1

:  INTRODUCTION

A

A new era in electiric power convsrsion began with
the development of the silicon controlled rectifier {(SCR) in
late 1957. .From the first 18 ampere average current rated unit,
an entifely new family of semiconducﬁor devices was created.
Thyristors are now available with current raﬁ;ngs from milli~
amperes Lo over a thousand amperes and with voltage ratings

up to 2,000 voltis.

) The first thjristor applications involved simple
’phése control for lamp dimmers, heat controls, and ac motor
voltage controls, A4s a wider range of triécs became available,
they reolaced the SCR in most of these applications. rore .
advanced phase control circuits were pursued next including
reversing dc¢ motor drivss with inversion to the ac system

for regenerative braking of up to ¢000 hp armature controlled
motors for large mill drives. A great variety of sophisticated
static power cbnversion equipment is now being produced, ranging
from small appliance controls to variable freguency 100 hp ac

drives for a wide range of industrial applications.

In an electrical power control system, the power

converter is thsz critical link for matching the socurse to the



load. The characteristics of both the source and the load and
often the electrical and ambient environment determine the duty
on the converter. It falls updn the circuit deeigner to choose
the proper circuit arrangement for the specific application.
However, he is often constrained by the capability of the
available power switching devices. Recently, tnis device capa-
t1lity has become the majdr factor in determining the size and
efficiency of a converter circuit; hence the optimum arrangement
for the required duty. The most recent dsvelopments in thyristor
characteristics have been to mgke this limiting factor in power

system design less restrictive.

Thyristors are found to be very feliable working in
the harsh conditions of a machine enviroument, thus there is 2
decrease in the maintenance costs. They can increase the efficiency
of a2 machine installation. For example,‘the efficienby of the
éontrol and 4rive gear of railway equipment is increasgd from
8ixty seven percent to ninety five percent Qhen changed from
conventional resistance control to thyristor control. lhyristors
lend themselves very reacdily to mass production using the well
proven technology of semiconductor transistor and édiode manu-

" facture, thus they are relatively cheap.

The tnyristor is basically a switch, that can pe
switched on by the apdlication of a gate pulse of g few. muilli-
amps current and a very short time in durat.on {(provicded the
anode cathode voltage is positive and greater than one volt in

magnitude). wWhen on, the current through the thyristor is
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determ.ined only by Lhe parameters of ‘the external circuit, and

an approkimahﬂg constant voltage érop (one volt) is observed

across the device. Thé thyristor can bé turngd off by reducing

the current through it below its latching value (usuélly about -
one hundred milliamps) whereupon it returns to its blocklng.

state. The circuitry reguired to turn the device on is quite

simple but that required.for turn fo can lead to an increase

in the control circuitry.

In.thyrlstor control applications, harmonic generation
and torgue pulsation due to switching action of the thyristor,
unwanted turn-on due to excessive rates of change of aopplied
voltege and fatal breakdown of the thyristor due’to‘transient
voltage surges of ths supply opresent themselves as possible
sources of malfunction. In designing the control system, special
considerations mgst be given to these aspects and compensation

measures must be taken.

It is dirficult to design an efficient control circuitry
and a2t the same time have enough safety margin for the possible
sources of malfunction mentioned above. In most cases, the designer
~afopts a trial and error approach or cverrates the components in
the circuitry. On the other hand, if the exact behaviour of the
circuitry is Enown, then an optimum design can be mads., This .s
wny there is a great need to s.mulate an .nstallat.on so that

the performande of the instellat.on can be ascertained withnout

the danger of damaging very ‘expensive equ.pnent.



In this thesis, the result of work carried out for
the diglfal simulation of separately excited chopper controlled
dc machine is reported. After th; introduction of Chapter 1, some
basic chopper circuits are introduced in Chapter &£, and the
methods for commutation are. discussed, dc¢ macnine dynamics,
transfer functions and block diagrams are presented and the
equivalent circuit of a separatély excited dc machine i1s derived.
In Chapter 3, the merits of analogue and digital simulations are
compared briefly, and general techniques of diglfal simulation,
specially the simulation of slectrical machines are discuséed,
and the general formulation of circuit equgtions wnich 1s used
in this thesis, is given. In Chapter 4, the circuit eguations
pf chopper controlled dc motor are formulated, and some other
details of the simulation are explained. In the final chapter,
Chapter 3, the results ars pfesented ané discussed. A fulil
derivation of circuit equations of separately excited chopper

controlled éc machine 18 given in the Appendix.



CHAPLER &

CHOPPERS AND DC MACHINE DYNAMICS

i

z-1. INTRODUCTION

For the control of the Voltage applied to the armature

of a dc machins, chopper circuits are freguently used.

The supoly voltage is variéd in average value by the
regular switching on and off‘of a thyristor. The véltage sgen
by the machine is thus made equal to the supply voltage- for a
fixed time and then to zero for a further time (the voltage 1is
chopped). Therefore by varying the ratio of on-time to off-time
the averége voltage seen by the machine can be varied from zero
voltaze (no on-time) to full supply voltage‘\no off-tlme). Theres
ars howvever practicai limits to the minimum on-time and minimum

off-time set by the physics of the thyristor.

In Fig.z2-1, the equivalent circuit of a ‘chopper
controlled d4c¢ machine is shown. If'a switch is coanected between
a dc source and =2 load asin the figure, it is possible to energize
or de-eherglze the load, li.e. thevdc»machine, by simply closing
or opening the switch. The voltagze at the load terminals appears

as in the figure, if the switch is open and closed periodically.
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Fig. £~1. The Equivalent Circuit of a3 Chopper Controlled

DC Machine

The average voltage to the load is Ey /2, 1f t4 is made equal to
t2. Thie voltage can be varied by maintalning t4 constant and
varying i3 (sometimes called pulsed rate modulation) or by
‘holding t4+t, constant and varying t; (sometimes called pulse
with modulation), or by varying both t4 and t,. It_is easy to
see how this system can be used to @ecrease the average foltage
to the load, thus serving the purpose of a de step-down

transformer.




£-2. CHOPPzRS

In a basic chopper circuit the thyristor is turned on
by the conventional way (1.8.‘; gate pulse and forward bias),
but the turnoff is by forced commutation; that 1is the current
through the thyristor is forced below the latching value so as
to commutate (switch-off) the tunyristor; the circuits that perform
this forcing down of current are known as commutation circuits.
The turnoff of the current carrying SCR is achived by appiying an
adequate reverse voltage for a certain time across the S0, and
by commutatating 1;9 current to ancther branch while it ié reversed
biased. Inductive ioads,rhowever, result in complicated turnoff
orcblems, on accéunt cf their stored snergy. Either the turnoff
capacitor must bte enlarged to absorb this energy itself (load-
related parallelcapacitor turnoff) or an alternative path must
be provided for inductive load current. When the load current is
unidirecticnal, as with choppers,va freevheeling diole forms an
ideal alternative path. lIanvertors, having an alternatiqg load
current, regquire more complex return-current diode paths to

orovide for both directicns of lozd current.

Briefly, for a thyristor to be turned off cbrrectly,
the following must take place (3) :
i2) The thyristor current must be reduced to zero.
ib) & reverse voltaze must appear across the thyristor for a

time lonszer than 1ts turnoff time.



{c) The subsequent reap;lication of forward voltaze must e at =
‘rate less than its 4V/At rating.
(d) Aﬁ alternative path must be provided for the load current
where inductive,
Ihe'precharged capac.tor performs action (a) by d;veftlng the
load current from the thyristor to itself. It performs action
ta), (b) and (c) by beinz connectec effectively in parallel with
thé thyristor; so that its stored voltage reverse-ciases the
thyristor; it has sufficient capacitance to carry the load
currént for longer than the turncff time before beconinzx Gis-
charzed, and it likewise limits the rate of rise of forward
voltaze during recnarging. 1he way in which the circuit gerforms
action (d) introduces a fundamentally important distinction
between two formé of parallel capacitor turnoff for inductive
loads. If, after turnoff, the load current is transferred aday
from the canacitor to a constant-voltaze caircuit pefore the lozd
current decays to zero, the circuit emnloys 'impulse commutat.on',
a fast turnoff process, which is thyristor-related (&). Thé
commutating , or turnoff, canacitor is relatively small, zoverned
as it i.s by the thyristor turnoif time, ani? it carries the load

X

current for a relatively short o

M

ricd, typically ovu-1uo ps. If
the turnoff capacitor carries the 1lozd curreal unalsied until

e lozd current has teen reduced Lo zero, the capacitor i1s zmuch

e+

v

larzer in corder to absort all the lcad enersy for a tolerable
rise of voltaze. The reverse-voltaze time thus sreatly exceeds

the turnoff time, and the commutation process is very auch slowery



it 1s load-related since the relationshiop exists betwsen stored
load energy andé capécitor enersy. 1The distinctlion between
thyristor-related impulse capacitor turnoff and lcad-related
capacitor turnoff arises only for inductive loads. A resistive
load does not store enerzy; therefore, the provis.ionef the
alternative path (d) above is unnecessary. The circuit can be
equally vieweC as using a thyristdr-related or lo=2d relatedr

turnoff technique.

There are many types of commutation circuits (3,4,9,0,10),

but they basically fall into two categories.
(i) Switched capacitor turnoff circuits:
The prechargzed capacitor is switched directly across

the main thyristor I to be turned off by =2 second thyristor II

in the basic circuit of Fiz.z-%,.

v, 4 .
/11 : /1 11 1
| [

k= I a0

S i C Tl

1oad§ e E ;
Loyl ZS Dy / e

K - n | g

a : |

Fig.2-2. Owitched Capacitor turnoff circuits



Thyristor 1 conducts the load current Keepinz the risgsht-hand
nlate of C at the potential +V§‘ The left hand-plate potential
is reduced to zero as tnhe capacitor charges through n. If, when
C 1is fully charged, thyristor II is fired, the left hand-plate
of C will be raised to +V., and hénce its right—hand plate to a
potential +&Vg. The cathode of thyristor 1 is thus more positive
than its anode; it is reverse-biased, and hence ceases conduction.
. The load current now flows from supply through theksecond thyristor
II 2n¢ C, discharging C. Wnile C discharges from Vg to zero,
thyristor I is reverse-bliased; this is called the reverse;voltase
time Ew , Which must be greater than the turnoff time of thyristor L.
Thus,

C=I, x‘c.m//\/'S where tgy >toﬂ. (2.1)
Egn.2.1 is baseé on a constant load current ( canacitor current)
'during the period tpy, resulting in a linear discharge of C,
thus simplifying the general integral equation

tay ' B
C=1/V, f O (8.%)

0

Dur.nz the reverse-voltage time, while thyristor I has been
reverse-tlased, the load L supports &Vg initially, decreasing

to Vg when C is discharged. The load current must increase
gomewhat during the reverse-voltage time, owang Lo ths additional
volta;evacross it., after C has been discharszed, thne load current/
continues to flow through it, charsging it in the reverse dirsction
until the load voltaze 1is zero. From the firing of thyristor 11

until the load voltace falls to zero, ths path thyristor 1II-C

has been the alternative »nath for the load current. From this
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time onwards, it is usual for the loéd current to transfer to a
diode fréewheeling path D{ in parallel with the load. Without
this , the enerzy stored in the 1oad would.contlnue to charsge

the capaclitor to a voltage in excess of the economic rating for
thyristor I. An essential feature in any capacitor turnoff circuit
is the recharzing of the capacitor ready for the next turnoff
proceseg Tor thyrisior I. In the basic circuit of Fig.£-2.a, this
ig performed by firinz thyristor 1 aga.n. A reverse process turns
off thyristor 1I, after which C discharges and recharges to the
original polarity. This basic technique is used in most chooper
and inverter circuits and 1s sometimes referred to as impulse
commutation (8). In practice, two thyristors and a capacitor
should not be connecﬁed in a loop as they are in Fig.z-Z.a,
because eéch w1ill experience hugh di/dt when fired into the
reverse \carrier-storage) conduction of the other. Likewiss,

when thyristor 1 is fired while Dy is confucting a freswhseling
current, thyristor I will experience high 4i/dt while D{ conducts
transiently in the reverse direction. Inductor(s),i.e. t in Fig.z-Z.b,
must be included in these two.paths to limit éi/ét andé their
pregsence introduces a measure of resonant behaviour based on the
nrinciples of Resonant Caoacltqr Turnoff circglts. rore advanced
techniques in this type of commutation will be discussed in

Chanter 4 and o.
(11) Resonant cavacitor turnoff clircuits:

Resonant turnoff does not reguire a seconé thyristor.



Instead, the firinz of the load thyfistor initiates a resonant
reversal of the capacitor voltage, followed automatically by a

thyristor current reduction and the application of a reverse

voltaze to the thyristor. Fig.z-3, illustrates the basic circuit

Vs

0

Fig.2-3, Resonant capacitor turnoff circuit:

in which £,C and thyrastor 1 form the resonant circuit, ané losses

are neglegted (8). Initially thyristor 1 is off and C is charsged

throush L (load) and f with .its lower plate at zero potential.

Fig.2-4., Voltage and current waveforms of resonant

capacitor turnoff curcuit, 1in Fig.z-3.
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When thyristor I is fired at t4, any load current has been free-
wheeling through D¢ and ¢ decays as the current in thyristor I
builds up, thelir sum being ths ibad current (assumed constant).
When all the load current has transferred to thyristor I, D;
ceases conduction at t9 (Fig.2-4.). The resonant circuit £ C

(and thyristor I) carries g resonant current Ip charging the lowsr
nlate of C pogitively until it reaches a potential 42Vs after =2
_halfcyle. The next halfcycle of resonant oscillation now begins,
during which the resonant current opposes the locad current in
thyristor I. Provided that the peak resonant current excseas the
load current, the thyristor current is reduced to zero at t3. AL
t3, the constant load current, now flowing through C and £ produces
no voltage drop across £ so that the remaining voltage V3 (F)
4reverse—biases thyristor I. The reverse voltage across thyristor 1
persists until t4 whenlthe load current has linearly discharged C,
and Vg =Vsg, afterlwhichlc recharges with its lower plate negative
until its voltage reaches V5, whereupon Dg conducts and freewheels
the load current. The waveforms illustrating the above description
‘are given in Fig.Z-4., in which the resonant current I has a |
raised zero at the level I,, and the capacitor voltaze has a

raised zero at +Vs (3).

There are very many other commutation circuits, for

further details, one should refer references J5,+,0,¥%,1U,
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£-5. DC WMACHINAE DYNAMICS

£-3-1, DINAMIC BQUATIONS

The electromechanical coupling terms are the magnetic
torque T, and the Zenerated voltage s, for a dc machine are:

T:Ka,@d.ia - ‘2‘5)

ea:'Ka‘,Qd.LUm \(6.‘#)

where Kz-P.Za , which is a constant fixed by the design
e wWa . _

of the winding, and the symbols are defined as:

§4 : direct axis air gap flux per pole
P : number of poles

total aumber of conductors in the armature winding

23}
.

®

aumber of parallel paths throuh the winding

ia : the current in the external armature circuit

i

mecnanical speed

These equations together with the differential equation of

motion of the mechanical systam, thne volt-ampers z3u2tioans for

C

tn2 arnmature and field circuits, and the megnetization curve

describe the gystem performance.

Consider first the ideal machins shown in Fig.S-3. ,
with one field winding and negl.z.ble maznetic saturation. The
direct~-axis air-gap flux @d is then linearly proportional to the
field current i,, 2nd eguations 2.5 and Z£.% can be expressed as:

Takpolp. 1y : (£.9)



€= Kp . g, W ' \£.0)
where k;.is a constant. With the brushes i1n the quadrature axis
the mutual inductance between the field and armature circuits
is zero, Just as it would be for two coils whose axes are per-
pendicular. The voltage equation for the field circuit then is

Vp= L - pig+Re-ig \£.7)
where %;,if,R# and Lg are the terminal volfage, current, resistance,
and self-inductance of the field cuircuit, respectively, and p 1s the
derivative operator d/dt. For motor, reference direct;ons\are

indicated in Fiz.2-5. The voltaze equation for the armature circuit

Fig.z-3 Scheumatic representation of a dc machine

is Vio = en+ch. PlgtRa- iq \&.8)
Vtu‘-" K‘F' l_FL,Um'l' Laql pla'fﬁa iQ ‘ &‘(,.v)

where Vig ? iy Ky, and Laq are the terminal voltase, current,




- resistance and self inductance of ths armature circuit, res-
pectivel&. The subscript o} is used with the inductance because
the axis 6f the armature mmf is along the.quadrature-axis. The
inductance qu includes,ﬁhe effect of any quadrature-axis stator
windiags 1in series with the armature, such as interpoles and
pole~face compensating windings used on large machines to improve
commutaﬁidn. For a motor the dynamic equation for ths mechanical
system is |

| Tekg -ip 127 pugh Ty | S (2.10)
where J 1s the momsnt of inertia and T, is the mechanical load

torque opposing rotation.

Energy storage 1is assocliated with the magnetic fislds
produced by the flield and armatﬁre currents and with the kinetic
enerzy of the rotating parts. The state of a pnysical system can
be descriked in terms-of its.stored energy. Accordingly, the field
and armature currents and the speed are state variables. Equations
2.7 through £.10 are first-order differential esquations containiné
oroduct nonlinearities ;gwm and i.Peiq of these'state variables.
These equations together with the Kirchhoff-lgw equations for the
“circuits connected to the field aﬁd-armature terminals and .the
terque-speed characteristics of thé mechanical system connected
to the shaft, determine the system performance. Their application

to specific cases will be described in the following ssction.
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£2-3-%, TRANSFER FUNCTIONS AND BLOCK‘DIAGAAMS oF UG MACHIEES

The most difficult obétacle to overcome uin analysis of
dc mzchines 18 the inclusion of magnet.c saturat.on. Linear analyses
omitting saturation serve two useful purposes, however. First, by
virtues of the relatively simple linear differential equations
wnich may then be written, a fuller aporeciatioa of other factors
affscting transient performance is made possible, and an aplroximats
picture of thé events is Zained. Second, for those system problems
involving complex combinations of machines and other eguipment,
dynamic system studies are made possible which otherwise would be

practically prohibitive without resort tc a computer,

(a) DC generators. Linear analysis
Consider the generator of Fizg.2-o, and assume that
operation is restricted to linear portion of the magnetization

curve of Fig.&£=-7.

Fiz.2-9, Schematic representation of a dc zenerator



- | '-vlb"‘

ad

Fig.2-7. Hagnetization curve

lhe inductznce of the fieldrwindiﬁg then 1is constant, and the
voltase equation for the figld circuit is

Vp = R{;-i? + Lgp - oig =R€(l+?:fp)if (2.11)
wnere TF=:Lff/R¥ is the(time constant of the field circuit., At
magnetlization-curve speed mmo and with bperat;on restricted to.
the linear ranzse, the armature eamf eqgg is

o0 =fg 1 | (£.12)
where ﬂg 18 tne slope of the airQSap line at sosed Wy,

Rearransen

(0]

nt of 2g. %.1l1, in state-variable form zives

plg= VT@”F /E(G—i{_) (.13)
The block diagram with the integrator 1/p in the forward path

is shown in Fig. £-8. rultiplication of the output if by Kg thén
zives the zeneratel emf €qo 2t maznetizat.on-curve speed. Since
generated emf is proportional to sbeed, the enmf ey at . any

other speed wy is
€a = €qp Wm/Wmne \e.1%)

as shown by the mult.olier in the output of rig. z-o, tue
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corresovonding thansfer function in complex variables is obtained

by replaéing the derivative operator p in Eg. &£.11 by the complex

frequency s. The variables anxs) and V§\s) then are the complex

Fig.z-8. Block dlagram of Eg., £.13

amplitudes of the corresponding time variables, and the sguations

become algebraic egquations in s; thus -

Eao(s)_ Kz If::Ki/Rf' \  (&2.193)
V{ \S) Ve l-T‘%S .

as shown in Figz.2-9

v3
(&3
4]

o)
a3
Q

The

and

'\:2:\8)’ Kz/RE an\s);
1-Te s

Fiz.z-». Block diagram of Bg. .10

armature current i, 1is determined by the generated emf eq
the electrical circulits connected to the armature terminales.
masnetic torque T is then determined by the direct-axis flux

armature curreats, as in Zg. £.J.



(b) Separately excited dc motors

| Directucurreﬁt motors are often used in applications
reguiring precise control of speed and torgque output over a.wide
range. One of the common ways of control is the use of separately
excited motor with constant field excitaticn. The speed is control-
led by wvariation of voltage applied to the armature terminals.
The analysis then involves the electrical transients in the
armature circuit and the dynamics of the mechanicsl load driven

by the motor.

A separately excited motor is shown in Fig. £-10. The

mlectrical

source

Fizg. £~10., Schematic diasgram of a separately excited

de motor

source may be either a solid-state controller, or a conveantional
resistance coatrol. &t constant motor fisld current If the maz-

‘netic torque and zenerated emf are




T= K¢+ig (newton-meters) ' o (2.106)

where K¢= ke.Iy 1is a constant. In terms of the magnetization
curve

K = eap /Wig | . (£.18)
Wwith ey the generated emf corresponding to the fisld current
If at the speed Wy, rad/sec; In mks units the constant K¢ in
newton-meters per ampere (Eg.2.16) equals the constant K¢ in
in volt-seconds per radian (Eg.2.17). The response of the motor
to chanzes in source voltaze and the effects of the load torgue

Wwill now be investiggtad.

From Eq.2.8, after rearrangement of the terms and
division by Ry, the differentizl eguation for the armature current
iy 1is ; ,

La .pig=Tgepigs _Vs-8q -~ iq (Z.19)

Ra Ra :

where ¥, 1s the source voltage, ey is the back emf (Egq.2.17),

Rq ,and@ Lg include the series resistance and inductance of the
souce and armaturs circuit, and Ty = Lg/Ry 1s the electrical time

constant of the armature circuit. The maznetic torgus T 1is ziven

by Eg.2.10  and from Eg.£.10 the scceleration is

por= T - Th _Kp ia - L (£.20)
Nj bj 3 Bj

where J is the moment of inertia including that of the load, .

and 1 1s the load torgque opposing rotation.

The block diszram representing Egs.&2.16, £.20 is shown



in Fig.%-11-a in terms of the state variables 1, and Wy with
Vs and T /J as inputs. Division of the input vs by X¢ and com-
bination of constants in the forward path yields the simpler

form shown in Fiz.&-1l-b where
T, - JR% ; } (£.81)
is the 'inertia time constant'. Physically interpreted, Vs /Kg

is the steady-state no load speed corresponéing tc a constant

dec inout voltage V4. .

1/R, > N 1/t oL l/pid K¢/J
K¢
(a)
11/ 1/3 1/7,,
(b)

Flz.2-11. Block diagrams of Egs. 2.16 to £.20 for a separately

excited dc motor

In general the load torgue is a function of speed. It

is sometimes assumed that the load torque 1is oronortional to the
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speed ; thus

Ty = Bwy or TL/d= Bwy/J (2.28)
where B 1s the slope of theﬁiorque-speed curve at the operating
point and may be assumed to be constant for small chanzes. lne
parameters J/B is the 'load time constant TL' describing the
rate at which the motor coasts when its armature circult 1s open,
and B/J is the corresponding damping factor., It varies over a
wide range.from no load to full load but its effect usually is
not very important with integral-horsepower motors. The effect
of the load damping is shown in Fig.£-11l-b by the feed back 1/J

around .the second integrator.

The block dliagram in terms of complex frequency s is
shown 1n Fiz.z-1%, wherenow.ﬂm,vg and Tp are the complex amnli-
tudes of the corresponding time variables. The functional notation
'of 8' will be omitted for the sake of simplicity with the under-

stanaing that capital letters such as.Qm and Vg are'complex

amplitudes.

Vs /K¢ 1/7m o Vs/Ké ~ | 1/zn Om
+\&/ 1 (Ta-1)1s-B/J) ) Tq8-1
(2) | (b)

Fig.2-1%. Block diagrams of separately excited dc motor

in terms of complex variables



The first integrator in‘Fig.2-ll-b‘becomes the algebraic term
l/CIqs+1)'in Fig.2-12. The second integrator in Fig.Z-11l-b with
damping B/J becomes the algebrdic term 1/(S+B/J) in Fig.g-1l&-a.
The block dlagram with mechanical damping neglected and T
assumed tc be independent variable is shown in Fig.z-lz—b.‘The
transfer function relating speed to input voltage, found'by

elimination of the nezgative feedback in Fig.&-1lk-a, is

Ng 1 | \£.23)
VS/K¢- Tm(qu+l)(s+B/J)fl

With mechanical damping neglected

Lln 1 (2.24)
Vg /g Tps(lgtl)+l

and the transfer function relating speed to load torque'then is

Np _ -&52 1 (£.29)
T, K¢ Tns(Tystl)+l

An analog electrical circuit is shown in Fig.2-13 in
which the inertia is represented by an equivalent capacitance
Ceq and the damping by a shunt conductance Geq- The tbrque equ-
ation for the mechanical system can be expressed as

T=Kprig=J- pwy+Bwy , (£.20)

Division by K¢ and substitution of wm=ea/K¢ in the result zives

i - J. _dea_  + _B_ .eq ‘ (£-27)
ST Ké¢ Tat Kg<

which is identical to the node equation for the Ceq &eq circuit
provided that

Ceq = J/Ke® and dg, = B/Kg” (2-58)
In terms of the analog circuit the time constants Tm and 7 are

Tm;-‘- Ra Ceq “and . T{_:Ceq/’}e’q {e-2v)



Lea  Rq
——OOI—WWWN
1o +

¥ <%
Vs C) €a —— Ceq %Geq

Fiz,2-15. Electrical circuit equivalent of separately

excited dq machine

The natural frequencies s of the system are given by
the poles of the transfer function, Eg.2.23, or the roots of the

equation, _
(8+1/74 ) (84B/J)+1/T T = © \£.30)

324t1/ia+B/J)s+1/ma(1/%m+B/J)= 0 (£.31)

| Comparison with the standard form for a second-order eguation,

32+2Ws+wnz= 0

shows that the undamped natural frequency Yn is
wn=\tl/'£u(l/"tm+5/~1) ' | (&.32)

and the damping factor® is

X=1/2(1/T4+B/J) (2.33)
The relative damping factor or damping ratio F 1is, .

T:og/wn , ' . (oedd)
The roots are ziven by the well—kqown solut;on,

81,8 = -TwarW, \EE::—'{wn;jwﬂ \’l-“{z (&430)
where the first form,‘T)l, gives two exponential terms'w1£n
nezative real exponents, and the second form }(l, zives 2 &amped

gsinusoid. The mechanical load usually has only a emall effect on



w,,and ® , although of course it does affect the steady-state
speed. If B/J is neglected ’
W, = Q1/Tazm . o (2.30)

X=1/2T, ' \2.37)

T=1/2\1, /1, ' (2.30)
me =Q .

It should be noted that for transient-cond1t¢ons and
especially for large accelerations, T, ismuch larger than TL,
therefore TLcan-be neglectsd. This means that in the model of
senarately excited dc motor, Geq can be considered as zero,

greatly simplifying the model,



CHAPTER 3

SENERAL TEUHNIQUES OF _SIMULAT ION

3-1., INTRODUCTION

As was stated in Chapter 1, it is important 1o be able
to predict the performance of a thyristor installation so that
an optimum and efficient design can be made. The prediction can

be made by a simulation of which there are two tiypes.

. 3-<. ANALOGUE SIMULATION

In this type of simulation, the physical equat.cns of
the installation are represented by electronic circuitry. The
varliables of the physical system are represented b& some other
variables, (for example voltagé), that can be controlled. Thus
the simulation is oﬁtained by manipulating the represeatative
variable in accordance with thé eguations of the system. For
example the equations from 2.10 tq 2.20 whnich describes the beha-
viour of a senarately excited dc motor is simulated in Fiz.z-11l-a
in terms of the state variables iy and wg with vg and Ty /J as
inputs. The common components for an analogue simulation are
summer, integrator, inverter, constant multiplier and varisbls
multiplier, which are readily available in the form of electronic.

intezrated circuits.
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Analogue simulations have the great advantage in that
the simulation gives a physical 'feel' to the problem (i.e. the
problems are solved in real tidé). In our example of the simula-
tion of separately excited dc motor (in Fig.Z-11l-a), by putting
a voltmeter in the output circuit one can actually see how the
output (mechanical speed wp, OP armature current i,) behaves for '
any ihput(s)'(vs and 1. /J). The accuracy of the simulation is
limitﬁed by the accuracy with wnich you can measure the repre-

sentative varliable.

However, digital simulations, where the physicéi
eguations of the installation are solved numerically, are much
more flexible, in that more complex equations can be solved
" without the corresponding increase in the complexity of the
- slmulation. The accuracy of the simulation is governed only by
- the accuracy of the particular numerical method being used, and
the accuracy to which one wants to obtain the solution, and of
course the assumptions made in the for@ulatlﬁg the equations.
Because a zreat ceal of 'number crunching' is involved in digibal
simulations, an invaluable tool to use is a digital computer.
With the zrowing popularity of the digital computer duringz the
past ten years, the digzital slmulétion has also become more
popular. But digital simulations do not have the physical 'feel’

of working with real time as analogue simulations have.

The aim of this thesls l1ls the simulation of separately

excited chopper controlled dc machine. Although, one can do this
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by analogue simulation, 1if the outpﬁt waveform of the choopper
can be Zenerated and be fed into the input of Fig.z-1l-a, the
mechanical speed Wq and thevarm;ture current 1, can easily bve
obtained as outputs, but the variagbles in the chopper, which
are much more interestingzg, can not be accessed. Therefore the
system has to be sgimulated as a whole, which is possible only

by dizital simulation.
3-3. DIGITAL SIMULATION

3-3-1. GENERAL

Since the late 1lwd0's, the state variable approach has
'also become popular for analyzing large-scale electronic cuircuits
with the 2id of a digital‘computer. In the state variable aoproach,
a linear time invariant neywork is characterized by two equations

of the following forums:

X = Ax+Bu \S3.1)
and y= QE*EE*(QSB*-'-') \5.8)
where '
u: mxl vector represen£1n5 the m ;nputs \inéependent
sources) |
y: ox1l vector representing the p outputs (voltazes
and/or currents of interest)
x: nxl vector consisting of a set of n indenendent

guxiliary variables

4,B,C,D,Dg: constant, real matrices of appropriate
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dimens ions; ﬁote that A is always square

matrix of order n
The first equation, Eg.3.1l, is a set of n first-order ﬁifferential
equations (coupled in general), usually refered to as the 'state
equation' in normal form. The set of auxiliary variables x;, Xa,
X3yeeesse.X, are called state variables, and g::(x,,xz,...,xn)t
is called the state vector. To find the tlme-domain response we
may apply any of the solution techniques . After ﬁ(t) is found

from Eq.3-1, it is a trival matter to obtain y(t) from Eq.3-Z.

Any lumped network obeys three basic laws: Kirchhoff's
voltage law, Kirchhoff s current law, and elements law (branch
characterlatics). if, from these three tJDSS of constraints,

'we can succed in reducing the equat;ons to & system of 11nearlj
independent first-order equatlons " _ |

a_':_ £(x, t) SRR [], S (3.3)
where x is th° set of n indenendent, aux1liary variables, we say
that the normaleform squatione for the network exists. In this

case, the entries x4,%X,,X3,.9.,X, are called the state vapiablés

and n is defined to be the order of complexity of the network.

It is known in elementry differential equations that
the most 5eneral'solution of Eq.ﬁ.l must contain n arbitrary
constants, to be determined by n initlial conditions. Usually,
but not always, these n initial conditions are the values of
Xq3Xqsees,Xx, at t=0. Then the order of complexity n of a networxk

is equal to the number of independent initial conditions that
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can be, must be specified in termé'of electrical variables in
order to have the complete solution of x(t), and hence y{t).
The computer formulation of state/equations for RLCM networks

and for linear active networks are given in reference 7.

Given a dynamic linear nétwork characterized‘by;Eq.ﬁ.l
and3.2, the initial state x(ty) and the input u(t) for t2t,, we
wish to find the output y(t) for t2ty,. Since the solution is tov
be obtained with digital techniques, both x(t) and X(t) will be
determined only for some discrete valﬁés of t, for example,

| t:to,}t5+T, to+2T, ...
where T is theu¢hoseﬁ 'time step'._The inpu§ u(t) may be expréssed
expiicitly as functions of tAor'may be available only in the form

 ~of sampie data.l
3-3-2_SQLU$IQNSuOF THE~$TA$E:EQUAIIONS‘V

(1) Analitical solution:

The ‘most general solution of gquation 3.1 18 (7)

x(t)= eé-'(‘-jt e*éz,gg(T) gz - oflt-to) x{to) (3.4)
- I o .
and putting Eq.3.4 in Eq3g2, we'qbtéinv

yit)= ¢ 2 t0) y(40) 4 [Qeép [t e yit) at +
St | T LE £ = =

e

(1
P
cr

)+ 21 g(t‘) +’oooc (3.3)
The first term in Eq.3.3 is the 'natural response' or 'zero-input
response', the second term is the 'forced responce' or 'zero-state

responce’'.

~



(11) Dizital solution:

Although Eq 3.4 is thé exact solution of E£q 3.1, it is
not in a form suitable for digital processing. With a digital
computer, we can only calculate x(t) for some discrete values of
t. Usually, we calculate x(t) for t=kT, where k is an integer and
T is a2 suitably chosen time interval. Since the input gkkT) is
assumed to be'known for all k, what we need 1s an equation
relaﬁing 5[}k+l)T] to uikT) and x\kT). Such an equation is a
speclial case for g difference equation. Onée ﬁhe difference equa-
tion is obtained, x(kT) may bé calculated successively for all k.

in Eqg 3.4, let t,=kT and t:(k+l)T, we have

L AT avksl)T ASDT _ay
X Bk+l)T]= e=" x\kT) + e Jf_ e = 3 ult) dr
. KT
\ , 13.0)
If Ekt) ls apporoximeted to piecewlise constant curve, such that

uit)=uikT) for =~ kT€t<{k+1)T k=0,1,2,...

t _ -
anéd as, Jﬁ eéTdT::g 1 (eéﬁ—l)=(eét-1) A 1 where detafu
o = =
VE4L)T iy (R+1)T _
e"2'B w\T) ar= f o &l ar B u\xl)
xT : kT -
- (k+1)T 1
‘=[‘e . ]l{T & 7 2 ulkT)
2[_e—ékk+l)T + e-ékT] a™L B ouat)
Therefore, kg 3.0 becomes
_)g[\’k{-l)T]: <—:-';r'I _75\1{’1‘) + [eé‘r- l] ij._:l B ulkl) (3.7)

which is the desired difference equation.
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The algorithms for formulating the equations of motion
of larze class of dynamic nonlinear networks into the 'normal
form' of EqQ.3.3 are availabie in reference 7. Generally, an
analitical solution does not exist for Eg.3.3 but there are many
numerical algorithms, which are baseéd on twq approaches: the taylor
series expansion approach and the polynomial approximation asproach.
Algorithms based on the Taylor series expansion aobroach are
usually called nunge-Kutta algorithms. Those based on the polyno-
mial approximation apporoach are usually called numerical intezra-
tion alzorithms. ainy book on numerical analysis will zive expla-

nations and examples of these and many other methods.

S-4, THE DIGITAL SIMULATION OF ELECTRICAL MACHINES

#iany methods of digital simulation are being developed
at the moment for appllication to electrical machines. In ouf case,
the dc machines are easily modelled, as in section 2—5;2, by linear
lumoed circuit, which is a llnear circult by itself; but the diffi-
culty has been found in the represcentation of switching of
thyristdrs, which makes the control circuitry both nonlinear and
- time varying. However, the mnonlineariry is not so strong, it can
gasily be linearized and time variation can be controlled. In
most of the methods the thyristors are eithsr represented by
verfect switches or plecewise 1inearvmodels. Therefore, the circu.t,
which is linearized can be modelled by Eg.3.1 andig.3.= for sach
mode of operation, and the solution can be obtained by Bgq.3.x or

'Eg.3.7; havinz obtained -a solution from one mode, and calculating
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the final values {(to become the initial values for the next mnode
of operation). Obviousely, depending 6n the number of dliodes and
thyristors and the compnlexity of their models, the number ¢f modes
increase. Bul, these methods loo; as if it would reqguire a great
amount of computer time to solve a specific complicated ansl.tical
.equatlon for each mode of‘operation, and there may be many modes
of operation in each cycle of operation. For example #Hellit and
Rasnid (1) tackled the problem by breaking down the circuit operation
into édifferent ‘modes, and the procedure asbove was followed. Ilneir
method also treats phe thyristors as perfect switches and it ignores

the parts of the circuit that plays a minor role (like snubber

circuits) in the circu.ts operation.

In this thesis, a novel approach for the simulation
Qf the chooper-fed dc machine is used. Instead of general technicue
of combining the Kichﬁoff's voltage, current and branch character-
istic equations, which would end up with Eq.3.3 ; the branch
currents are evaluated in terms of ﬁode voltages by applying
voltagevand current equations, énd immed iately converted to
algebraic equations by trapozo1dal formula. Later on the nonlinear-
ities are considered, and thyristor and diodes are linearized by
piecewise linear modéls. In this way, breaking down tne circuit
overation into different modes, which couses laborious analytical
maniplation or requires long computer time, is avoided. In thuis
method , it is a trival exercise to write down the complete set
of eguations fof any network, Jjust observingzg the tovology of the

circuit, as it will be explained in the next section.



3~3., THE SENRRAL FORNMULATION OF CIRCUIT EQUATIUNS

To formulate the equations of the circuit, firetly tne
expresslions descrioing the behﬁg;our of the circuit elsments are
obtained by trzpozoidel rule, wnich enableg the calculativn of tne
new value of a variable (for example, yoltage or current).from the
anowledae of the previous value of the variable. Secondly, branch

.

currents are obtained in terms of node voltazes, and Kircnhoff's
current law equations and input current ecguation(s) are obtained.
In order to be able to combine Kirchhoff's current equations and

innut current eguationis), imaginary currents are injectcd to every

node, for convenience.

To»find the voltaxge current expressions{ar‘resistors,
capacitors and inductors, it will be assumed, for any tuime varying
function of voltage acrossan element, there 1s a corresgondinzg time
varyinz functlion of current throu:zh the\element as shown uin Fig.zj,
et Vn~l and in-l be the values of voltage (across the element)
and current (through the element) before the time lncrement h,

and V, and in be the values of voltage (across the element) and

AVoltaze Y & Current
Yy
Vo :
{
i ]
} 1
/ [ 1 /
1A i
1 A )
! . < /
{ : Ay
| ; 7 '
[} ]
/ i ! time ;b ! time
o }i— h —51“” - tm)l(. W '"}4tﬂ

Fiz.5-1 (2) Voltaze versus time {b) Current versue time, curves
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current {(throuzh the element) after the increment of tivne. Also

tn-1 and t, are the times bhefore and after the time increment.
er a resistor:

i{a) Consid

4]

In zeneral i=V/R

AU the n-th iteration
R s -
.L.n-vn/h (é.b)

(t) Consider an inductor:

At the n-th iteration
’ » th
1n=1/Li£ V dt

E tn
th-1

t
[ *n . . .
j V dt 1s the area A in Fig.d-1-a, and can be approximated
th-1 \
to (V, + Vh-o1) h/2 |, therefore,
in=j‘!'l"‘l % h/E:\-‘ \\[n‘%'vn—l) (S.v)
(c) Conslider a capacitor:
X
In zeneral V=1/C[ 1 4t
’ -
At the n-th iterition
th
Vv =1/C f idt
n
A

=1/C f Tiat e v,

N Yoo
n . C = <
3imilarly j i ét is the area B in Fig.3-1-%, and can be
th-1 , '
nonroximated to (i in~1) h/e

Vo -Vpo1™h/2C (g + ip.1)

1,7 -1, 9 % 20/ (Vp-V,_ 1) (3.10)
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The Eg.5.8& gives the value of resistive branch current in terms

of the node voltazes where resistance K 1s not necessarily a
constant, it may be voltasge or current dependeni, as in the models
of thyristors and diodes. Un the other hand Eg.'s 3.9 and 3.1V
enable us to cslculate the new value of a dynamic branch currents
from knowledze of the node voltages and previous value of current.
So, differential equat.ons for dynamic branches are converted to
glgebralic relaiions, at the very begining. The next step will be
to obtain Kirchhoff's current law equations and input current’

equationis), which can be best illustrated with reference to a

simnle RLC circuit.

Consider the circuit in Fig.5-2 and label junct.ons
betwesen the elements, and inject imaginary currents (io, 1y i)

at each junction.

1q

/ic
ic

<

Fig,3-¢ A simple RLC circuit
From Eg.'s 3.8, 3.v, ané 35.10, at the n-th iteration
iFm: 1/8(V1n-V2n) (Jd.11)

iin= “Lo-1 4 h/’;iL[(VQn—VSn)+\V2n—l—vén-l)] L 3.1%)

ne -len-1 + 20/h (V3n-Van-1) (5.13)
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The imazinary injected currents, where i, is the input current
equation and iy, i, are the Kirchhoff's current equations, can
be formed from the above (Eg.'s 3.11, 3.12, 3.13) branch currents
as follows :
ta = R =1/8(Vin-Ven) (3.1%)
ip=ln-tR= fLn-1 + n/sl [(VZn— V-Sn)+(v2n—l—v5n-l)} -
1/ (Vin-Ven) (3.10)
lo— fo-tn = - fen-1420/n( Van- Van-1) - Ln-1-
'h/za.Bvan-Vsn)HVzn-l-VBn-lﬂ \$.10)
Then, re-arranging the equations, the following matrices can

be set up.

iq 0 /R ;-1R O Via

iy |=] tn-1 + —1/REh/2L+1/R é—h/ZL Ven

te | |-ton-1-tn-1 0 i -n/sL  |n/&iteC/h Vin
0 0 : 0 Vin-1
o gh/zL i -n/% {Van-1] . (3.17)
o i-n/tl in/en-zo/m | | Van-1

which 1s of the form

[Ln] = [Ln-l] + (4] [Vn] + [B'] [\’n-l] (5.10)
The elements of the matrix [Ln-l] are known as the'currector
currents'. We inow that all the elements of the matrix {Ld are
zero except for iy (the input current). So we can partition the

matrices of Eq.3.17 as shown, so that these known zero currents
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(Kirchhoff's current equations) will yield a a solution for the

Junction voltazes at the n-th iteration.

ta o IR |-1R O Vln]

‘% ten-1 -1/R |1/R-b/2i | -h/el | Ven

te ] |ica-1-fLn-1 o | -n/cL | n/el-si/n Vsn
0 71 [Vin-1

o 1 0

+ 10 h/%k

-n/sL Venaa C\3.1v)

oememnaancaliona

0 |-n/gL i nh/el-sc/k| | Ven-1

Naming these submatrices

Lan tan-1 Ana | As i
=1, 4+ |- R VIl e [ (3.50)
ton ton-1 Apa ! :

Multiplying out these matrices

[‘-pn] = [Z-pn-l]f [_?s.pa] [Van l+-[App] [vpn] +[Bpa] [van—l] +[Bpp] [Vpn—l]= O

Re-arranzing |

[vpn]:: - [App] -1 [[‘.pn—l]w [A;Ja] {Van] 4 [B pa] [Van— 1] + [Bpp] [V_an—lﬁ
\3.e1)

Thus the new values of node voltazes can be calculated from

krowledze of the orevious values and matrices. The lnput currentys)

can ve found from the equation.

[Yon-1]

Seci)

[iao)=[lan-i] e fiad] Dorls fros] onlfoas] [Van-a]s ac)
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Although, there 18 quite a lot of manigulation involved in the
derivation of these matrices, especially for a more complex network,
the Bq.5.16 can be written down by- inspection of the circuit, the

rules being:

The value of an element of the A matrix on the princlpal

[
|

¢lagonal (A;;)is the sum of the admittances connected to
that Junction.

£- The value of an off diagonal element (Ajk) of the A matrix,
is the nezated sum of the admittances connected between
Junctions } anéd k.

3- The value of the elements of the B matrix are the samé as
the A matrix, but the resistance terms are zerc and the

~capaclitance terms are nesgated.

4- The admittance of an induct5r is h/zlL, the admittance of a
capacitor is £C/h, and conductance of A resistor is 1/R,
where h is the time increment.

Also, 1t should be noted that A and b matrices are
symmetrical.,

5- In general, the currector currents Fn—l] are found by forming

Fiz.3-3. A general node with injectcd current i .
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the injected currents from the branch currents. The resistive
current contributes zcro to the corrector current, the inductive

current contributes it's previous value to the corrector current,

and capaclitive current contributes it's previous value negated

to the corrector current. For example, if we consider .a node
as shown in Fig.J5-3, the node equation wiil be : 1=1iyq~i q=-ig-i¢

end the value of the corrector current is tLla-1) - LLZa-1) ¢ “Ca-1)

Generally the‘following conventions are used:

a) The junqtion(s) with the_non-zero‘current shall bg labelled
with"A‘.juﬁction, the other 3unctions shall be numbered
from '1'. |

t) The flow of pdsit;ve current 1s defined by directions on

the circuit diagram.



CHAPTER 4

THE SIMULATION

4-1, THe CIRCUILT

The aim of this thesis is the simulation of ssparately

excited chopper controlled dc machine. The circuit and all the

A |
SUPPLY
VOLLAJE

DC
HACHINE

CS1 R31

G

RSZ Csge

Fig.2-1. The armature circuit digzram of separately excited

chopper controlled dc machine
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element values are as used in an actual chopper circuit feeding
2 10 hp dc¢ machine. Thes machine has a separately excited field.
winding, and thé chopper is a switched capacitor type circuit,
which 1is developed from the circuit explained in section &-&.
The simulation includes the thyristér commutation circuit, and
all the suppressor elements to limit excessive rates of charzes
of voltaze and current. As the machine has a separately excited
field winding, it gives a field of conétant flux; therefore the
field circuit is ignored as long as constant K¢ is cons.dered,
and thé armature circuit which will be simulated is shown on .
Figz.4-1. Also the firing logic circuitry is taken into account
by‘the logical statements of the program, so it can be lznored
in the armature circuit.AThe insertia constant J1 takes into
account the load inertia as well as the machine inertia. Tl and
TZ are the main and auxiliary thyristors, respectively, and Df
is the freewhee11ng diode. Elements with the suffix 'C', 's',
and 'ﬁ' are the elements of the commutation, suppréssor and the
representation of the dc machine, respectively. The inductor LS
is for ths suppression‘of excessive rate of change of current
throuzh the freewheeling diode Lf.

4-2.THE CIRCULT OPERATION

Initially, the commutation capacitance Cc should bs
setted to supply voltage negatlive at the ground end, which can
easily be done by firing Ts. Firing Tl initiates the on period,

and firinz Tt terminates the on period. When the main thyristor



T1 is fired, the supply voltage appears across the armature
terminals and secondly, as the lodp Cc, Lc, Dc, and T1 is clcesed,
a half pericd sinusoidsl osclillation occurs betWéen the elements
Ce and Lec, which reverses the voltagé across the commutation
capacitance Cc (positive at the ground end). This polarity of
charge on Cc is essential to turn off the main thyristor T1l.
dhen the auxiliary thyristor TZ is fired, the commutation Capa—
citance Cc takes over the armature current through the auxiliary
thyristor Tz, and also a negative voltage appears across the
main thyristor Tl; to be able to turn off T1l, the voltaze acroses
Cc should stay negative at least for a time greater than the
turn-off time of the main thyristor Tl, as explained ;n section
£~%2, even for the maximum valueof srwmature current. Then Cc
charses up-to the supply‘voltage value {(negative at the zround
end), the current through the Cc, TZ path drops to zero, so TZ
turns off too. Dufing rest of the off period both Tl and Tz are
non-conducting. When we Tire the main thyristor Tl again, next
cjcle begins; with the application of supply voltage to the
armgture terminals, and closing the loop Cc,lec, Dc and Tl, which
reverses the voltage across the commutation.capacitande Cc ( as
explained above). Obviously, the freewheeling diode Df takes
over the armature current for the time when armature voltage
tenés to negative values . The rest of the details will be

discussed in Chapter 5 together with the results and zraphs.



4-3, REPRESENTAT ION OF THE DIODES ARD THYRISTOXS IN THE SIMULAL ION

£-5-1. MODELLiNG OF DIODES AND THYRISTORS

Both the diodes and thyristors are represented by
piecewise-linear models, as shown in Fig.4-%Z. When the diocde

14 :

constant voltage
drop

if thyristor is
i pot trigcered
i

i T e e
L)

1.0 v

ROFF=10% ohms RON=0.1 ohms

Fig.4-2., Simplified diode and thyristor characteristics in

the v-1i plane (piecewise-linear model)

\or thyristor) is in the conducting state, it is replaéed by a
low value resistance (0.1 ohms), provided the voltaze across it
is below one volt. If the voltaze across the element reaches
£he_value onebvolt, it is replaced by 2a resistanée of a value
1.0/1 ohms (Ry=v/1, where v is one volt), and when the diode
{(or thyristor) is in the non-conducting state, it is replaced
by a high value resisténce (10 Kilo ohms). It is guite realistic,
as a v/1C mA leskage current flow§  through the diode (or

thyristor) in non-conducting state.



4-3-2., DETERMINATION OF THE CONDUCTION STATES

OF THE DIODES AND THYRISTCRS

{a) The diode.

The following flow diagram is derived from the lozic

conditions for diode conduction.

Yes Is the diode conducting?
i.e. Forward current)>0.03 Amps
Y No-
Yes Is there a forward blas across
= the diode? '
V No
Is IxRCHD1.0O Yog
{Forward current times L
the conducting state R)
% No
Diode is conducting Diode is conducting Diode is not conduct-
i.e. R3d=RON li.e. Rd=1.0/1 inz 1.e., RE=RUFF
The sutroutine was called 'DTEST' and was as follows:

SUBRCUT INE DTEST (V, I, R,
V IS THE VOLTAZE ACROSS THE DICDE
I IS THE FOXRWARD CUKRENT THROUGH THE DIODE
R I5 THE RESISTANCE OF THE DIODE
"ROFF 1S THE KESISTANCE OF THAE DIODE IN THE NON-COADUCTING STATE
RON IS THE RESISTANCE OF THE DIODE IN THE COADUCTING STals

Qoo

KzAL 1

IF (1.3T.0,05) 30 TO 10

IF (V.3T.0.0) 30 TO 10

R=RCOFF
GO TO 20
10 R=RON

KOFF, RON)

IF ({(I=RON).3T.1.0) R=1.0/1

20 RETURN
END



{b) The thyristor.

A very simple logic is used to determine the thyristors'

trizgering mods, which is summarized as follows:

Consider the first cycle of overation in Figz.4-3,
where V4 is the supply voltage,l 1s the periodic time and ty
is the main thyristor's on time, which is egqual to periocdic

time times the time ratio.

Armature
voltage
Va

0 ty Ty : time
Fig.4-3 Armature voltaze versus time

If at time t

(1) O£ty there is a trigzer pulse present on the main
thyristor.
there is not a trigger pulse present on the

auxiliary thyristor.

(11) t1<egty there is not a trigger pulse present on the
main thyristor.
there is a trigzer pulse present on the

auxiliary thyristor.
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The flow diagram in the zeneral case 1s

]

Yes )
G Is timeyPeriodic time?
YNo
§
Reget Counter
li.e. tt=tt-Periodic Time
Yes
: ¥
Is counter tt<ty
Yes .
No -
: ¥
Main thyristor has a trigger| |Main thyristor has not a trigger
pulse T1TRIG=TRIGG(1) pulee TI1TRIG=TRIGG(%)
Auxiliéry thyristor has not Auxliliary thyristor has a
a trigger pulse ' |trigger pulse
TRIRIG=TRIGG(2) TETRIG=TRIGE(1)

This flow diazram was programmed as

IF(TT.3T.PT) TT=TT-PT
IF(TT.LT.(PTxTR)) GO TO 10
T1TRIG=TRIGG (%)
T2TRIG=TRIGG(1)
GO TO 20 :

10 T1TRIG=TRIGG(1)
T2TRIG=TRIGG(Z)

20 CONTINUE
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The following flow diagram 1is obtained from the logic conditions

of the thyristor.

Yes Is the thyristor conducting «
Current>Latching value (0.05)

YNO

13 there o forward bias across it.

Y
S3 AND is there a trigger pulse
present ¢
YNo
Is IxRONDL.O
\Forward current Yes
times the conducting
state resistance)
%No

The thyristor is The thyristor is The thyristor is
conducting and conducting and - non-conducting and
KT=RON RT=1.0/1 RT=ROFF

This was orogrammed as a subroutine called SCRTES, which was

SUBROUT INE SCRTES (V,I,T,TAlGa,R,ROFF,RON)
V IS THE VOLTA3E ACKOSS THE THYRISTOR
I IS THE CURRENT THROU3IH THE THYhISTOR
'RIGE IS AN ARRAY OF TWO ELEMEANTS .
TRIGG(1)=1.0 AND REPRESENTS A TRIGGER PULSE BEIKG PRISENT
TRIGE(Z)=0.,0 AND REPRESENTS & TRIGGER PULSE BEING ABSEZAT
T I3 THE STATE OF THE THIGIER SIGNAL (EITHER 1.0 OK 0.0)
K 1S THE RESISTAKCE OF THE THYRISTCR
ROFF IS THE RZSISTANCE OF THE THYRISTOR IN THE NON CONDUCT ING SLATE
RON IS THE RESISTANCE OF THE THYRISTOR IN THE COWDUCTIig -3TATE
 DIMENSION TRIZG(Z)
REAL 1
IF (I.4T.0.05) 30 TO 10
IF ((V.3T.0.0).AND.(T.EQ.TRIGG(1))) 4O TC 10
R=ROFF
30 TO £0 )
10 R=HON s
IF ((I¥HON).dT. 1.0). R=1.0/1
20 RETURN
END

eFoNoYoRoRoRo NGRS



4-4, THE ZIUIVALENT CIRCUILT -

The equivalent circuit diagram, shown in Fig.+-=x is

obtained from Fig.%-1 followinz the steps given below:

(i) The armature of the dc machine is replaced by its model

which is derived in section £-3-£ and on Fig %-13, where Kii

and LM are the armature resistance and inductance, respectively,

and Ci has the value of J1/K¢°; Geq 18 lgnored as the model

is for transient condlitions, where the acceleration is very

géﬁ, . A
A Va ‘ . 'LRM
SUPPLY irs3 LRDF RI
VOLTASE é s
I - 1
33

7 RDF ;  |~—11
Ccs1 l RS1 LM

~{—-wa—

“Cpremesnssier

e
|
ja
w
(9]
—— MM

T 1. .18 w
oM

g Ly I
—— { RS - \LS <
st 1 ' LS l “
5

—— cx
| ®Dp L =T
Rl e -

1 | ;’;""LRTl \xr—LRDb I

lgc RT2‘

<~ 1{gTg

RDC

Ig —ol2 AW

«——LRDC

Rog ©3%

AMA—]

1Rss TvL—icsg
I10

Fig.4-4. The equivalent c¢ircuit diagram of Fig.x-1l.
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hizh, and T is much larger than iu (TL can be ignored).
As the machine is separately excited, it gives a field of
constant flux, therefore the field circuit ls ignored ae
long as constant X4 is conseidered.

(1i) The diodes and the thyristors are replaced ﬁy var.iable
resistances, RT1, RTZ, KDf, RDb, RDec for thyristors T1, T,
and the diodes Df, Db, Dc, and their values are evaluated
by the corresponding subroutines SCRTZS, DTEST, in each step

(after every time lncrement of h).

Additlionally, a branch current 1s assigned to every
branch, generally in the direction of armature curreant {(clock-w.ise
direction), and the injected imaginary currents with a subscript

of its node number to every node.

4-0. FORFULATION OF THRE CIRCUIT EQUATIONS.

As explained in section 3-5, the general circuit egua-
tions are in the form of &g 3.18 and all the rules ziven at the
end cf section 3-5, afe applicaple for the derivation of circuit
eguations of Fig.4-4. However, it should be noted that, the 4
matrix for Fig,4-4 is no more a constant matrix, as it contalns
diode and thyristor resistances, which are re-evaluated. in every
sten. Also the equations to be solved are exactly in the same

form as in the Lq.'s 3.21 and 3.22 .

The A and B matrices are obtained following the rules

1-4 given at the end of section 3-5. For exampls, the entries
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to A(6,6) are the sum of the admittances connected to node ©,
i.e. 1/iDb + 1/RS1 + 1/KHT1 + 1/RT2 + 1/RDc + 2CS2/h, and the
entry to B(6,8) is exactly the same as A(Y,6), but resistance

terms are zero and capacitance terms agre negated, i.e. -zC3</h .

The corrector currents are obtained following the rule
9 ziven at the end of section 3-9. For example, for node o,
137ige-igpe -1, and, as the resistive current contributes
zero to the corrector current, and inductive current contributes
its orevious value to the corrector current, the capacitivs
current contributes its previous value negated to the corrector

current, the column 8 of the corrector current vector will be,
'iLC\n—l)—lCc\n-l) *
Althouzh in this séction, A, gzumxrices and corrector

current vector are written up by following tne rules in section

3-25, a full derivation of these matrices are given in the Appendix.

A O
1 ipMin-1)
@ “igmin-1)" tLM\n-1)
3 ~l5s5(n-1)
. 4 ips(n-1)*¥¢8s(n-1)
The corrector currents
5 S, -1 .
CM{n-1 L3\n-
(for the circuit in Fig 4-4) \ ‘ ) \n-1)
' 6 ' 1CSgyn-1)
4 “15s1(n-1)
- 8 “ige(n-1)"1LC(n-1)
v 116\n-1)
10 igssin-1)



t¥>

o1

The A Matrix

-gg-—

A 1 2 3 4 5 6 7 8 9 10
1/RM
+1/RS3 -1/RH -1/Rs83 |-1/RDf
+1/RDf
1/RM ,
-1 /RM &h/ELM -h/2LM
| n/eLM ]
-h/2LM ,gém/h -2C¥/h
1/RS3
-1/RS3 +gé§3/h -2083/h
. }263/n
-1 /RDf -2083/n{+1/RDf | -h/2LS
+h/2LS
h/2LS ,
" 1-2CM/n -h/2LS | +2CM/h | -1/RDb '
+1/RDb
» (% e e b ’
-1/RDY g??,\%ﬂaé -1/R81 -1/RT2 [-1/RDC lcgge /p
L govey
1/Rs1
-1/RS1 |, 2651 /n
2Cc/h ,
-1/RTg +1/RT2 |-h/cLlc
+h/2Le
h/ckc '
-1/RDC -h/2L¢ |+1/RDC (-1/RS2
’ +1/n5E
, 1/85%
-2¢s2/n -1/RS¢ |{.ccseg
h




oT

The B Matrix

1 5 3 4 o) o} 7 =) u 10
n/zlM | -h/2LN
-h/2LM ?ééﬁ?h 2CM/h
-2083/h écsa/h
£C83/h _Eéégih -h/2LS
2CM/h -h/2LS _géﬁﬁsh
;zcsz/h £Csz/h
-2051/h
?éggih -h/cle
-h/ZLg h/sic
£0S2/h -20S2/h
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4-06, THE COMPUTER PROGRAM

The general procedure of the computer program for the
solution of any problem is best described by a flow diagram given

below:

|READ IN ALL THE VALUES |
T

SET INITIAL CONDITIOMS,

AND ZERO ALL THE MATRICES
I

[SEI THE B MATRIX VALUES]
7

[DO LOOP FGR TINE O TO T#MaX}
I

DETERMINE THE THYRISTCRS

TRIGGERING MODE
- ~

FIND THE CONDUCTION MODE

OF THYRISTORS AND DICDES

3 ,
[SET THE A MATRICES]

[TNVGRT MATRIX APP|
&

SOLVE THE MATRIX EQUATIONS
FOR VPNEW AND IANEW A
@
CALCULATE ALL THE
BRANCH CURRENTS

CALCULATE ANY OTHER PROPERTY
e.z. BRANCH VOLTAGES,
TORQUE, SPEED

L/ i
SOLVE FOR NEW VALUES CF CORKECTOR
CURRENTS AND RESET OLD VALUES FOR
CALCULATION AT THE NEXT INCREMENT
3
PRINT OUT RESULIS
{IF REQUIRED)

K
|END OF DO LOOP |-

¥
[PLOT GRAPHS|

1
[sTOP CCMPUTATION |




Most of the details of the computer program and the
subroutines are explained in.the preceding sections, and the
rest is sclf explanatory. The complete computer program is given

on the followlhg_pages.



AFT L, 19
FTt ﬂ%l

*08/19/R2=-13131

i

2e

3.
2
S

()o

7.

ﬂ‘

QO
10‘
11,
12
13,
14,
15,
16,
17.
18.
19,
20.
21.
22
23,
24,
25
260

27,

28
24,
30,
31,
32

33,

-

C
C
c

THIS PROGRAM GTYMILATES THE SFPFRATLEY XCITEN CHOPPER FONMTROLLMD
NC MACHIME

PEAL, TPurw(yn)'rro'D.TAHru-IDm,Tlurlrw. PS3y €S IRDF TLSy TROR,

FIRS1,1CS 1rTDT1vT”T9vrPnCoI"C? TIPSO, TLC,TOC LM, L Col.SeJ1 e KPHT , TLMOL N

49 ICHMOLD, TCS30L. » TLSOLD, ICSIOL , ICCOLN, TLEOLN, 125201, TPOIN(1N) .,
*TAPP(10+10)

DIMEMSTON Y1 (110) Y1 (110) e Y20110) o Y3(110) oYUl 110} YS5(110) YR (110),
*Y7(110)'Yﬂ(llo)ovq(11o).v1n(110).y11(1103-v1?(1]n)vY1z(11o)'Y1n(11
X0)rYIS(L10) e Y1H(TL0) p Y7 (1Y) Y1 C(TID) s Y1 (110D

NIMENMSTION APP (100 1ﬂ)rVPHFw‘1ﬂ)vVP0Lﬂ(1ﬂ)'TDTFG(?)

DIMENSTON YMIN(19) P YMAX (19)

COMMON AAAP APATID»3) s AAP (L 10)ran'BPA!10o1)-SmP(lvlﬂ)vHPP(1“r1”>v
VA

SET THE MATRICIFS AND THFE THITIAL CONDITIOMS AT N0

DATA TAOLD, ILMOLN, TCMOL D, ICS30L » TLS 501N, IcS10L L 165201 »TLCOLD,
*JCCOLDIYOLNF/11#0.0/ '

DATA TRIGG/1,NeN,0/

NATA TrIANT Y, UM IRM, IRNF, 1PNR, TRONCH ICE, IRT1 , TRT2:SPEFED/1TeN N/

DATA RTLyRTR,PNF:RNDB, PNC/5%10000, 0/

DATA YMI#/10%1,.00730/

CNATA YMAY/19%=1,0E30/

READ(5¢100IRS1L P NS2¢RS3,C519CS2,CR3

FORMAT(6FO,2)

PEAD(S1110) PMpl Y CC LC LS ROL, RAFF

FORMAT(TTO, D)

REAN(S+120) YArJLeKPHTI  He TP F p TMAY # 1

FORMAT(7FO,2,13)

VRITI(AIPO00IRGL 1 PG2iRG3,CS OGP G, LNy OO LT SrPOMROFE
FORMAT(1H1» 10Xy ITHTHE YALUTS 0F THF FLIMEMTS ADPF //p11Y, UHP S =z, Fa,
¥/ 11X BHRG2Z T 2, /1 1Y PG, FO 2,/ VIV BHeGIZ O, D/ 11 uHen
2O, 20 /e LY O SIT Fa  n e /0 10V 3HPMZ T LDy /9 1 2Y L=, EQ 94 /4 10X

-.Lg—



e [ ek (kb b e D) )

Z)l“‘.
35
361
37
38,
30,
40
41.
42,
43.
L"*ﬂ
45,
L6
47,

4a.
49,

50.
510
52.
53,
54 .
55
560
57
58,
59
60
61-
62
63
6l
65
()F)o
67 o
68 .

210

22

11

¥3HCCZ Il 0y /912X 3HLCS, EQ, 2 /0 12X AHLST 1 FQ. 00 /0 11X BHPOM= (FO, D, /41
*OXsSHROFF =, FE0,2)

WRITF(A1219) YAr JLsWPUT o He TR 7, THMAY 1
FORMATCIH » 12X B3UVAZ, T, 20 /9 12Y e 3HI1= 9T 020 /e 10Xy SHKPHT =y FO 2, /413
¥ X 2HHZ o FQ 2, /0 1PY s BHTR=,EQ, 20 /9 13X 2HF = F O, 2,4 7, 10X SHTMAX =, £ Dy /
#13Xs2HM=Zy 12)

=1

M1Z=n

AMNAZD LD

RAA=D D

no 11 T=1.M

No 22 Jz=147

APP(T»J)=0.N

RPP(1:J)=0.,0

ANP(12T)=0.0

APA(T»1)=20.0

RAP(11T)=0.0

BRA(T:1)=0.Nn

VPOLD(T)=0,0

VPNEW (T)=0.n

IPOLD(T)=0.n

CM=J1/ (KPHT %%2)

PT=1,0/F

PI=3.1416

TOROUE=Q0,0

vPOLD(8)=2%50,0 ‘

SET THFE B MATRICFS

PP (1 r1)z=H/ (D, Okl M)

BPP(1+2)==RPP(11) : f
BPP(2,1)1==3PP(1,1)
APP(2+2)=H/ (2, 0%LM) =, gsCM/H

PP (2 rS)=2,NkCM/H

PP (3,3} == nkGH/H

NPP{3,0)==13PP (3 2)

NPP (0 3)==APP (2 3)

—-89—-



59,
70,
71
72,
73,
74,
75.
76
77.
7R
79,
A0
81,
f;p..
83.
Al
850

86 e ‘

87«
38 .
89
()0.
91.
()20
a3,
aly
95,
Ay e
37
03,
aa,
10n.
1int.
1n2,
1035,

23N
C
231

%
R 3
*

NP () =2 0¥C 3 /4117 (2,0%LS)
RPP /) ==t/ (2, 0+LS)

PP (R 2)=nPpP (2 5)

RPP (R 1) =RPP (119 5)
PPP(515)=H/ (2, N*L.S) =D, AxCM/H
BPP(fehH)==p  0xC52 /4 '
NPP(6¢10)==NPP((H16)

PPN yA)ZIPP (6 10)
RPP(7+7)z=2,g%CG1/H
BPP(ArAY==2 0xCC/HAH/ (2, 0% C)
PP (AsQ)Y==tli/ (P ,0*1.C)

NPP (0sn)=pPP (A 9)

NPP (a,a)y=ii/ (2,0%.C)
PPP(10010)==2,0%C052 /H

WRITFE (6+230)

FORMAT(///77)

YWRITF(A1231)

FORMAT (11 v 6X e &k py T yM
TS TRS1 I°T1 v0//10%X 0
1CC VPMEYI () VRMm Vi Ve
VLS VRt VRT? vRDC

NO LAOP TO CALCYATE AT A CIVEM TIME T

TT=n.0 :
JMAX=TF I LTHAX/HY |
TMAXZJIMAY +1

L3=1

.2=n

NO 1 Li=1,T"MAY

(el iR |

T=FLLOAT (1) %}
TF(TT,GE,PT) =0

TF(TT, AE,PTY) TT=TT-0T
TFOTT LT (DPT+TR)) 60 T 10
TITRIAHZTRIAG(D) '
N TN 0N

TANMEY TR
IRT» TRNC
t2//1Q% s \Usipie
viLC F

IPDF

IRG2

ve//)

&

URNN
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190,
1N5,
106/
107,
103.
109,
110,
111
112,
113
ik,
115,
116
117,
11R4
119,
12“.
121
122.
123.
12h,
125.
126
127,
129,
129,
130,
131.
132,
133
134,
135,
136 .
137,
138,

ir
on

-

S0
UD

TITRIA=TRIAGL)

IF(TT.GE, (PT+TRY) 60O TA 30

ToTPIGITPIAG(D)

GO TN un

T2TRIGZTNIAG(Y)

cConTIHIR

FIUD THE corntiCTIHG pnnnp 07 THE THYRISTORS g nrOnFsS
TEST O THYRTSTOP

TRSET=2

VTLzvPoOLD (/)

R1ZPTY :

CALL SCPTES (MT1eIPT e TLTRTGrTPIGAIPTY f ROFE ,DAr, )
TF(PTI. NP, M) TPSFT=y

TEST O THYRISTHAP 2

VT2=yPOLN (/) =YD N ay

R2IZRTD

CALL SORTES (VTQoIQT?rTZTRTGpTQIGGvRTz,R@FFvRﬁNrM)
IFIRT2LHE P2y TRSETZY :

TEST 0N THE n1onrg

YOF =P D (L y=\A

NT=~TROF

R3I=ZRNF

CALLL, DTESTYNF « DT, RNF ,00OFF »ROM M)
TFIPDFLHE.P3) TRSFETzy

VDB=VRPOLN (5)-vPOLD (/)

PUZRNR

CALL DTESTUNN, TRPNR, PHN, ROTF RNt M)
TFIPNOHF Py TPSETz)
VRC=vPOLN(N)=PA N (A)

N11z~-1700

Rez=pNC

CALL DTEST(YDC DI vRDAL,ROFE yROM e M)
TFPRCr, 76y TROFTZy

TR .7 q,2) NNOZROUT

1FLTNSET,FG,?Y GO TO 59
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139,
140,

1‘410
142,
143,
1.
145,
lq(io
147,
1483,
149,
150.
151.
l)( L]
153,

154,

. 155,

156.
157,
153.
159.
160 -
161.
162 L]
163,
1()“ [}
165

lt)no
167,
1685
1659,
170,
171,
172.
173.

0 TO
BR1TR(A1222) PTLRT2:ROFROB: ROC
FORMAT (1N 1nX 57172, 3
COMT IO

TR 6T 1 ADLIRSETLER,2) GO TN 7n
IFim.rn,0) 60 ™ ay
H1=p
PUM=
SET THE ‘A “ATRICTS
AAA=1,0/RMe1,0/PPF+1,0/RS3
AP (10 1)z=1 ,n/P

AP (1r3)z=1.0/PG2
AAP (1 e1)=—~1,0/RDF
APACL P 1) =AAD (1P 1)
APA(ZP1)=AADR (19 3)
APA(L s LYSAAP (Lo i)

APP (19111, n/RME/ (2, 0%1LM)
APP (112) ==t/ (2, 0%LM)
APP {21 )VYZAPP(1,2)
APP(202)zii/ (2, 0% M) 40 . nxCM/H
APP(215)=wn 0xCH/H
APP(2:3)21.,.9/RS342 ., 0xCS3/H
APP(Z et )==p  kC53/H

APP {1y 3)Y=APP (3 1)
APP (1) =1 ,a/RDF+2,0%xCS3/Heb/ (2, 0%LS)
APP (11, 5y==t/ (2, 03%S)
APP (59 2)=APD (21 5)
APP (S, 0}y APD (e 5) _ ‘
APP (S S)ZH/ (2. 0+LE) #2,n*CH /M4 1, 0/PNR
APP(516)==1 ,9/PN0
APP (605 ) ZAPP (51 6)

PP (rA)Z1.1/RDRF ]+ 0/RSEH . O/BTAH « O/RT2Y 1 .

APP(5-7)~ 1,0/RS1
APP (A ==1 ,n/RT2
APE (6,09)z==1,0/RBC

N/RDCHA.N¥YLS /4

—'[g—
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1780,
175
17()0

177

179%.
179,
180,
181.
182'
183,
14,
185.
186.
187,
188.
189,
190.
1()1. L]
192,
193,
194,
194,

196«

197.
1a8.
190.
200,
201,
202
N3
204.
209

204,
2070
2010,

70

APP (A 10 zZ=2,NnxCS2/H
PP(7r6)~APP(6 r 1)

ADP (727021, /RS1+2, 0% 051 /H

APP (A H)YZAPP (AN

APP (A ) =2 0 CO/MH L, 0/0T24+/ (2, 041.0)
APP (83 ==t/ (2, R¥LEC)

APP (0 A Y=ADD (/D)

APP (O B8)Y=ADP ()

APP(0s0YzH/ (2, n*'t);1.Q/WD"+1,n/QS?
APP(A,10)=~1,0n/RS

A1 10.6)—ﬁnn(6r10)

APP(10y0YzAPD (O, 1)
APP{10s10)=1,0/P242 . 0xCG52 /1

CALCULLATE THE THYERSGSE nF APP=1APP

CALLL MTLTAPP,APP,))

NiM=q,

RIDC=TRNE A
5OLVE THE FAUATTAN FOP YPNTW 2 IAHFW . A
CALL VPTA(VPMEW,VPOLD, TAMNEY s TANLD, M, TPALD, TAPD) '

CALCHLATE ALL THE RRANCH CURPRENTS

TRDC= (VPHE Y (/) =PHFY () ) /RNC

IFOIRDC,GT N, 0. ADPTINC,LT.N.0Y Mi=t

IF(1.FO,1) RDC=POFF /

IFN.F0,1) 60 TH Ap

IRM= (VA=YPHEW (1)) /RN

TLMZTLMOLD+HH/Z (2.0 » ((VPMEW (1) =VPHEY (2 ) )+ (VPALD (1) =VPOLR(2) )
TCHMze TOMALN LD (ACM/ M ((VPNTW(2) =VPNEW () )= (yPOLD (2 =VPALN () ))
TCM=TILM :

TPOF= (VA=Y (Y)Y /BNF

TRSZAT(VA=YDHIW(RY) /NGT
TCSA==TCSINL +2, 0% CSZ /0 ( (MPHEW (3) =VPNFR (1) )= (UPOLD () =VPAL N (4) )
TLSZTLSOLD A/ (2 0%LS) % ( (YPVEM (1) =yYPHEW (5 ) ) 4 (VPOLD (1) =yPOLN(5) )
TROIN= (VN (5 =DM () ) /RTR

TR = (VDN () =T (7)) /RO

1C51==TCG1N, 42, N4( 1/u*(vhurwrﬁ)—voniﬁ(7)>
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200,
210
211.
212
213,
214
215
216«
217,
218,
21(30
220,
221.
2224
223,
224,
225
2264
227
228
229.
230.
231
232
233,
23U,
235,

236
237
238,
230.
24N,
241,
242
2U3,

DO N ONVN

ICC==TCCOLN2 N¥CC/ My (uPHIF ()Y ayPol.NnY)

TLCZTLOOLD4H/ (2N 41.C) % ( (YPMEW (M) =yPHEM (A) ) 4 (VDALY () =yP0E N (1))
IRT1IZVDHIFW (Y /P TY

TRT2= (VPHEM (6)=YTNFW(8) ) /RT2

IRS2=(VPHEY (10) =YPNFy (n)) /P82

1CSR2==TCS20L +2,0%CSo /it ( (IPHEW (/) =YPHIW (10)) = (VDOOL DAY =VPALN(10Y)
* )

VM:Vﬂ—VPHFW(S¥

Fb /(2% C Y (TLYOLN4 TILM)

VYRM=VA=YPHNEY (1)

VEMzZVYPHEW (1) =YPHT W (2)

VOM=YPMNEW (2) =YPHEW{R)

VLSZYPMEW (1) =YPHTYW (5)

VROF = A~VPLEY (1)

VRDDZVPHNEY (5) —=VPHEW (/)

VRT1=VPHEWI(G)

VRT2zVPNEW () =VPMFW(R)

VROC=VPHEYW () =VPNEW (G)

VLC=YPMEW () =yPHFW{])

YCC=VPHEY ()

VCS1zVPHFEW(7)

VLSZUPNEW (1) =YPHEW{S)

CALCULATFE THE SPFED

W= /KPHT

SPEEN=AD, 0xY/ (2. N%PT)

TORAUE=KPHT %« 1RM

TF((LL/2+%2) ,HF.11) GO TO AN

wRITr(a,Qqn) ToV“rIAHrUrTR”vTDﬂFnTl;rT“r1vTRT1
FARMAT (1M sAY,y e¥k*xk, 2 AFO D)

HRITE (A, 250 IRT2,IPNC, TRS2 ICC, VPN (2) VRN VI M, VO
WRITF (6250 ) TLC s SPFEDy TRG3 IPDN, TCM, TL™

WRITE (/,057) VPO, VRPA, VLS VPTT YRT2,YPNC  VILC, T
FORMAT (114 X RFO,7)

M=

CALCHLATE timy VALUFG 0OF COTRECTOD CLRPrnTq

—Qg—
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Pl
2h5.
2L .
2047 .
2un,
20,
250

251,
? ): .
253.
254,
255
256,
257,
258,
259,
260.
261
262
263,
26U o
26[_) -
?66 °
267

263

260‘51
270.
271
272
273
274
275
276
?77 .
2T

D

TAOLP=N, N

Ipolﬂ(l)—ﬂ

IPOIN(P )= *CM T

TRPOIN(I) =153
IPOILN ()= LG4 1CG7
IPOLN(S) =T 5+
1P 6 ) ==-TEGD
IPOILN(?)==-TCS1

IRPOILN(B)==T|_ C-T1C
1POLN(OY=TLA

1POLN(1g)Y=TSR ' : P
TLMAOL D=1 M

TCMOL NZICH

TLSOLD=TILS

1CS1nL ~IF§1

1CS20L £s2

1CS3nL :1C§3

1LCoLD=1LC

1CColD=1ICC

0O 4 =140
VRPOLLD (LY =y (L)

wol.N=Yw '

t=M+q

CALCHLATE THE MTIHNIMUM. AND "AY.TMUM VALUFS OF T
TFOYMLLT YMIMNOT)Y) YMIMeL) =M
TRFIELLTYMII2YY YMIN(2)=E

CIFCIRM LT oYMTH(3) ) YMIM(3)=TPM

TEOTLS LT, YArrind)y ymisp(u)y=ILs
TFOTAMNEY LT YHMINIS) ) YMIN(S)ZTANFY
IF(IPTL. LT YMIN(AY) YMIN(H6EYZIRT]
TFUIRT2, LT YMTHL7Y) YMIN(T7YZTIRT2
IFOICo LT, YMTHRY)Y -y (/Y =1CC
TF(ILCLLT YHTIHHOYY Y0} ILC
TFOIRST LTLYMTHITG)Y)Y ymIH (1 0)ZTPSY
TEUEST LT, YTt 11)) vy M (Y1) =vCay

VAPTARLES DLOTED
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279,
280,
201,
?RA"). L
283 L ]
284,
285,
286
287,
28%,
28
290,
291 .
202.
233,
294,
295,
2(){) L
297,
29%.
209
300.
301
302
303,
30U,
305
306
3AN7 .
308,
An9.
310.
31t
312,
313,

TEQUPDE (LT vy 1TH12) ) v (1 2y =ypRnFE
TREAVES (LT YMTHOTZ) ) yaIH(13) =[G
TEOYPTL LT YT (10) ) YsIM (1LY =URTY
IFGURT2 LT, YMINOIR)Y)Y vyuIr(15)=VPTD
TFOYPDC L T.YMIMO1AY)Y YMINMN(16) =VRNC
TEOYCCLLT  YMTHO1L7)) Y TH(LT ) =yrC
TF(SPEFD, LT, YMTH18Y) yMIHN 1) ZGPEFD
IFOTORNUE LT, YMTN(19)) YMIN(19)Y=TORQUF
TEOUM BT YMAY (1)) YMAX (1) =YM
TRFIC,GT L YMAN(R)) YMAX (D) =F
IFCIPM.GT YMAX (3) ) YMAY (3)=IPM

TR SOT, YA INR) ) YMAY () =TL.S
TRFOTANFY ,GT ,YMAYIS) ) YMAX (S)=TAMFY
TFOIPTL.GT.YMAY.(A)) YAAX(HIZTRTY
TFOIPT2 GT, YMAX (7)) YMAX(TYZIRT?
TFUICCL.GT ,YHMAX(B) ) YMAX(8)=ZICC
IF(ILCuGT,YMAY.{D2)) YMAY(OQ)=ILcC
IFUIRPGL,,GT,YMAX(10))Y YMAY(10)=TRS
IFIYCSTLGT,YMAX(11)) YMAX(11)=VvCSy
TFIYRPDF.GT YMAX T12))Y YMAX(12)ZYRDF
IF(YLS BT, YMAX(13)) YMAX(13)=yLS
TFOYPTL L GT,YMAY (14) ) YRMAX (1 4)=VRTY
IF(YRT2,GT,YMAX(15)) YMAX(15)=VRT?
TFLYRDC . GT,YMAX(16)) YMAX{(16)=VRNC
IF(YCC,GT  YMAX(1TY) yMaAX(17)=vyeC
TFISPEFRD,GT ,YMAX 1)) YMAXTIR)=SPFEFD

TR (TOROUF ,GT  VMAX (10)) YMAY (19)=TOROUF

T1FULP ME . 5) 60 To 1
Y1(1.3)=T+1.0FN3
vi(L3)y=ys

y20.3) =

Y301 3) =10

vy {1 2)y=11.9

YS LR TATIT Y
Ya(1L3)TIrTY
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314,
315,
315
317,

- 31An.

319,
320,
321
322,
323,
328
325
326,
3270

328

329,
330,
331
332,
333,
334,
335,

336

337,
338
339,
3uN.
341 .
2.
343,
3t
3uSe
31“'6 L)
37,
BUSy,

Y7(1.3)= PT?

YaLA) T 10C

vyolL3y=ile

Y12 (1.3)=T1R%

Yiild.3Yz=ycay

Y12 (1.3 zynnFE

Y13(L3)=vLs

Y14 (1. 3)=VRTY

Y15(1.3)=ynTno

Y16 (1.3)Yz=vR"e

Y17 (1.3 =vce .

Y18 (1.3 =6PIEN

Y19(1 3)=ToRnF

L2=1n=5

L33+ 1

TT=TT+H

YRITF (Ae550N0)

FORMAT (1He13¥ 00 UM F TRM RS
¥ TRT240///7)

WRITE(A:501) (YMIMNLIT)eT1=1¢7)
FORMAT(AY s o M1 2 7FQ, 2 7 /)
WRITE(H2G02) (YMAX(T),T=17)
FORMATIOY r v AN v 7EQ .20 /7 /)
WRITF(H¢5073)

FORMAT(1H X s 1cC TLe o TRG 1 VG
* VRT1vv//7)

WRITF(A»RONY (YMTIMITY 7=, 14)
FORMAT (O s o MTH s o 7EQ, 04 //)

WRITE (A 505) (YMAYA(TY» Tz 11y)
FOR”ﬁT(GYrv”AXrvﬁﬁn.2o///)
WRITE{A»5"068)

FORMAT (1M, »  YPT2 vone vee SPEFN
WRITF(AsrN7) (YMTH(T Y,y I=1Rr 1)
FORMAT (Y o MII e CFQ, 00/ /)
WRITE(A,R02) (YAXI(T)Y,TZ15.10)

TANEY TPT1

VPNF Vg

TORNIE, 4 /7 /)

.—gg.—



349, 5% FORMAT (Y o MAN 1 SEQ D, 7/ /)

350 CALL GPARPHN(8.¢3%.s 100,X1eVY1)
351. : CALL GPAPHL (R, 100,X10VY2)
352 CALLL, GRAPHU{R,.rf . 100,XT1¢Y3)
353, CALL, GPAPHAR (A, vy 100, X3 YY)
354, CALL GRAPIHL (R, eRyr 10G,X19VY5)
355 CALL GPAPHU (R, 8.y 100,X11Y6)
356 CALL. GRAPHU (R, »Sur 100 X1PYT7)
357 CALL GRAPHH (A, tB.r1009Y1YR)
358, CALL, GRAPHG (8,¢8.9 1N0,X1rYD)
359, CALL GRAPHU( 8, r2,»100,X1:Y10)
360, CALL, GRAPHU{ A, ,0100,X1¢Y11)
361 CALL GRAPHU( R, 2, r100,%X1sY12)
362 CALLL GRAPHL( B.1%,¢1n0,X1¢V13)
363, CALL GRAPHL( 8.:2,¢100,X1rY1U)
364 . CALL GRAPHY ( Bar?.0100,X1Y15)
365 CALL GPAPHU( A8.18,r100sX1¢Y16)
366 CALL. GRAPHU( A.r2,r100¢X1rY17)
367 CALL GRAPHHU( A.»3.¢100,X1:Y1R)
368. CALL GRAPHU( A.¢2, 0100, X1eY10)
369, ‘

370. END

371,

370, : SUBROUTINE SCPTES (W, 1,T,TPI66,R, ROFF,P0MN, )

373, C V16 THE YOLTAGRE ACPNGS THE THYRISTOR
370, C T 15 THE CURPEMT THPOAUGH Tup THYRIQTAR
375, 0 TPI66 15 AL ARRAY OF TWO [FLEMEITS

N

-Ag-



376,
377
37(“ *
37Q -
380,
3al.
382,
383

384

385,
386
387
388,
389.
390,
391,
392,
393,

3('3,‘4 L4
395,
396 .
397,
398,
3aa,
unn.
4ni.
Un2.

DO

‘e Tn N e e R

)

TRPI66(1y=1.0 REPPRESFMTS A TRIGAFR NHYLGF ArTHG PREGEMT
TRIGG(2)=0.0 RFPRESTNTS A TRIGTER PULSE RETMG ARSEnT
T 15 THE STATE OF THE TRIGAFR TIGHAL (FITHFR 1.0 0P 0 ,0)
R1S THE RESTSTAMCE OF THE THYPIGSTOR
ROFF 1S THFE RESTSTANCE OF THFE THYRTISTOR 1t THE MOM=CONDUCTTMG STATE
ROM 1S THE RFSIGTANCE OF Tug TUYRIGTOR [N THE COMPUICTING STATE
NIMENSTON TRIGG(?) ‘
REAL T
IF(T,6T.0,05) 60 TO 1n
TFCVOT.0.M JAIN AT EN,TRTEG(1))) GO 70O 1N
R=ROFF :
GO TO 2D
R=RNH .
TFOCT%ROM) ,6T.1.0) R=1,0/1
TF(M,6T,1) R=1./7 -
RETUPN
FMD

—89-

SUBRNUTINME NTESTIVeT,R,ROFT 4POM ™M)
/1S THE VYOLTAGE ACPNSS THE NINDF
T 1S THE FORWAPD CURPEMT THROUSH THE NTONF
R 15 THE RESTSTANCE °F THFE DIOTF
ROFF 1S THE PRESISTANCE OF THE NIODE T8 THE HOMN=CONNUCTING STATF
RO 1S THE RESTSTAMAT -OF Tup DTONE 11 THE ~oMRAUCT MG STATE
PEAL T
TF(T,6T.n.05) 60 T0 10
IF(Y,6T,.0,0) GO.TO 10

-
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fd ek b A o e

4ni.
4ok,
4ns.
uOF)O
407,
4O,
4pa,.
410.

411,
412.
413.
b1ts
415.
416
Ui7.

418.

419,
421
422,
U23.
424 .
429
“2!:)‘
427,
L4o8,.

hpa,

2n

b pad

11

P=ROre

GO TH 20

P=Ron

TFCT+PONY 6T 1.0) Rz1,0/1
TF(M,6T,1) P=1./1

PETURH )

Frin

SUBROUTIME MI(EsF M)
DIMEMSION E(10¢103oF(10010Y T 001D
DO .10 T=1M

no 1 J=1.4

F(I,D)ZF(1r.)

1J{1)=0

TTER=9

ITER=ITER+1
IF(ITER,GT.LH) GO TO 10n
CHVZOOU

nﬂ 11 ._1:1"\!

IFOTJC) ,GT,0) 6N TH 14
TEST=ARS(E () )
TEOTEST.LLT.CHY) 60 To 11
CMVZTEST

v=J

COMNTIMUIE

TJ(K)Y =1

FK )=, 078 (V)

—GQ—



IS TRVEFV IS B

e

oo

430, RAATINC T =S

431, NO 3 =it

u3p, TFT=¥Y sy

433, 4 TF{J=-K) §5,3,5

L34, 5 FCTy NNZE(Tr NDN=F T oW g F (K KY (¥ )

435, 3 CONTTHHIE

U3, DD 6 1T

437, IF(1=K) 746507

0438, 7 FILIIZE(T o KY R (VY

439, FAKy TIZ=F (¥, 1) *F (K K)

4u0. 6 CONUTTHVE

b, GO TO 2

wu2, 107 PETUPRH

4y, FMD

bt

hy5, SUBROUTIME VPIA(VPNEW ,YPOLDy TAMEY » TAOLN M, TPOLN, TAPP)

uy6. C THIS SUBROUTINE CALCULATES THE VALUES NF VPNFWeTAMEW

U7, REAL VYPHEW(10) »VYPOLD(10) » TANFY, TAOLD, IPOLNI1N) , TAPP (10, 10)
Bu8, COMMON AAAPAPATTIO 1)y AARP(Lr10) »RAABPACLID 1)+ RAPCT1N) $RPPLIN,10),
unpa, ®\ A !

US0. NTMENSTON MMHY (10) yRRAC(1N)

451, C TO CALCULATE THE MATRIY FQUATION ={APDY&*—1 ((TPOLD) + (APA) (VAY 4
us52. c (RPAYYA) +R(PP) (VPOLD) )

453, C

PERFORM THE MATPTY MULTIPLTCATTON(APP) « (VPOLN) = (NIMY)
4Sh. , NO 1 T=1.H

459, NHMMY (T)=0.9

456, NO 2 J=iet

.—-OA—-



2 u57., 2 NUMMY (T) DAY (TY4ROP (1 4.4) «VPALN ()
i 458, 1 COMNTTHNIE
1 459, C ADDTUIE TER™MS TN THE RPACKETSZ (NRAC)
460 NO 3 1=1s# '
1 461 3 BRACITIZIPOLD (Y)Y FAPA(CT, 1) * VA4RDA(T ¢ 1) +VA+DUINMY ( T)
1 U62. r MULTIPLY THE SUM OF THE RRACKETS AMD MTHUG THE THYFRGE OF ApD
L6H3, NO 1 I=1.1) '
1 U6l . ‘ VPHEW(TY=0,Nn
1 465 N0 5 J=1et
2 U66H . 5 VPNEW(TY=VPHEW( T4+ TAPP (T J) ¥RRAC ()
1 67 Yy YPHEW (T ) ==VPHIW (1)
1 UHR e C CALCHLATE THE FAUATION FOR TANFY
uea, NUMMY1=0,0
470, DUMMY2=(0, 0
: 471, NO 6 T=1H
1 472 DUMIY 1=DUMY L £ AAP (1 T ) VPNTW(T)
1 u73, 6 NUMMY 2=D0MMY 2+ BAP (1, 1) xVPOI DI T)
Gt TANEWZTAOLD4AAAKYVA+BANRVA +DUMMY { £DUMMY
475, RETUPH
LT76e CMD

EMD FTM 1589 IBAMK 3256 DRAHK 143 CoMION
"‘AI') ' I

MAP 30R1 S74T11 08/1a/82 13:132:51

ADDRESS LIMITS . N01gN0 NSN6ET7A 2N015 TRAMNK WORDS NEC TMAS
051000 NAE3I3ZNL 5346 DRANK YORNS NFC IMAL
STARTING ADDPESS 24854612

SEGMEHT qItATMy NNTONN AsnA7A Astnnn oh 3ty

..'[L-



RESULTS AND DISCUSSICN

o-1. INTRODUCTION

The computer program can supply the following outputs:
(1) The thyristor and diode resistances, namely RT1, RTZ, KLF,
RbB, RDC can be printed (by the sﬁatement WRITE(6,2%22)),
when at least one of them change.
(11) The values of the variables which are evaluated after each
time increment of 'h‘, can be tabulated, and thelr extiramum
values can be calculated. .

(i1i) All the variables in the circuit can be plotted automatically

by the SUBROUTINE GRAPH4.

The gzraphs pf‘most of the variables are presented
together with thelir deteilsed explanations, in the next section.

Unfortunately, there is no continous graph vlotter in cur Computer
~-Centre, and it is almost impossible to hand-plot as there are too
many pélnts. Therefore, the only alternative was to plot the zraohs
on the line printer, some of them ﬁ&y not be very accurate, as
only the £0/, of the points evaluated, are printed ané tgé varigtion
of curves are discretc. The tables of the thyristor, diode

resistances and the value of the variables, are not presented,
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since they take very large space but provide little informat.ion.

The program was run up to 2;-:1.0";5 gseconds at the highest
operating freguency (1000 Hz) 1g-order‘to have commutation cycles
comparable to a complete period. The time ratio was chosen as 0.9
to zive equal on and off time intervals. Tﬁere are 400 éteps, 2.8
the time increment h is set to 5.0x10”° seconds. For
| kle'%Qt(\k+l/2)xlO'5sec. are'on', and for

\k+l/2)xlo-é(t<3k+l)x10”3sec. arce'off' time intervals

Whel"e k=0,1,2,5, * o 0

9-2. DISCGUSSICON OF RESULTS

The simulation .s started from time zero, at zero
state condition, which means all the variables are zero, excent
the voltaze across the comautation capacitance C,, which .s made
equal to thne supply voltage negat;vé at the ground end (VPuULD(G)=
250,0V), this would in practice be done by firlnz the auxiliary

thyristor Te just before starting the operation.

. The xraons obtained by the comouter, for the variables
v, &, IxM, ILS, IA, IRT1, INT%Z, ICC, ILC, IkSl, VCSl, VALK, VRIL,
ValTz, VxDC, VCG, SPEED and Tun<uE , and they are presented at
the end of this ggetione For convenience, the computer var.iables
(such ass V&, &, IRM,..,., SPEED) in capital letters designate the
complete waveform in tﬁe relevant time interval which is defined

at the bezining of each subt-section; ané lower case letters
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with the suffix ip capital letters (such as, vy(t), e(t), igu\t),

iLS(t),...,vRDF{t)) desiznate the value of the corresvondinz

variable at time t. Tl, Tz, Df, .Dec, bb, r351, €51, Ls, Cec, Lc

represent the maln thyristor, auklliary thyristor, freewheelingz

diode, commutation diocle, series dicde, suppressor resistance aad

capacitance of the first snubber network, freewheeling inductance,

commutation capacitance and inductence, resopectively (as showh

on Fig.4-1). Also, graphs plotted zare defined as follows (the

directions are shown on Fig.&-4). :

VM [vM\tﬂ ! armature voltage, l.e. VA(t)-v5&t)

E [e(tﬂ : the back emf voltage, 1i.e. velt)-vs(t)

IR [}RM(tﬂ : armaturs current |

ILS [1L3(t)] : current through the inductor L3, which is anprox-
imately egqual to the freewheelingz diode current

Ia {iA(t)] : supply current

InTl ﬁﬁml\tﬂ : the current through the main thyristor

IRT2 [}RTz(tﬂ : the current througzh the guxiliary thyristor

I1ce ﬁcc(tﬂ : the cornmutation capac;tancé current

1LC ﬁLﬂ(t)] : the commutation inductaznce current

the current of the first snubber circuit

-
o
6]
',J

=

o

[¥3]

H

~~~
ct
et

Vis1 [vcnl(tﬂ‘ : voltage of the first snubber capacitance, vgit)

voltage of ths fréewhesling diode, va(t)-vgit)

3
s
vry
i
|
rxi
c*t
el

VaTl Pgmlkt)J : voltaze of the main thyristor, i.e. vgit)

VRT 2 voltaze of the auxillaty thyristor vgf{t)-vgit)

e

o8

2

IS
—
s

et

VDG [thCat)] : voltage of the commutation diode VQQt)-VBLt)
3PEED : rotor speed in rpm

TCRWE ¢ mechanical torque in newton-meiers
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For each of the four time -intervals, the simulation
results are discussed below. The reader should refer to the

relevant graphs as the discussion 1s presented.

5-2-1. THE FIRST ON-TIME INTERVAL (0.0gt<0.5x10 Jsec.)

Puring this time interval, Tl is triggered and Tt is
not triggered. T1l, being forward biased, starts conduction and
stays in conduction state and T2 is in off state throughout this

time inter#al.

Vi rises to sunply voltage immediately , as Ti is con-
ducting. Therefore,

vy(t)=250.0 V for 0,0£t£0.5x10"3sec.

IRM rises as the sum of the two exponential functions,
from zero value. The characteristic eguation of the armiature
circuit, is given in Eq.£.30, where B can be lgnored as expleined
. . : e ""3 N A= "2
in section 4-4, ta=LM/RM~20xlO /C.5=4.,0x1C sec. and
T,20.5%x1.,0=0.5 sec.. Therefore the characteristic eguation 1is

g2-235 5 - 30=0

Its roots are

Sl=-22.807 82:"201”2
Then

. -22,8 -2 .18t

L\ t)=AeTe" beage™

W.Lth the ln.Lt.L?.]. Condltionf}: J.R",",'(O).’.0.0A dlﬁx"§=l.20x104 A/SeCo
t=0

zives A= -506.3 Az?- 606.5
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SO iguit)=-ovo.0 e~
for 0.0€t<€0.5x107° sec.

und 1 A0.5%107%)=6.21 A

‘l.e. by the end of this time interval IRM rises to the value

3

‘of ©.21 A, which 1s aporoximately equal tc the va2lue obtained

by the simulation .
£ 1s the voltaze on Ci, and it can be calculated as

Jt igpit) dt=1.0.26.0 e - 276 e L

e\t)=1/0t) &2.8¢ “2-19‘]

£2.8t -2.1ut

2{t)=290.3 4+ 26,0 e - 276 e

for ©.04t<0.5x1u0”? sec,
and el U.0x1073)=1.521x107° V
l.e. by the end of this time interval L rises to the value-of

o -3
1.921x10 V, which 1s approximately equal to the value octained

by the simulation.

Df ie reverse bissed, as V¥ 1s eguzal to 290.0 V; so
the current through Df and inductor ws, ILS ig zero, that is

‘ o o . -3
i avb)=0.9 for U.ugt<0.9x10 sec.

I4 19 equal to Ik, because ILS is zero, that is

VCC has been setted to 200.0 V (VPOULD,©)=200.,0) bvefore
this time interval.p sinusolidal oscillation occurs in the loop
Cc, k¢, Dc,and T1 for a half oer.icd @V ic Cc ), when 11 starts’

conductlion at time zero.
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vog(t)= A sinfwt « ¢) u)=l/VLc Ce
and  Lc=30x10"°H Cc=10x10""F Ww=4.472x10% rad/ecc.

Voo (C)=250.0 V
Vaoit)=230 sin(4.472x10% ¢ + ) where  ¢=T/o rad.

or gimply -5

Voo \t)=230 cos(4.472x10% t) for 0.UKt{7.025x1C” sec.
and iggit)=Cc dvgglt)/dt

iggit)=-111.8 sin(4.47%x10% t) for O.Oéﬁ§7,026x10—5sec.
Oscillation stoos at t=7.025x107° sec.,because the diode'ﬁc does

not let the next cycls which l1s in oppcsite direction.

Therefore 3

Voglt)=-£30.0 V for 7.025x107"g1<0.5x1C7" sce.
igglt)= 0.0 4 for  7.085x1079%¢t<0.5x107° sec.

The oscillation current (=iCC(t) ) is observed on the zraohs Inll,

1LC, ICC .

1RTl(t)=_1CCgt)=111.s sin(4.475x10% t)

for  0,0£t{7.029x107° sec.

lgrp \t)=1gmt)=-000.5 e™%:5 4 6006.5 e"‘;ut
for  7.025x107 ¢ 1£0.9x1077 ssc.
Also ‘ 4
1Lc\t)=icc‘t)=‘lll'8 3in(4.472x107 t)
for . 0.0£t{7.023x10" " sec.
-5 =3
iLG(i)=O.O A for 7.05%x10 °£1€0.9x10 sec.

IRT% is zero for this time interval, since 1t is not
trizwered and not conducting.

iggs (£)50.0 A for  0.04t€0.5x107° scc.



VHT1 is zero, as T1 is 1n4cbnduction state tnrouszhout
this interval.

Vg tECOV for  0.0¢t<0.5x107° sgec.
and as a result of this no current through its snubber circuit
{ IR31 ) 2and no voltaze across the suppressor capacitance | VvCS31 ),

[=

should be observed as seen on the graphs of VKT1l, IRS1, VCS1.

VRDF is equal to VM, bvecause Df 1is reverse biased,
that is ILS is zero as explained before

Vepplt)=vy(t)=£30.0 V  for  0.0&t40.0x107° sec.

VRTZ 1is equal to the nezxative of VCC, because

Vikle=vy - vy and v,=0.0 Vas Tl is conducting, so VRT&=-v  =-VCC

4
VRTgit)=-c20 cos(4.472x10 t)

for 0.0€t<7.020x1077 °€°¢
Verg (E)=280.0 V for 7.025x107 %K 1<0.5x10™7 sec.

VADC is equal to zero for the time, it carries thne
oscillation current (=1Cc(t)) , and than 1s egual to Vﬁlz, 1.8,
vapgit)=0.0 for  0.u€t<7.0eax1u”° sec.
£50.0 V

Veno U= VRre (1 F for  7.085x10" €t<U.5x10"3 ¢ac,

SP&ED=8% < —%3 ,which means the S3SPEED (in rpm) is

directly pro»ortional to back emf voltage E for all time intervals.

TURQUE=K¢ x IRk , wnich means tse mechanical toraque
{in newton-meters) is directly oroportional to the armature

current‘IRM, for all tine intervals .
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5-2~2. TEE FIRST OFF-TIME INTERVAL (0.8x10 ¢ t{1.0x107° sec.)

Tl is not triggered and T2 is triggered. T2 starts

. . s o . : I - "5 - .
conduction, as it is forward bissed (VRTExO.DxlO 1=2350.0 V)

and triggered.

As soon as 12 sﬁarts conduction (t=0.5x10_3), Vce
aopears across T1l, and reverse biases. Therefore Tl ceases
conduction, and the path Cc-T2 takes over the armature current
IRM. Voltage at node 6

. - Jf t

_ 0.5x 10

As mentlioned before, the power of the dc machine is 10 H.P.,
for which the armgtiure current can not exceed 30 A, when fed from
a £20.0 V suoply. Un the other hand, even if IRM is as high as
50 A, vékt) stays negative for longer than the turn-off time

of T1 (tyopically 50-100péec.).

The equatibn,for the outer loop which is made out of
Cc, T2, Db, COM, LM, RM, and supply voltage VA, will be:
Voait) + elt) + vplt) t vpult) =v,(t)
-£00.0 ¢+ 1/Cc Jf’ ¢ iIRM(t) dt + e(0.5x10"3) + 1/0M ,/-SthM\t
0.5x10 C.9x10
+LM diguit)/dt + RM igit)= £50.0
The characteristic eguation will be:

R + LM s 4+ 1 + 1 =0, wnich guives
CM s Cc 8

-7
8” ¢+ &5 8 ¢+ 2.0x10 =0
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Its roots are:

Sl—"‘dD.U 82"0.0
. _ 23t -
| th}t)—Al e + Ag
with the 1nlitisl conditions
' S : .
IRMIV.9x10 7)=6.21 A digult) | = 2£.4845x10% a/sec.
at £20.5x10"9

Zives A= -1014.9 A= 1008.1
IRuit)= -1014.5 e %% v 4 1008.1

‘ t .
VM\t)sz\t) - vd\t)= £290.0 - (-£00.C +1/Cc .f -101%.0 e"ot
C.9x10"9 :
+ 1008.1) 4t )

Vf.’l(t ): 500_105'\40‘ 58 8_4

°t+1ooa.1t} s

o ¢t

.0x10

-89t _ 1. 0081x10° t

vmkt)= 4.ooaésxio° - 4.058x10° o
Sut it is quite difficult to find the time when Vil drops to

Zero &yM(t)=O), that 1is why VM\U.?XIU'S) should be evaluatéd and
compared with the value obtained by the simulation

3 = 330 V which is very close to the value seen

V;_ik\:t. 7x10
on the zraph of VX . 3But
1.4(1.0x107%) = 16.6 A which is quite Aizh than the

value seen on the zraph of IRM .
The back emf vcltage E can be calculated as :

-3 t
e\t)=e(0.9x10 7)+1/CM -_f igmit) 4t
0.3x1079

%)

3ut, more simply, e(l.OxlO’j)ze\O.éxlo‘ + 43/CM , wherc 893 1is

' e -3
the total charze carried by igy\t) for 0.3x1072¢t{1.0x10™7 sec.

=0

A=Ce AV= 10" x 500= 5.0x10™° €



e(1.0x107 %) s 1,051x107° ¢ 5.0x10 °=0.561 x 10°° V

which is exactly equal to the value seen on the gZraph of E .

Current throuzh the freewheeling diode Df aad inductor
Ls 1is zero for vM(t)>O.O . As shown on the graph of VM, Vi droops
to zerc value, 2t the end of this thime interval, and a s»ike
of 3.5 A is observed on ILS, which is equal tovthe freewheeling

diocde current.

The supply current IA is the sum of the armature current
Il and frezewheeling dlode current ILS l.e. ijtt)=i . (t)+elpsit) .
e ) :
IL3 is zero up to 1.0x10 “sec, therefore

{t) for O.'5)(1_0"‘5.('0(1-Qxl()-‘5 sec. ,

a\t)=lg.
but 11311.02107°) = -3.0 A , so
14(1.0x1079)=11.5 - 3.5=8.0 A , as scen on the zranh

Of Il'\ .

As mentioned above, as soon as Tz starts conduction
at t=0.5x10"° , VCC , which is negativé for at least the turn-
dff time of T1 for any armature current, appears across 11 snid
reverse biases 1t. Therefore T1 éeaseS»conductiqn till the time

4

. . . . - " . \
t is trizgered a232in (t1=1.0x1C sec.), IRT1 is therefore zero

—

0

)y

throuzhout the interval, i.e. ,

Ip bR 0 for 0.5x1079%¢t Q.ux107° sec.

Cc 2nd TZ taxe over the armature current, fron the

time TL starts conduction,- to the time VM drops to zero. In thus

. . ' , - -3 .
time interval, VM drops to zero at t=1,0x10 gec.. therefore



lsgitl=igreit)=igult) for 0.5%107 3¢t <1.0x10™2 sec.,
as seen on the graphs ICC and IRnl: .

Ihe current throuszh ke and Dc is zero, tecause oscillat.on
~occurs on the begininze of on tume intervals, that i1s Tl just
starts conduction.

i5t)=0.0 for O.ax10~€§L<lL0xlO_5 sec. .

As soon as TZ starts conduction at t 0.ox10”° sec.
VRry (B)= 75 t)=vgp it )= -£00.0 + 1/Cc 3 gglt) at .
C.ox1l0 A
That 1s VATt jumps to -250.0 (on the graph of VRT:Z it is seen
a8-200,0 V) than rises to +200.0 V as VCC riges to +£30.u V by

the end of this off time linterval,

The function of tne snubber circuit (k31-C31) 18 to
limit the change of voltaze across Tl. when Tt starts conduction
at t=0.5xl\3'5 the voltage of node &, is expected to Jump -zou.u V.-
But at the same time
| ~(t-1.0x10-°)/RS1 GS1
i (t)=-200.0 e

R31 RS1

5 -3
cms =3 -1.0x10
2-7.575 3.,03x107(t-1.0x1 )

Then VRT1 rises almost linearly, a constant current tnrouzh tne
snubber circuit, is observed (see Zraph IRS1) and the voltase

across CS1 follows VKTl .

As explained vefore, current through DI and .anductor

Ls 1s zero in this time interval, l.e. Df 13 reversed biased,
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and there is ao voltaze drop across the inductor Ls,

) (L)=va
Yrop ' H=vALY)

Te 1s conductinz throuzhout this interval, therefore

Vﬁlbkt):o'u \Y

for

For (3 Bl 9+ el 2
for €.5x10 £{1.Ux10

0.5%x107 ¢t 1 uxlu~> 82C.

’

E4

secC.

As ILC (and VLC) 1s zesro throuzhout the interval

Vipo b )=vRr(t)

5-2-3. THE S3RCOND On-TINE

for

INTERVAL

0.5%107 % t<1.Cc10" 2sec.

(l.OKlO"é(t<1.5xlO—j sec.)

T1 is trizzered, ané T& is not trigzered. Tl starts

conduction, since 1t lis trizzered

\VRTl

throuzhout this interval.

and forward vlased

&l.UXlO-5)=2éO.O V), and it stays .o the conduction state

The &upoly voltaze (£90.0 V) dppe&rs across the armature

terminals, i.e,
vylt)=830.0 V for
IRM rises as the sum of

kA

; . D SN
from i, \1.0x10 )=11.3 A

ct

+A2

conditions

1.:41.0x1077)=11.5 4

Iive Af:—dO?.?J A 2 000,20

,C

Iy t)=~007.70 79200 & oUd.k

(A

1.Ox10-§(t(1.3x10"5 sec.

the two exponent.:al fuactions

e” v b ity the initial
dig(t) - 1l.221exlu” A/sec.
a . -5
t £t=1.0x10 ~
. 80,
"2¢th
o e ;

‘ =3 N
for 1.0x1u €t<1.9x1077 sec.
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by the ené of this time ianterval Indf reaches the value of 16 &
. . a3 - L A ,
iz 1.9%10 )=15.9% 4 , which is approximately equal to the

value seen on the zraon of IR ..
L is the voltaszse on CM, and it can be calculated as:

. -3 t .
e\t)=e(1.0x10 7) 4+ 1L/CH Jf iRM\t) it

1.5x107°
5,5 -3 ' vt . =&2.Bt -2, 1vt
1.5x107 9
e\t)m24v.71 + So.00 o 2% PV U Log sp o7 WL

anc by the eand of this time interval E reaches to the value

. -3 - - e '
e\l.0x1J 7 )=1.3004x10 “y , Which 1s almost equal to the value

ottained by the simulation.

The freewhseling diode current 1ls obviously zero
throushout the on time interval, as shown on the zraph of IL3,

since Df 18 reverse biased (vmﬁt):vRDFkt)=250.O V)

IA is equal to the armeture current IR, since the
freewheelinz diode current IRDF(or ILS) is zero

1izt)=2z5(t) for 1.3x10“5<t<1.éx10'5 sec.

dnhen T1 starts conduction at t:l.uxlo_jsec, a sinusoidal
oscillation occurs in the loop iLc,Cc, Dc, and 11 for a half periocd
=T vLc Ce¢). Therefore,
IRLIAE )= -dggit) + dgpult)
=111.0 sinis.+7x10%(t-1.0x10"2)) ¢ 11.0

-3 23
for  1.ux107Kt{1.0702x10 " sec.
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g7y )= igp(t)=-607.75 672250 | 605,58 ¢ 219t
for  1.0702x107 Xt(1.5x107° sec.
Also this oscillation current starting at t=l.uxlu™° 9€¢-,
is observed on the zraphs of ILC and ICC .
10 \t)= 1 cit)=-111.6 sin(4,=7x210%(t-1x1672))
for 1.0x107 % £¢1.0702x10 > sec.

1og{t)=1,,(t)=0.0  for 1.0702x1079¢t<1.0x10™ Jsec.

Tz 1s not conducting (as it is not trizgered), there-
fore IRTZ 1is zero for the on time interval.

iRTz‘t)=3-o for 1.0x10_§§t<1.5x10'5 seC.

Vill 1s zero, as Tl ig ceonducting, therefore no current
throuzh the ‘snubber circuit and no voltage acroSS 031 4s observed

‘\see the zraphs, VRTz, ICS1 and VCS1l).

Df is reversed vbiased and VADF is equal to the armature
voltase VI tnroughout this interval.

b )= 1c-3 IR |
VRDF\i)-VM\t) for 1.0x107%€t{1.5x10 ° sec.

& sinusoidal oscillation occurs in the loop ic, Cc,
De, 2nd Tl for a half seriod T YLe Cc), when Tl starts conduction
. =3
at t=1.0x10 sec. Therzfore
Yoo\t )FE50 cos(4.47x10%(t-1,0x1077))
- T - L=
for 1.0xlu é§t<l.uYbelu sec.

- R -3
vog\t)= -£50.0 V for  1,0702x107Kt{1.5x107 " sec.
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’ VRTz(t)zvé(t) - Vs(t)zvﬁk‘b) - Vcc(t):-\fcc(t)

)

s T1 conducting vy(t)=0.0 V , therefore
Vepz (t)= -£30.0 cos(4.47%x10%(t-1.0x1077))
for  1.0x1073¢t€1.0705x10™° sec.

vRTz\t)zzéo.O\/ for 1.0702x10”3$t<1.ox10'3 sec.

The diode Dc conducts for l.OxlO_fgt(l.U?UZXlO'é sec. g
as 1t carries the oscillation current, while VRDC\t)=O.Q then
Vopait)zvgpo (£)=£30.0 V. for 1.0702x107%¢t<1.9x1C™2 sec.

since VLC\t)=0.QV.

5-Z-%. THAL SECOND OFF TIME INTERVAL (1.5x107°¢t<&.0x10 “ssc.)

T1 is not triggered, and T¢ is triggered. 12 starts
conduction, as as it is triggered and forward biased

(VRpe (1.8x107%)=£50.0 V)

As soon as, T starts coaduction (L=l.éxlo"3sec.), VGG
appears across T1, and reverse biases it. Therefore, 11 ceases
conduction, and Cc-Tz takes over the armature current IRi . From

the IA =zraph, it 1is seen that, iRM(l.dxlO"S)zld A and

R

I1f we assume a constant value for IRM such that

_ 2
tj=19.0 A for 1.7x10°9€t<%.Cx10 ~ sec.

L -5 -
Lo, At)=18.0 for 1.5x107 "t{1.7x107% sec.
VM\t) can be obtained as

t
M £ =3 TR
3 t 1.,0x10
=500,0 - 10°(1o t 3
S 11,0x10
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v t)=3£00.C - 18x10° t  for 1.0x107 3¢t <1. 770x10" %sec
VM\t)=Q.O 'l . for 1.778x10'5§t<2.0210—5sec.
But, with reference to graph of V¥, VM(1.5x10'5)=320.G V, which
must have been 300.0 V and VM droos to zero at t=1.?x10"5 séc.
This error is probably cue to the hizh value of the time incremeat
h, or to the fact that only one point is printed out of every five

vointe ané the peakx can thus te missed .

The back emf voltaze kK, can be calculated as

: t
e(t)=e(l.0x10 6) + 1/CM .jls ivdt
1.2%x10
2 ee |
=1.3004x10C S -
1 24x1 #( 1.5%10 3

e(t)=-1.544x107° + 1¥ ¢  for 1.6x10_3’<(t,<,2.ux10'j

so E reaches thes value e(£.0x10 ") by the end of tis time interval,

3

e(2.0x1077)=£.,25x107° V, which is almost equal tc the value

obtained by the simulation.

After Vil drops to zero value, the freewheelinz diode
takes over the armsture current, 1% ceases conduction. As seen

on the grapzh of ILS (=IRDF).

ibs\t)z0.0 A for l.dxlO"S:§t<la775xlO—é sec.

li5\t)=-15 A for 1.776x10 °Ct{z.0xlu™° S€c-

Similarly the supply current IA is equal to the armature

current for the time vy(1)>0.0, then 1A drops to 1.0 A .

1,t)=1g4(t) for 1.5x107% t 1.778x107% sec.

10t)=1.5 A& for 1.776x107%¢t<%.0x107°% sec,
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There is a small error in the simulation, because after Vi
édrops to zero, all the armature current should be transfered

to freewheeling diode path and supply current should drop to zero.

Tl is not conducting in this time interval, and

iRlet):O.O A for 1.5x10’{§t<2.0x10'35m

Tz and Cc, carries the armature current before Df taxes
over it, therszsfore ‘
Igpe(t)=izglt)=igult) for 1.5x10‘3{4t<1.728x10"6 sec.

iRTzkt)=iCC(t)=O.O A for 1.778x10"qgt<2.0x10_5 sec.

This can be observed on the graphs of IRTZ and ICC.

There is nc current through Lc, i.e. ,

=3 -3
3 g\t)=0.0A  for  1.5x107 ¢ t€z.0x10 “sec.

\TRTl\t)':VO&t) 4 VR.lz\t)
for l,éxlo"i(tsftime T% ceases conduction Ll.oeoxlu'ésec)
- But, vgpo(t)=0.0 V, since it is conducting

v t :
vRTl(t):vt_bkt’):VCC\t):'2‘504"1/60 -f“...\j l'ai‘:l\t) ét
1.0x10

- - ) L= . )
=-3100+19x10 t  for 1.9x1C Et<{l.040x20 7 sec.
that is vRlel.éxlo“s =-220.,0 V, but this Jumo is not observed

on the zranh VKTL, 1t may be because of it happens in 2 very

jY

short time (almost discontinous) then

3 -3

vallkt)=230.o v for l.039x10 $t{e,.ux10 sec.
i

\refer to the zraoh cf VARTL)
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During the time (1.5x10’2§t(1.045x10"5 sec.) VRT1 rises fron
-200.0 V to 4250.0 V , the current in the spubber circuit (Ix31)
is observed, and cbviously VCS1l follows VRT1l (see the graphs

IaS1 and VC31).

VRDF is equal to VM for the time VM(t)>O.O‘as it 1is

reversed bliased, than drops to zero,as it taxes over the armature

current IRM, -
N . -3 ~ -
VRDF(t)va\t) for 1.5x10 £t{1.778x10 ésec.
Ve ppit)=0.0 Y for 1.778x107%€t<=.0 x 10" °sec.

ViTz is zero while it 1is conducting for
T -3 ) -3 . -
1.5x10 £t{1.778x10 “sec , then drops below zero, as anode O Z0ES
below zero value. Therefore,

2

for 1.6x10-5.£t<_l.77‘c'>x10-J sec.

P

VRTE\t)=O'C v

VRTE\t)iﬁu.O v for 1.77&x1¢"ﬁ§t<z.ox1u'° sec.

VRDC 1is equal to VnT& throughout this interval, because

1.5(8)=0.0  vigit)=Le dijs(t)=g,0 v , therefore

dat
‘ ~ . r\""j o) r""5 »
VRDC\t)=OoV v for 1.0%10" "Ct¢L.778x10 sec.
. =3 T,
VEpC\t)=730.0 V  for 1.770x10 \<t<z.uxlu sec.

. _ : L ‘ . _5
VGG charzes from vggo(l.9x10 5):»@)0.0 V to Vogll.o=zoxlU )=

t
\t): -2a30%1 /
Ve N 1’C°;.a‘£o'~'

=-200.0¢10% (v t

N

lRiv‘vL\t.) 51_ L0 e vV

cr

.5x10'6

}..J

VCG\t)=—51CC+lvleJ £ for l.éxlO'Qﬁt(l.U1ox10-J sec,

VCC\t)=200.O Vv for l.oaaxlu’fgt { Z.leuydsec.



THF VALUTS OF THF FLEMIHTS APF

RG1= «33+002
RS2z .33+007
RS3=  33+002
CSl=z  17-006
CS2=  »17-006h
CS3=  +20-006 -
R=  .50+09n
L=  «20=001
CC= «17-004
L=z .50-00u4
LQ: 020'"”0‘4
ROM= . 17+a00
ROFF=z 104005
VA= 254003
KPHT= 20 H001
H= .50-005
TR= .qﬂ+000
Fz  .17+004
TMAXz . 20=002
=10
vM F 1M LS

MIN =,774+002  ,22-007 ,80-n12 =, 174+0n2

MAX 424003 «22-001 .18+002 . 36+001
1CcC 1L.C IRG1 VES

MIt =,114003 =e 114003 =et15=-00N1 =.17+003

MAX  ,17+007  «50+000 37+001  .28+0n03
YLtk de VRNC vee CPFEN

CATH =, 254003 =a21+003 =, 264003 . V1=-0ng

MAX  ,274007%  .284003 284003 .11+000

TAMEw

LON+00N

« 14N 7

VRDE

-.?1+ﬂﬂ’f‘

N i ]

TOPQUFE

« 384NN

TRT1

1”712

-.17-071 =, »P8=nn!

. 134003

VLS

~.8+007

LA8+002

174007
yPTHY

--1"%007

204007
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9-3. CONCLUSICNS

In the preceding four” sub-sections, the circuitry
gimulated is analysed analytlcally and the values obtained for
various cifcuit parameters are compared with those of the simu-
lation results. It is seen that analytical values and the simu-
latlon results agree very closely. In some instances, thefe are
small discrepéncies, the probable reasons of which are explained.
It is thus shown that the novel approach useé for the simulation

is very effective in the prediction of the circuit behaviour.

In the next section, some suggestions are made to

overcome the shortcomings of the eimulation.

3-4. SUGGESTION FOR FURTHER WORK

~1- As 1t is seen on the results, the simulation is
not very accurate for extreme rapid changes of the vafiables;
This must be.due to very different time constants of the circuit,
i.e. the gystem poles are far apart from each other. Therefore,
a moderate time increment of h, gives satisfactory results for
times during which the variables do not change very rapidly. On
the other hahd, if the time increment is reduced to a very small
value, 1t nay zlve zood results even for rapid chanzges but in
this case machine truncatlion error 1ncreaée tremendously. There-
fore, a variable time increment slgorithm shouléd be anpnlied.

A larze time increment could be used for times when variables



~110-~

change smoothly, and it should be reduced to a small value
when rapid changes are expected. In this way, the total number
of steps will not be so hizh, as to result in a high value of

machine error.

2- The prozram can be modified in such a way that the
matrices A, B and corrector current vectbr can be mensrated with
in prozram, for a given topology. But this may not be easy,
because the matrix A contains the resistances of the thyristor

and dicdes which are variable.

3- The method applied for the simulation of thyristor-
diode installation allows us t¢ usge mucn ore accurate thyristor
and diode models (instead of piecewise linear models) without a

‘correspond ing increase in the complexity of the circuit simulation.

4- The method can be applied for other ané more comp-

licated thyristor diode installations.

5- The program can be modified for the optimization
of components such as snubber circuits which are used in the
network. However before this, modification proposed in (1) must

te applied.




APPENDIX

DERIVATICN OF CIRCUIT EQUATIONS FCR THE ARMATURE CIRCUIT

OF SEPARATELY EXCITED CHOPPER CONTROLLED DC MACHINE

In;section 4-5,the equations ror the circuit in Fig 4-4,
namely A and B matrices and the corrector current vector, have
been obtained following the rules given in section 3-5 . A full
derivation of the eguations for this circuit is presented in

this Appenéix.

The branch currents in terms of the prev.ious and

current node voltages ( V, and Vi, ), can be calculated, using

the formulas 3.8, 3.9, 3.10, as follows :

i

fann= L (V, - V.
n = A -m)

t {(AVM' Vand * (Maoy - Vin-q)}

Aemn= ~lemaog + 2CM {(Vui' Vsn)- (Vopoi = V5n~4)}
h

LHn = iLMn.g + %‘[-M
{Rbgn = S—Z‘%{, (Va = Vin)
insan = L (Vi = Vap)

Rs3 -
es3n= ~4eezna ¥ —&%?3 {(Vsn“’lm) ~ (Ve "Vlm-{)j

Asn = tisng * %S {(an“VSn) + ooy - V5n-47}

Coppn = %b (Vsa = Ven )
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focin = (Ven - V.
Rsin Rm(é“ 70 )

{cs{n = - ics(n-( + Z-.Q&i (V7n - V?ﬁ-()
‘11;““ = RLT‘] (v&'l)

TRran = —R(—\_-l (Ven = Vgy)

feq= — S * lﬁc (Ven - Vga-t)
{Lcn = “.'LCn—'l"l' -&z {(an ~ Vgn) 1(v3h-1 = .vs"“() }

{roca = —%\i (Vén "Vﬁn)

{Q51n = -—R—S—z (,v“'Oﬂ_' Vgﬂ)

ics1n= "‘iCS:‘Ln-i t -9-“;"5}- {(Vén"ywn)‘(vbn-i "V-wn—-q)}

Then, the input current (Ix) -and the lmazinary injected
currents (11.11,15,14,. .o ,Im) ‘can be calculated from the above branch

currents as follows :

IA~1QM+‘aop‘*'ﬁg53-‘ Vot Vgt lvyg-Lovy L vy o Ly

Rs3 Rg{ M Rs3 Rog n
iz tim-tag= - v+ LV by, ~ kY 4&\_.V_-_"LV_+{ -
1 LM - *RM T A ™ in + Tl 0 LM n Zin in-4 2N -4 tMn-4
Iz ey~ =-h 2¢ ac ' hov, 2
23t =~y 4 ko HV— N R N A L N PSP
diw 4 +_11.M ot ~— In - Vsa Frm A= o in-{ o 0-4
t 7—‘-%? Vsa-y = 4emnoa = distaa
Y 1 2083 Vg, 2083 V. . 2083 v, 4 23V, < dcsza-
13- €s3 {ng— @'3 Vﬂ*E Vap + h i 4n "Ti In-4 " hn-4 cs3n-|
Lf= ‘:Ls- iRo; - ‘écsg = - -%$ Vp - 1353 Van + 15‘53 Uy ..L Vg + ib\?s Vyp — ih" Vs 416S3\’
h, -1csav .._‘Lv,+4‘54:i-_
+2LLS Viyn-1 {a-i ey Vin-{ LS n~4 €83 n-4
Tez fapy - Are —den = — 260 Vyy . h ¥ M Ven & 20 Ve, oA Ve~ A v
5= 1Rroy s~ Lem = e Vi - e Vaa o+ o Vsn P28 Voa v o Von = o, Ve
£ ey N Via. Nove o2 Vs, 4 4 - {en-
e Vanet - iz Via-q ORI =2 Vn-4 chney = fisn 1
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16 ‘(Rsi + ’(P:H t "Rrg_ t LRDC * ‘CSQ = 'L?\Db = ':-‘— Vsq t L Ven + A V6n+ — Vgn -* \/6

oy Rs4 T4 RT2 n

+ 9.0‘5"'.. Ve + éﬁ-h Ve — = Von

- L L g, - 2CST v, 2052 Vgp-a 4 2CS2 Y,
%54 an 9 T ion “‘~_h bn-4 + -—————h Aon-

TR12

= Lesan-y
To= teg - 4psy = ~ = Vo + %4 Vin _’fé_‘. Vop = _7;%1. Vyq = tesin-j

= e = Agrg - ALe = = Ven t 2Ce v A v Ao - hoy, h

- 2Ce sz‘4 T Vﬁn—( - ‘.Ccn-{ -i\.cnq
™ ale .
i . o -1 -
Lg=tie - Lpoe - {rea = Roe et —'b‘ Ve * - Van ""L Yan * 25 Van ~ gg Vion i Ve

+ o Vaaog ﬁcnw

I,z 4gsy — dpaq = = 2052 Vo - Ay __.v + 2082 v, 4 2652 _1C82 vy,

40> ‘Rsy. 23 == bn = o Van ¥ on == Vion == Ven-4 === Vioa-4
“+ 4csmn-4

To obtain A and B matrices and the corrector current vector,

we can put the above equations into theformof{ £Eq.3.18,45 given

below
.IA ’ [ 0 1 FVA } :JA ]
Iy lLkn-1 . Vin Vin-1
Ig “loMn-1" tLin-1 Vin Ven-1
I3 “d¢ssn-1 o |V | N LK
Ia 1u3n-1"%¢53n-1 ' Vig Vin-1
15 |= |*cEn-1"tLen-1 |+ A Vin |+ B Vn-1
Is “iGsen-1 . Von A Von-1
Ly -igsin-1 | - 2 | Von g “ |Von-1
Is | [~iccp-1"iwoa-1| - |Ven Ven-1
I 314n-1 Von Von-1
| Tiof | fosen-1 | | V1 0n) V10n-1 |
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