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ABSTRACT 

In this thesis, a novel approach for the slmulatlon 

of a chopper-fed dc machlne, is presented. Instead of the general 

technique of combining the Kirchhoff'.s ,voltage, current and 

branch characteristic equations, which would result in an equation 

of the form ~=f\;,i), the branch currents are evaluated in terms 

of node voltages by applyin3 Kirchhoff's volt~5e and current 

equations, and they are im~ediately converted to algebraic 

equations by trapezoidal formula. Later on, the nonlinearltles 

are considered, and thyristor and diodes are linearized by 

piecewise linear models. In this way, breaking down the circuit 

oger~tion into different modes, which couses laborious analytical 

manuplation or requires long computer time, is avoided. Also, 

a method of obtaining the complete set of equations for any 

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

gevel oped. 



Bu tezae, bir klY1Cl 11e beslenen b1r do~ru aklm 

makin~Slnln saylsal bGTIzetiml 19in yeni bir yontem ~nerilmi~ 

ve uygulanml~tlr. Bilinen bir genel teknik olan, Kirchhoff'un 

voltaj, aklm ve·eleman tanlm baglntllarlnl birle~tirip ~:f\~,t) 

~eklinde b1r aenklem elae etmek yerine; eleman aklmlarl, 

Kirchhoff'un voltaJ ve aklm ba61ntllarlnl uY5u1ayarak, aUbUm 

voltajlarl clns1nden yazllml~ ve hemen Itrapezoid 1'or:nulU' ile 

ceb1rsel baglntllare. donU~tUrUlmU~tUr. Daha sonra, devredeki 

diyod ve tristor aibi d03rusal olmayan elemanlar paryall 

dogrusal yaklae1klama yontemi 11e dogrusalla~tlrllml~tlr. Bu 

~ekilde, bUyUk analitik ielemleri ve uzun, bi15i sayar Zamanl 

gerektlren, d~vre ielevini ye~ltli kiplere ayrletlrm~ 

yontemlnden kar;lnllm1etlr. Ayrlca, herhansl bir devre i<;in, 

~adece devrenin yaplslna bakarak, devre denklemlerini elde 

etmek iQin kurallar seliet1rilmietir. 
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CHAPIER 1 

A new era in electric power conversion began with 

the d sve lopment of the silic'on controlled rectifier \ SeR) in 

late 1957 •. From 'the first 16 a1llpere ave rase current ratedunlt, 

an entirely ne'lT family of semiconductor devices was crsated. 

Thyristors are now avallable with current rat~ngs from milli­

amperes to over a thousand amperes and with voltage ratings 

up to ~,oOO volts. 

The first thyristor applications involved simple 

phase control for lamp dimmers, heat centrols, and ac xotor 

voltage controls. As a Wider range of triacs became available, 

they replaced the SCR in most of these applications. !-1ore 

advanced phase control circuits vlere pursued next ~ncludln5 

rever sloE de motor dr~ves wLth inversion to the ac system 

for reE;eneratlve braking of up to 0000 hp ar:nature co.ntrolled 

motors for large mill drives. A great variety ofsophlsticated 

~tatic power conversion eqUipment Is· now belng produced, rang~ng 

from sIDall appliance controls to variable frequency 100 hp ac 

dr~ves for a Wide range of industrial applications. 

In an electrical power control system, the power 

converter is ths cr i tical IlD:.{ for ms.tching the sour se to the 



load. The characteristics of both th~ source and the load and 

often the electrical and amblent environment determine the duty 

on the converter. It falls upon the circuit designer to choose 

the proper circuit arrangement for .the specific appllcation. 

However, he is often constraLned by the capabll~ty of the 

available power SWitching devices. Recently, tais device capa­

b~lity has become the major factor In· determLning the s~ze and 

efficiency of a converter circuit, hence the optimum arrangement 

for the required duty. The most recent developments in thyristor 

characterlstics have been to make this limiting factor in power 

system design less restrictive. 

Thyristors are found to be very reliable working in 

the harsh conditions of a machine environment, thus there is a 

decrease in the maintenance costs. They can increase the efficiency 

of a machine installation. For example, the eff~ciency of the 

control and drive gear of railway equipment is lncreased from 

sixty seven percent to n~nety f~ve percent when changed from 

conventional resistance control to thyristor control. Ihyristors 

lend themselves very readily to mass production using the well 

proven technology of semiconductor transistor and d~ode manu-

facture, thus they are relatively cheap. 

The thyr~stor ls basically a switch, that can De 

switched on by the application of a sate pulse of a few·ffiLlli­

amps curr~nt and a very short t~me in duratLon (provided the 

anode cathode voltage is positlve and greater than one volt in 

magnitude). ~hen on, the curretit throuEh the thyristor ~8 
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determ~ned only by the parameters of ~the external clrcu~t, and 

an approxi:natel~ con stant voltage drop \ one volt) is observed 

across the device .. The thyristor '·can be turned off by reducing, 

the current through it be 1 o 'vI its latching value (usually about 

one hundred milliamps) whereu~on it returns to its blocking 

state. The circuitry required to turn the device on is qu~te 

simple but tbat required for turn off can lead to an ~ncrease 

in the control circuitry. 

In thyristor control applications, harmon~c generation 

and torque pulsation due to switchin~ action of the thyristor, 

unwanted turn-on due to excessive rates of change of a~plied 

volta.ge and fatal breakd·o'flD of the thyristor due to transient 

voltage surges of t~e supply present themselves as poss~ble 

sources of malfunction. In designing the. control system, spec~al 

conslderatlons must be given to these aspects and compensatlon 

measures must be taken. 

It is difficult to design an efflcient control circuitry 

ana at the same time have enou3h safety mar~in for the posc~ble 

sources of ~alfunctlon ment~oned above. In most cases, the designer 

acopt8 a trlal and error approach or overrates the components 1n 

the circu~try. On the other hand, if the exact behaviour of the 

CH'CU.ltry .is [-mown, then an 09tlmum deslgn can be m3.CB .. Thi.s ~s 

why there is a great need to s~mulate an ~nstallat~on so that 

the performance of tbe lnstallat~on can beascerta~n€d w~thout 

the danser of damaging very ·expensive equ~pment. 
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In this thesis, the result of work carried out for 

the digital simulation of separately excited chopper controlled 

dc machlae is reported. After the introduction of Chapter 1, some 

basic chopper circuits are introduced in Chapter f:, and the 

methods for commutation are discussed, dc machine dynam~cs, 

transfer functions and block diagrams are presented and the 

equivalent circuit of a separately excited dc machine ~s derived. 

In Chaptsr 3, the merits of analogue ·and digital simulations are 

compared briefly, and general techniques of digital s~mulation, 

specially the simulation of electrical machines are discussed, 

and the general formulation of circu~t equations which is used 

in this thesis, is given. In Chapter 4, the circuit equatlons 

of chopper controlled .dc motor are formUlated, and so~e other 

details of the simulation are explained. In the f.lnal chapter, 

Chapter 5, the results are presented and discussed. A full 

derivation of circuit equations of separa.tely excited cho;:l.ger 

controlled dc ma.chine is gJ..ven in the Append ix. 



CHAP'lEa ~ 

CHOPPERS AND DC MACHINE DYNAMICS 

~-l. I~TRODUCTI0N 

For the control of the voltage applied to the armature 

of a dc machine, chopper circuits are frequently used. 

The supply voltage is varied in average value by the 

rSEular switching on and off of a thyristor. The voltage seen 

by the machine is thus made equal to the supply voltaS9-for a 

fixed time and then to zero for a further time \the voltage is 

chopped). Therefore by varying the ratio of on-time to off-time 

the average voltag.e seen by the machine can be varied from zero 

voltage lno on-tim~) to full supply voltage \no off-t~me). There 

are hOYlever practical li:nits to the minimum on-time and ffilDlmuffi 

off-tim~ set by the physics of the thyristor. 

In Fi~.~-l, the equivalent circult of a "chopper 

controlled dc machine is shown. If a switch is connected between 

a dc source and 9. load a:s in the figure, it is poss~ble to energize 

or de-energize the load, i.e. the dc. machine, by slmplycloslng 

or opening the sw~tch. The volta~e at the lo~d termlnals aopears 

as in the f.l.gure, if the svlitch is open and closed perlod~cally. 



DC SOURCE 
EDC 

! 

--6-

AR~1A.TU"" E VOLTAGE L" rt 

N N 
. - r--

t 

DC l·1.l\.CHINE 

~ SWITCH CLOSED, t2 SWITCH OPEN 

Fig. 2-1. The Equivalent Circuit of a Ch9Pper Controlled 

DC 1I'lachine 

The average voltage to the load is ED~/2, if t1 is made equal to 

t 2 - This voltage can be varied by maintaining t1 constant and 

varying t1. (so:netimes called pulsed rate modulation) or by 

holding t 1 +t2 constant and varyinst1 \sometimes called pulse 

\,lith modulation) t or by va.rying both ti a.nd tl,. It is easy to 

see how this system can be used to decrease the average voltage 

to the load, thus serving the purpose of a dc step-d own 

transformer. 

\ 

I 
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f;-2. CHOPPiliS 

In a basic chopper circuit the thyristor is turned on 

by the conventional ,(lay (i. e. a gate pulse and forward bias), 

but the turnoff is by forced commutation, that is the current 

through the thyrist.or is forced below the latchlng value so as 

to commutate (swltch-off) the_thyristor; the circuits that perform 

this forcing down of current are known as commutation circuits. 

The turnoff of the current carrying SCR is achived by app1yin3 an 

acequate reverse voltage for a certain time across the SCrt, and 

by commutatating its current to another branch while it is reversed 

biased. Inductive loads, hovrever, result in comp1.J.cated turnoff 

problems, on account of their stored energy. Either the turnoff 

capacitor must be enlarged to absorb this energy itself \load­

related para11e1capacitor turnoff) or an alternative path must 

be provided for incuctive load current. When the load current is 

unidirectional, as with choppers, a freewheeling diode for~s an 

id eal 901 terna. t~ ve path. Inver tors , having a.n al ternat ing load 

current, require more complex return-current diode paths to 

provi~e for both directions of loa.d current. 

Briefly, Jor a. thyristor to be turned off correctly, 

the following must take place (3) 

\.a) The thyristor current must be reduced to zero. 

~b) ..;, reverse volta;;e must appear· across the thyristor for a 

time lonser than its turnoff ti~e. 
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\c) The subsequent rea~~l~cati:lD CJf- forw3.rc v:>lta-3e must be 3.t a 

r3.te less than its dV/dt ratlng. 

~d) An alternati'le path must be-~rovided for the load current 

\vhere induc ti ve. 

Ihe precharged c3.pac~tor ~erforms 3.ction \3.) by d~vert~n5 the 

loa~ current fro~ the thyristor to itself. It performs qction 

\a), \b) and ~c) by beln3 connected effectlvely in parallel with 

the thyristor, so that its st:>red voltase ~everse-biases the 

thyristor; it has sufficient capacitance t:> cqrry the load 

current for lon~er than the turnoff time before becomins d1s­

char3ed, and it likewise li~~ts the rate of rise of forward 

volta~e durins recharging. The way in which the circuit performs 

action (d) introducEs a fundamentally i~portant distlDction 

betvleeD two forms of parallel capacitor turnoff for inductive 

loads. If, after turnoff, the load current is transferred away 

fro~ the capacitor t:> a constant-volta3e clrcuit before the load 

current decays to zero, the circuit e~?loys 'imp~lse coxmutat~on', 

q f3.st turnoff process, which is thyristor-related \6). The 

comrr.ut9.tln::; , or turnof!", ca')acltor is relatively s!'!iall, ;overned 

as it ~s by the t~yristor turnoff ti2e, an~ it carrles the load 

current for a relatlvely short perlc~, ty~ically J0-100 ps. If 

t.he tll!"Doff C3.99.C 1 t or carr ies the lCJs.d curre:..1t -..1na.J..C: ed unt ~l 

the los.d current has been reduced t:) zero, the cap3.cltor .J..S :r:uch 

1s.r3er in order to absorb all the lcs.d ener;y for a toler~ble 

rise of volt.3.3,e. The reversE-volt3.~e tlr.le thus sreatly exceeds 

t::'e turDoff tl:ne, and the com:r:utatlon ?rocess is ver:; .TI'J.ch slC'· .... er; 
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it is loac-rel:lted since the relationshl? exists between stored 

load ener~y and ca9acltor enerEY. 1he distinction between 

thyristor-related impulse cR.;>'3..citor turnoff and 10'ld-relat.ed 

ca;>acitor turnoff arises only for ~nductive loads. A res~stive 

load does not store ener3Y; therefore, the provl.sl.onof the 

alter'native path ,0) above is unnecessary. 'Ihe circuit can be 

equally viewec ,as usln5 a thyrlstor-related or 109.0 related 

turnoff technlq~e. 

There are many types of qO:!l!Tluta.tion circuits (3,4,6,01,10), 

but they basically f9.11 into two categories. 

(1) Switched capaCitor turnoff circults: 

Ihe precharEed capaCitor is sWitched dlrectly across 

the m~in thyristor 1 to be turned off by a second thyrlstor II 

in the basic circuit of Fig.£-S. 

'V. s 
II 

R 

I 

O ______ -L ____________ ~~--~ 

a 

Fi3.~-~. 3wltcheo Caoacltor turnoff circuits 

b 
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l'hyrlst;)r I conducts t!le load current keepln~ the r isht-hand 

plate ofC at the potential tVs. l'he left hand-plate potential 

is reduced to zero as the capacitor charges through R. If, when 

C is fully ch~rged, thyristor II is fired, the left hand-plate 

of C ~-lill be raised to tVs , and hence its ri~ht-hand plate to a 

potential tf;Vs • The cathode ·of thyristor 1 ls teus more positive 

than its anode; it is reverse-biased, and !lence ceases conduct~on. 

The load current now flov/s from su~ply through the seco[~d thyr ~stor 

II ana C, discharging C. ','1hile C discharges from Vs to zero, 

thyristor I is reverse-biased; this is called the reverse-voltage 

time t , which must be greater than the turnoff time of thyristor I. RV 

Thus, 

(2.1) 

£qn.f;.l is based on a constant load current \ caoacitor current) 

duri~g the period t~v' resulting in a linear discharge of 0, 

thussim~lify ing the general intee:.ral equation 

j v 
o =1/V5 it..' d t 

o 

Dur~n3 the reverse-voltaEe time, while thyristor I h~s been 

reverse-biased, the loaj !... supports f;VS initially, decreasin:; 

to Vs 'llhen C is d lschar~ed. The load current must incres.se 

somewhat jur~n€ the reverse-vultage tlme, ow~n6 to the add~tlonal 

volta~e across it. After C has been d~sch~r~ed, the load current 

cont~nues to flow throush it, charSing it in the reverse direction 

until the load volta3e is zero. From the firlns of thyrlstor 11 

until the load volt~~e falls to zpro, the path thyristor II~O 

has been t~e altern~tive ?~th for the lo~d current. Frox this 



-11-

time onwards, it is usual for the load current ~o transfer to a 

diode freewheeling path ~ in parallel with the load. W~thout 

thls , the energy stored in the load would cont~nue to charge 

th~ capacitor to a voltage in excess of the economic rating for 

thyristor I. An essential fe9.ture in any capacl.tor turnoff circuit 

is the rech9.r3ing of the capacitor ready for the next turnoff 

process for thyristor I. In the basic circuit of Flg~~-~.a, this 

is performed by firing thyristor I a3a~n. A reverse process turns 

off thyristor II, after which C discharges and recharges to the 

original polarity. This basiC technique is used in most chopper 

and inverter Circuits and is sometimes referred to as impulse 

co~mutation (8). In practlce, two thyrlstors and a capacitor 

should not be connected in a loop as they are in Fig.~-~.a, 

because e9.ch wl.ll experience h~gh di/dt when fired ~nto the 

reverse \carrier-storage) conduction of the other. Likevlise, 

when thyristor I is fired while Df is conductin5 a freewheeling 

current., t'~yristor I will ex-perience high :ii/dt while Df conducts 

transiently ~n the reverse d~rection. Inductor~s),i.e. t in Fig.£-~.b, 

must be i~cluded in these two P3.tr.s to ll!Ilit di/dt and their 

presence introduces a measure of resonant behav~our based on the 

IJrinc~ples of Resonant Ca:>acitor Turnoff circuits. l·:ore advanced. 

techniques in this type of commutation will be discussed ~n 

(1i) Resonant capacitor turnoff circuits: 

Resonant turnoff does not requlre a second thJr~stor. 
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Instead, the firln3 of the load thyristor initiates a resonant 

reversal of the capacitor voltage, followed automatically by a 

thyristor current reduction and the application of a reverse 

volta~e to the thyristor. Fig~2-3. illustrates the basic circuit 

c 
"Ie 

load 
L 

o~~~-------------------~ 

Fi5.2-3. Resonant capacitor turnpff circu~t 

in whlch ~,C and thyr~stor I form the resonant circuit, and losses 

are neglegted lB). Initially thyristor I is off and C is charged 

ihrouEh L lload) and e with ~ts lower ~lateat zero ~otential. 

Voltage ano current waveforms of resonant 

capacitor turnoff c~rcuit, ~n Fig.8-S. 
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It/hen thyr istor lis fired Sot t1, any load current has been free­

wheeling'through Df and e decays as the current in thyristor I 

builds up, their sum being the load current (assumed constant). 

When all the load current has transferred to thyristor I, Df 

ceases conduction at tl (Fig.2-4.)~ The resonant circult e 0 

(and thyristor I) carries a resonant current IR. chargine; the lowar 

plate of 0 positively until it reaches a potential +:;Vs aft·er a 

, halfcyle. The next halfcycle of resonant oscillation now begins, 

during which the resonant current opposes the load current in 

thyristor I. Provided that the peak resonant current exceeds the 

load current, the thyristor current is reduced to zero at t3' At 

t3,' the constant load current, now flowing through 0 and ~ produces 

no voltage drop across e so that the remaining voltage Ve3 (:f) 

reverse-biases thyristor I. The reverse voltage across thyristor I 

persists until t4 when the load current has llnearly dischar3ed 0, 

and V2c=Vs, after which 0 recharges with its lower plate negative 

until its voltage reaches Vs, whereupon D~ conducts and freewheels 

the load current. The waveforms illustrating the above description 

are given in Fig.2-4., in which the resonant current Ip' has a 

raised zero at the level I L , and the capacltor volta3e has a 

r9.ised zero at +Vs (3). 

There are very many other commutation circults, for 

further details, one should refer references J,~,o,~,lQ. 
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~-..). DC .iY~CHINE. DXi~AI"lICS 

4-.3-1. DiNAl1IC EQUATIONS 

The electromechanical coupling terms are the magnetic 

torque T, and the generated voltage sa, for a dc machine are: 

where 

T: Ka • ~d .10 \ 2",.3) 

ea ::"Ka. ~d .wm \~ .4) 

Ka:P.Za ,which is a constant fixed by the design 
2tra 

of the winding, and the symbols are defined as: 

~d direct axis air gap flux p~r pole 

P number of poles 

Za total number of conduc"tora in the armature vlindlng 

a number of parallel paths throuh the winding 

la the current in the external armature c~rcuit 

Wm mech9.nical speed 

These equat~ons together with the differentia.l equat~on of 

mot~on of the ~echanic~l system, tne 7~lt-a~9a~3 ~1~~t~ons for 

t:;'~ ~'l.r":}'l.ture and f.lele circuits, and the magnetization curve 

describe the syste~ perfor~ance. 

Cons~der first the ~deal mach~ns shown in Fig.2-6. , 

'h'ith one field \<1inding and negl.J..6.J..ble iTlasnetic sa.turat.l.on. The 

direct-a.xis air-gap flux ~d is then l.l.nearly proport~onal to the 

field current l' a.nd equations 4 • ..) and 2.~ can be expressed as: 
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ea = k f • if ' Wm \ ;:, • 0 ) 

'tlhere kt is a constant. 'r"i~th the brushes .l.!l the quadrature axis 

the mutual inductance between the fleld and armature circults 

1s zero, just as it would be for two coils whose axes are per­

pendicular. The voltage equation for the fleld circuit then is 

\2.7) 

where \f ' if ,Rf and Lff are the terminal voltage, current, resistance, 

and self-inductance of the fleld circuit, res~ectively, and p is the 

derivative operator d/dt. For motor, reference dlrect.l.ons are 

indicated in Fig.2-o. The voltage equation for the armature clrcuit 

'Ra 

+ 

Fig.~-o Sche~atic representation of a dc machine 

is vb>. -= % + L oq • piQ+Ra • i(1 

vb = k.f.. if· UJro t Laq' . pia T ha ia 

\~.6) 

\G.~) 

where v-l:
a 

' i
Q

, ria' an: Laq are the term.J.oal v:ol tase, current, 
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resistance and self inductance of t.he armature circuit, r~s­

pectively. The Bubscript q is used with the inductance because 

the axis of the armature mmf is along the quadrature-axis. The 

inductance Laq includes the effect of any quadrature-axis stator 

windings in seri~s with the armature, such as interpoles and 

pole-face compensating windings used on large-machines to improve 

commutation. For a motor the dynamic equation-for the mechanical 

system is 

(2.10) 

where J is the moment of inertia and T~ is the mechanical load 

torque opposing rotation. 

Energy storage is associated ''lith the magnetic fields 

produced by the f leld and armature currents and ~'1ith the kinetic 

energy of the rotating parts.'The state of a physical system can 

be described in tarmsof its stored energy. Accordingly, the field 

and arma.ture currents and the speed are state variables. Equa.t'lons 

2.7 through 2.10 are first-order differential equations containlns 

product nonlinearities i(Wm and i~.iq of these state variables. 

These equations together with t.he Kirchhoff~Low equations for the 

circuits connected to the field and-armature terminals and ~he 

torque-speed characteristics of the ~echanical system connected 

to the shaft, determine the system performance. Their application 

to specific cases will be described in the following section. 
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s- 3-S. Tii.Ai~3F~-i. F Ji\jCT 101,<3 d.hD BLOCK DIAJitALS 01" DC 1-L:;.Ch1i-;'E;S 

The most difficult obstacle to overcame ~n analysis of 

dc machines ~s the inclusion of :n9.5-l"let..l.c saturat..l.on. Linear analyses 

omittin~ saturation serve two useful pur~oses, however. First, by 

virtue of the relatively sim~le linear differential equations 

which ~ay then be written, a fuller a?preciatioo of other factors 

affecting transient performance is wade possible, and an ~p~roximate 

picture of the events is 3ained. Second, for those sjstem ~roblems 

involvin3 com~lex combinations "of mach~nes and other eqUipment, 

dyna~ic system studies are made possible which otherwise would be 

practically prohib~tive without resort to a co~?uter. 

~a) DC senerators. Linear analysis 

Consider the generator of Fig.Z-o, and assume that 

operation is restricted to l~near ~ortion of the magnet"ization 

curve of Fi3.~-7. 

f;" r " S' t" -~3.~-o. cnema lC representation of a dc ~enerator 



\ . / 
J",,~r-gap _/ 
line . 

Speed~ UJmo 

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

Fig.2-7. Magnetization curve 

The inductance of the field wincini; then is constant, and the 

volt:l3e equation for the field circuit is 

Hhere 'If = Lff /Kf is the t l:ne 8onstant. of the f ielo c ircu it. At 

m~gnetlzation-curve speed wmo ano with operation restricted to 

the linear range, the armature emf eao is 

e 00 =- Kg if (~ .12) 

vlherE: ~ is the slope of the alr-g3.p l.l.De at speed wrnc' 

Rearrange~ent ~f ~q. ~.ll,ln state-variable form gives 

The bloc~ d1asr~m with the inteerator lip io the forward path 

1s shoND in Fig- 2.-8. !·:ult.l.pllcatlon of the output :if by Kg then 

3i ve s the 3ener'lted emf eoo at magnet iza t ... on-cu,r ve s.)eed. Since 

generated emf is proport~onal to s6eed, the emf eo at any 

'3.8 shown by the mu~t ... ?l.J.er .in the output of i'iS. ~-o, the 
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corresoonding thansfer f~nrition in complex variables is obtained 

by replacing the derivative oper~tor p in Eq. ~.ll by the complex 

frequency s. The variables Eao\s) and Vf\s) then are the complex 

K 9 

Fig.~-S~ Block diasram of Eq. ~.13 

amplitudes of the corresponding time variables, and the equations 

become algebraic equations in s; thus 

Eao( s) _ Kg If _ ILzjRf 
V f (s) - V f - 1-Lf s 

as shown in FiS.2-9 

Fi3.~-~. Block dia~ram of ~q. ~.lo 

rr'h6 9.rm9.ture current ia is determined by the sener9.ted e;nf eo 

anc the electrical circuits con~ec~ed to the ar~ature ter~in9.ls. 

The masnetic torque T is then determined by ihedirect-axis flux 

and armature currents, as in ~q. 2.3. 



(b) Separately excited dc motors 
. -

Direct-current motors are often used in applications 

requirins precise control of speed and torque output over a.wide 

r~n3e. One of the co~mon ways of control is the use of separately 

excited motor with constant field excitation_ The speed is oontrol-

led bj variation ~f volta3e applied to the armature term~nals. 

The analysis then ~nvolves the electrical transients in the 

armature circuit and the dynamics of the mechanical load driven 

by the motor. 

A separately excited motur 1s shown in Fig. ~-lO. The 

~lectrical 

source 

Fig- 2-10. Schematic diagram of a separately excited 

dc motor 

source may be either a s~lid-state controller, or a c~nveDtl0nal 

resistance control. At constant ~otor field current If the mag­

netic torque and generated emf are 



T= K¢.1o (neHton-meters) 

eo:K¢,wm (volts) 

(,8.16) 

\8.17) 

where K¢::. kf. If is a constant. In terms of the magnet lzat ion 

curve 

with eao the generated emf corresponding to the field current 

If at the speed wmc rad/sec. In mks units the constant K¢ in 

newton-meters per ampere (Eq.2.l6) equals the const~nt lip in 

in volt-seconds per radian (Eq.2.17). The response of the "motor 

to changes in source voltage and the effects of the load torque 

will now be investigated. 

From Eq.2.b, after rea.rrangement of the terms" a.nd 

division by Ra , the differentia.l equs.tion for t'he armature current 

where Vs is the source voltage, ea is the back emf ~Eq.:c;..l?), 

Ro,and La include the series resi9tance and inductance of the 

Bauce ana ar:nature circu'it, s.nd To = Lc/Ra is the electrical time 

constant of the armature circuit. Tho magnetic torque T is given 

by E~.~.lo and fro~ Eq.~.lO the acceleratlon is 
9 

T . 1 
pCJ)m::~ - _L_::; Kt? ia - __ .1.._ 

J J J J 

where J is the mo~ent of inertia including that of the load, 

and 1L is the load torque opposing rotation. 

The block diasram representin3 Eqs.8.16, ~.20 is shown 
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in Fig.~-ll-a. in ter'IlS of the stl1te v<.lrlables iQ and wm v:.l.th 

Vs and TL /J 3.S in,;)'.lt s. D l. vision of the input vs by K¢ and co:n-

b~nation of constants in the forward ~ath yields the s~mpler 

form shown in Fig.S-ll-b where 

is the 'inertia time constant'. Phys~cally lnterpreted, Vs/K¢ 

is the steady-state no load speed corresponding to a constant 

de lnput voltage V<lc • 

~---------__ K¢ 

( a) 

T /J ~ 
I.. --~ --I 

I 
I 

(b) 
Flg.2-ll. Block diagrams of Eqs. 2.lti to E.S0 for a separately 

excited de motor 

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

is sometimes assumed that the load torque is pro?ortlonal to the 



speed ; thus 

or 
<, 

where B lS the slope of the torque-speed curve at the operatin3 

point and may be assumed to be consta,nt for small chan3es. 'lhe 

parameters JIB is the 'load time constant ~L' describin~ the 

rate at which the motor coasts when its armature circuit lS 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 l~portant with integral-horsepower motors. The effect 

of the load damping is shown in Fig.~-ll-b by the feed back B/J 

around the second integrator. 

The block dlagram in terms of complex frequency s is 

shovm in F 13.~-18, where nov{ ilm, Vs and TL are the complex am?lj.­

tudes of the corresponding time variables. The functional notation 

'of s' will be omitted for the sake of simplicity with the under-

standing that capltal letters such as flm and Vs are complex 

amplitudes. 

l/Zm 
l.'Z.a-l) l.s-B/J) lis 

(a) (b) 

FiS.~-l~. Block diagrams of separately excited dc motor 

in terms of complex variables 

flm 
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The first integrator in Fig.2-11-b-becomes the algebraic term 

l/(~Qs+l) in Fig.2-l2. The second integrator in Fig.2-ll-b with 

damping S/J becomes the algebraic term 1/( stB/J) in Fig.~-l~-a. 

The block diagram with mechanical damping neglected and TL 

assumed to be independent variable is shown in Fig.~-l~-b. the 

transfer function relating speed to input voltage, found by 

elimination of the negative feedback in Fig.2-12-a, is 

11m 1 
Vs/K¢ 'tmVrqs+l)\stB/J)tl 

With mechanical dampins neglected 

1 

and the transfer function relating speed to load torque then is 

1 

An analog electrical circuit ie shown in Fig.2-l3 in 

~hich the inertia is represented by an equivalent capacitance 

Oeq and the damping by a shunt conductance Geq • The torque equ­

at~on for the' mechanical system can be expressed as 

Division by K¢ and substltution of wm:ea/K¢ in the result ~lves 

in - J . .... --~ l{Q) 

which is identical to the node equation for the Ceq 3 eq circuit 

provided that 

Ceq :=. J /K~ 2 and Je~ :=. B/K{J2 U:~-~6 ) 

In terms of the analog circuit the time constants 7m and'lL a.re 

rl'n.~ Rc. Ceq and, 'rL = Ceq /Geq (S-2v) 



Fig.S-13. Electrical circuit equivalent of separately 

excited dc machine 

The natural frequencies s of the system are given by 

the poles of the transfer function, Eq.2.23, or the roots of the 

equation, 
\ B+ l/'rQ H s-IB/ J }-t 1/'rci1 M =: 0 

S2-l1.1/'TatB/J)stl/rrc/l/'tm+B/J) = 0 

\2.30) 

(~.,sl) 

Comparison with the standard form for a second-order equat~on, 

2 2 s +20<stU)n = 0 

shows that the undamped n'3.tural frequency Wnis 

OJn ':. ~l/tCl (l/'Lm +B/J) 

and the daffi9ins f9.ctor ~ is 

The relative damping factor or dampins ratio ~ is, 

r :. O<./wn 

The roots are given by the well-known solution, 

5, , s;l = -1W{'\l!Wn ~}2_l ::.-'\Wn :rjw(\ Vl- f 

(2.3,s) 

wbere the first form, 1)1, gives two exponenti~l terms wlth 

negative real exponents, and the second form 1(1, sives a da~ped 

sinusoid. 'The :nechanical 10900 usua.lly ha.s only a email effect on 
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Wt\ I a.nd ex. , although of course it does affect the steady-state 

speed. If B/J is neglected 

w" = ~l/'CQ 'em 

0\:. 1/::. "rex 

1 = liS ~-7.Il\-I-:'l.-Q 

(S.30) 

\~ • ..s7) 

lS.3b) 

It should be noted that for transient condlt.L.ons and 

e spec ially for large accelerations, Tm 1s much larger than 'l'L' 

therefore TL ca.D be ne3lected. This means that in the :nodel of 

se9arately excited dc motor, ~~ ca.n be considered as zero, 

~reatly sim?lify1n3 the model. 



OHAPTE.q 3 

JENEHAL T EOp~~rQUE3 OF SII>lULAT ION 

3-1. INTRODUOTION 

As was stated in Ohapter 1, it is important to be able 

to predict the performance of a thyristor installation so that 

an optimu~ and efficient design can be made. The 9redictlon can 

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

3-::'. ANALOGUE SIl>fLJLAT ION 

In this type of simulation, the physical equat~cns of 

the installation are represented by electronic clrcuitry. The 

var iables of the physical system a.re represented bj' some other 

variables, (for example voltage), that Can be controlled. Thus 

the simulation is obtained by manipulating the representative 

variable in accordance with th~ equations of the system. For 

examole the eouations from ~.16 to 8.~O which describes the beha-- . 
viour of a se:,>arately excite¢!. dc motor is Simulated 1"0 Fis.;::;-ll-a 

in terms a f the stllte var .i.ables 1a and UJ{[\ \'lith V'S. and TL /J as 

inputs. The common components for an ana~o5ue simulation arc 

summer, integr~tort inverte~ constant multipl~er and vari~b15 

multiplier, \1hich are read lly available in the form of electron.l.c 

inte3rated circuits. 
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Analogue simulations ha're the great advantage in that 

the simulation gives a physical 'feel' to the problem \1.e. the 

problems are solved in real time). In Qur exa~Qle of the simula­

tion of separately excited dc motor (in Fig.2-ll-a), by putting 

~ voltmeter in the output circuit one can actually see how the 

output (mechanical speed wm' or armature current ia) behaves for 

any input(s) (Vs and 'l'L/J). The accuracy of the si!l1.ulatlon is 

limitted by the accuracy with which you can measure the repre­

sentative variable. 

However, digital Simulations, where the physical 

e~uat~ons of the installation are solved numerically, are much 

more flexible, in th~t more complex equations can be solved 

without the corresponding increase in the complexity of the 

simulation. The accuracy of the simulation is governed only by 

the ac.curacy of the particular numer lcal method being used, and 

the accuracy to \'lhich one 'vlants to obtain the solut.l.on, and of 

course the assumptions made in the formu~atin3 the equations. 

Because a 3reat c.eal of 'number crunching' is involved in digltal 

simulations, an invaluable tool to use is adi;ital computer. 

With the 3rowing popularity of the digital computer dur.l.n3 the 

past ten years, the digital simulation has also become more 

popular. But digital simulations do not have the phys..i..cal 'feel' 

of worlring with real time as analosue simulations have. 

The aim .of th.l.8 thesis is the simulat.l.on of separately 

excited chopper controlled dc machine. Although, one can do this 
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by analogue simul'3.tion, if the output waveform of the chopper 

can be ~enerated and be fed into the input of Fi3.~-1~-a, the 

mechanical speed wm and the armature current ia can easily be 

obtained as outputs, but the variables in the ch09per, which 

are much more interestins, can not be accessed. Therefore the 

system has to be simulated as a whole, which is possible only 

by digital simulation. 

3-3. DIJITAL SIMULA.TION 

3-3-1. GEl.\ERAL 

Since the l~te 1~30's, the state variable ap?roach has 

also become popular for analyzing large-scale electronlc c~rcuits 

with the aid of a digital computer. In the state var~able ap9roach, 

a linear time invariant neywork is characterized by two equations 

of the following forms: 

and 

\o{here 

x = Ax+Bu - -: - =-

u: mxl vector representing the ill ~nputs \~ndependent 

sources} 

y: pxl vector representlng the p outputs \voltases 

and/or currents of interest) 

x: nxl vector consisting of a set of n inae?encent 

auxiliary variables 

A,&,Q,p,l2.1: constant', real matrices of appr()pr~ate 
= - - - -
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dimensions; note that A is always square -
matrix of order n 

. 
The first equation, Eq.3.l, is a set of n first-order differential 

equations (coupled in general), usually refered to as the 'state 

equation I in normal form. The set of auxiliary variables. ~, xl., 

t x3' ••••••. xo are called state variables, and ~=(x1,x2, ••• ,xl\) 

is called the state vector. To flnd the time-¢omain response we 

may apply any of the solution techniques. After ~\t) is found 

from Eq.3-l, it is a trival matter to obtain y(t) fro'm Eq • .3-2. 

Any lumped network obeys three basic laws: Kirchhoff's 

voltage la"l, Kirch..."lo~f's c~rrent law, and' elements la',1 (branch 

cbaracterlatic~). If, fro~ these ,three types of constraints, 

we can succed in reducing the eq~at~(ms ,to a system of linea.rly 

independent first-()rder eq':lations , 

x=f\x,t} _. .-..-. 

where ~ is the set of n independent, a.~xiliary variables, we say 

that the normal-form equations for the network exists. In this . .,.~. . . 

case, the entriesx~,xl,x3, ••• ,xn are called the state variables 

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

It is ~~own in elementry differential equations that 

the most general solution of Eq.3.l must contain n arbitrary 

constants, to be determined by n initial conditions. Usually, 

but not alYlays, these n initial conditions are the valuos of 

X1 ,X2 , ••• ,Xn at t=O. Then the order of complexity n of a nGtwor~ 

is equal to the nu~ber of ind~pendent initial cond~tions that 
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can be, must be specified in terms of electrical variables in 

order to have the complete solution of ~(t), and hence lJt). 

The' computer formulation of state equations for RLOM networks 

and for linear active networks are given in reference 7. 

Given a dynamic linear network characterized by Eq.3.l 

and3.2, the initial state ~(to) and the input ~(t) for t~to, we 

wish to find the output y\t) for·t~to. Since the solution is to 

be obtained with digital techniques, both ~(t) ~nd y(t) will be 
oJ 

determined only for some discrete values of t, for example, 

t:to , to +T, to .. 2'1' , ••• 

where T is the chosen 'time step' •. The input ~l t) may be expressed 

explicitly as functions of t or may be available only in the form 

of sample data.. 

3-3-2. SOLUTIONS OF THE STATE E'~UATIONS 

(i) Analitical solution: 

The 'most general solution of equation 3.1 is (7) 

~(t): e~t Jt e-~? ~\!(~) dZ - e~(t-to) =Dto) l3.4) 
to . 

and putting Eq.3.4 in Eq3.2, we obtain 

t lt )= C e!(t-to) ~lto) i [ge~t 

g 'd. ( t ) + ~1' 1!. ( t ) +, • • • • (3.0) 

The first term in Eq.3.5'-isthe .. 'natural response' or Izero-input 

response', the second term is the 'forced responce' or 'zero-state 

responce'. 
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(ii) Di~ital solution: 

Although Eq 3.4 is th~ exact solution of Eq .3.1, it is 

not in a for~ suitable for digital processing. With a dlgital 

computer, we can only calculate .!.(t) for some discrete values of 

t. Usually, we calculate xt t) for t=kT, \vhere k is an integer and 

T is a suitably chosen time interval. Since the input U\kT) is 

assumed to be known for all k, What we need is an equation 

relating ~ [\k+l)T] to ~~kT) a.nd ~\kT). Such an equation is 9.. 

special case for a difference equation. Once the difference equa.-

tion is obtained, ~\kT) may be calculf:l.ted successivel~ for all k. 

In Eq 5.4, let to.:kT and t=(ktl)'r, we have 

~ '] AT A ktl)T /k+l)l' -A'T: 
~ l(ktl)T::: e- ~(kT) + e=" I e = §. ~\,t) dT 

, kT 
\.3.0) 

If ult) is ao~roximated to piecewise constant curve, such that 
~ .. 

for k=O, 1,2, ••• 

lherefore, Eq .3.0 becomes 

(.3.7) 

which is the desired difference equation. 
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The algorithms for formulating the equations of motion 

of large class of dynamic nonlinear networks into the 'normal 

formlof Eq.3.3 are available in reference 7. Generally, an 

analltic,'3.1 solution does not exist for Eq.3 • .,5 but there are many 

numerical algorithms, which are based on two ap?roaches:the ~aylor 

series expansion approach and the polynomial approximation a?proach. 

Algorithms based on the Taylor series expansion aoproach are 

usually called rtunge-Kutta a150rithms. Those base~ on the polyno­

mial ap?roximatlon approach are usually called numerical ~nte3ra­

tion a130rithms. !my book on numerical analysis vfill sive expla­

n~tions and examples of these and many other methods • 

.3-4. TtjE DI-lITAL SIMULAT ION OF ELECTRICAL 1vll\.CHli~E.S 

i".!any methods of digital simulation are being developed 

at the ,moment for applicatlon to electrical machines. In our case, 

the dc machines are easily modelled, as in section ~-.3-~, by l~near 

lumoed circuit, which is a linear circuit by itself; but the diffi­

culty has been found in the representation of switching of 

thyristors, which makes the control circuitry both nonlinear and 

time varying. However, the nonlineariry is not so strong, it can 

easily be linearized and time variation can be controlled. In 

most of the methods the thyristors are either represented by 

perfect switches or piecewise linear models. Therefore, the circu~t, 

\.,hich is llnearized can be modelled by Eq • .3.1 andi.q.3.G for each 

mode of operation, and the solution can be obtained by £q.j.~ or 

~q.S.7; havin3 obtained a solution from one mode, and c~lculat~ns 
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the f~nal values \to become the ~n~tial values for the next mode 

of oper3.t ion). Obviously, depend ine; on the number of d .iode sand 

thyristors and the com91exity of their models, the number~ modes 

increase. But, these methods look as if it would requ~re a great 

amount of co~puter time to solve a specific cOm91~c3.ted anal~tfcal 

equation for each mode of operation, and there may be many modes 

of operation in each cycle of operation. For example l·!ell~ t and 

Rashid ll) tac~led the problem by breaking down the circuit o~eratlon 

into different "modes, and the procedure above was followed. 1heir 

method also tre~ts the thyristors as perfect switches and ~t ~~nores 

the parts of th~ circuit that plays a minor role ~llke snubber . 

circuits) in the circu~ts operation. 

In this theSiS, a novel approach for the 8~mulatlon 

of tbe cho?per-feddc ~achine is used. Instead of ~eneral technique 

of com\?ining the Kichhoff's volt3.se, current and branch Ch3X'9..cter­

istic equations, which would end' up with Eq.3.3 ; the branch 

currents are evaluated in terms of node voltages by apply~n3 

volta3e and current equations, and immediately converted to 

algebraic equ!3.tions by trapozoi.dal formula. Later on the nonlinear­

iti.es are considered, and thyristor and diodes are llnegI'ized by 

piecewise li.near models. In this way, breaking down the Clrcu~t 

ooeratlon into different modes, whlch couses laborious analytLcal 

manipl9..tion or requires long computer tlme, is avoided. In thlS 

method , it is a trlval exercise to write down the com?lete set 

of equations for ~ny netwo~k, just observing the t09010gy of the 

circuit, as it will be explained ~n the next sectlon. 
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3-5. 'I HE .:rEl~~tAi FOl:d<GLAT lOr.: OF' C fuCU 11 E~UA1' 101-:5 

To for~ul~te the equat~ons of the cirnUlt, firstly the 

ex?ressions descrioln; the behaviour of the c~rcu~t elements are 

obtained by tr~pozoidal rule, w~lcb enables the calcuLat~0n of tne 

new v~lue of a variable lfor exa~~le, volta38 or current) from the 

knowled~e of the prevlous value of the var~able. Secondly, br~nch 

currents are obtained in terms of node voltae;es, and Kirchhoff's 

current l~w equat~ons and input current equation~s) are obtained. 

In order to be able to combine Kirchhoff's current equat;~ns and 

in~ut current equationls), imagln~ry currents are injectcd .to every 

node, for convenience. 

To find the voltase current expressions f0rresistors, 

c~pacitors and inductors, it wlJl be assumed, for any t~me vary~n3 

functlon of voltage acrossnn elem3Dt, there is a correspondln3 tl~e 

varyin~ function of current throush the element as shown ~n Flg'3J. 

Let Vn - l an~ 1n- l be the values of voltage (across the element) 

and current ~through the element) before the time increment h, 

and Vn and in be the values of voltage lacross the element) and 

l!, Volta.;e fI" Current 
/ 

% 
)fV

n-: i 
I I 
I I 

I
I i A l 

, I 
I I 
I I 
I I 
I I 
I 
I 

) 
~/ 

time time 

Fi3.J-l la) VoltaS8 versus time (b) Current versuc tl~e, curves 



current l t~rOU;l'h the ele:nent) after the increment of ti~ne. lUso 

tn-l and tn ~re the ti~es before and after the time increment. 

\a) Consider a resistor: 

In general i=V Ito(. 

At the n-th iteration 

lb) Consider an inductor: 

In 3ener'l1 V::L di/ct 

At t.he 

t 
l::.l/L IV at 

~ 

n-th iteration 
tn 

in=l/L f V dt 
·-<oftn 

=l/L V dt t 
t n-l 

i n-l 

j tn 
V dt is the area A in Fig • .3-1-a, 

tn-l 

to lVn t Vn -l) h/8 , therefore, 

1n=1n-1 t h/::'i.. ~ V"n","Vn-l) 

(c) Consider a capacitor: 
·t 

In ;eneral V-:. l/C J i dt 
~ 

At the n-th lterQ~on 
tn 

Vn= l/C [ i dt 
..()() t 

-;; 1/',,,· f n l' dt \' 
v + ~n-l 

t. 1 {l-

(.5.0) 

tn 
Si~nil9.rly S i dt is the ar'aa B in F is' .3-1-b, and can be 

tn-l 
. t d ..) h/'c' ~~-::>rox .i:TIa e to ~.in t In-l --,;, 

Vn-Vn_l::'h/:;C \.in t in-l) 

in::: -1n - 1 t 8C/h (Vn -Vn _1 ) (·.5.10) 
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'Ihe EIJ. 05.8 'lives the va.lue of resistlYe branch curr-ent in terms 
.' '-' 

of the node voltaS6s where rscistance R 10 not necessarily a 

cons t,t).nt , it may be voltase or current de pendent, as in ths mode Is 

of thyristors and diodes. On the other hand £q.'s j.g and 3.10 

enable us to calculate the new value of a dynamic br~nch currents 

from knowled3e of the node ~01ta3es and previous value of current. 

So, dlfferential equat~ons for dynamic branch8s are converted to 

algebraic relations, at the very begining. The next step will be 

to obtain Kirchhoff's current la\" equ3.tions and input current' 

equation~s), which can be best illustrated with reference to a 

si~?le RLC circuit. 

Consider the circu~t in F13.3-~ and label junct~ons 

oetween the elements, and injec t l:naginary currents (io ' i b , le) 

at each junctlon. 

T 
Fig.j-~ .\ slr.:ple RLC circuit 

From Eq.'s 3.8, 3.~, and 5.10, at the n-Lh iterat~on 

tFln::: 1/R\Vl11 - V2.n) 

tLn =- t Ln- l -\ h/SL [( V2n- V3n) -H YZn-l- VSn-l)] 

~n= - tCn-l -} ~C/h tV3n-V.3n-l) 

~S.ll) 
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The irn~3~n~ry injected currents, where ia is the input current 

equation and ib J ic ~re the Kirchhoff's current equations, can 

be for~ed from the ~bove (Eq.'s ~.11, 3.12, 3.13) branch currents 

as fo11m'ls : 

La = Ln, = l/l"~ Vln - V:::. n ) 

ib = LL_ i.R = LLn-l ... h/~L 

~3.l·j;) 

~V2n-~n)+(Vln-i-VJn-i)J -

(,3.l.J) 

i.c = Lc_ tL= _ LCn-l-l-2C/h( V3n- V.3n-l)-(Ln-1-

h/2L ~Vc,n-V.5n)+tV2n-l-VSn-l)J 
Then, re-arransing the equations, the fol10win3 ~atriceB can 

be set up. 

iO 0 1;R :-l/R 0 ViO] . 
i.Ln-:-l 

I 

-h/2L V2n ib = + -1/80 :h/2L+1/R . . . . . 
V3n ic. - lCn-1- l Ln-1 0 -h/2L ; h/2.L+~C/h 

0 · ' , 0 
V
in

_
i
] · u 

• I 
I 

VZ n- 1 . (.3.17) 0 :h/~L -h/2L 
I , , 

V3n- 1 0 : hi" : h/2L-~C/h ,- GL 

which is of the form 

The elements of the ~atrix [in-I] are known as the'currector 

currents'. We ~now th~t all the elements of the matrix [L~ are 

zero exceot for ia ~the input current). So we can partition the 

~~trices of Eq • .3.l7 as shown, so that these known zero currents 
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(Kirchhoff's current equations) wiLl yield a a solution for the 

junction volta~es at the n-th iteration. 

() 0 

+ 0 h/~L 

0 h/cr 
- .. '::;.L.a 

ll~ 

0 

h/,"l - ':'JJ 

-l/R - 1 0 

· l/R.-h/~~ : -h/~L · · · -h/'.:.L ! h/;;'L-f-L/h 

Vln-l 

V~n-l 

. 'rL ('0./ n/G -/:'v n V.3n-l 

~aming these sub~atrices 

1I.ult.!.';>lylng out these matrices 

V'.:.n 

[
Van-l] 

Vpn-l 

[VpnJ=-[APP]-l [[ipn-l] + [.\.pa] [VanJ .. [Bp,~] [Van-l]-+[BPP] [V;m-l]] 
~.3.~1) 

Thus the new values of node voltages c~n be calcul~ted from 

knowled~e of the ?revious values and matrices. The in?ut current~s) 

can be found from the equation. 
I 
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Althouf3h, there is quite a. lot of mani-P'.llation involved in the 

der'ivation of these ma.~rices, especially for a more com~lex network, 

the Eq.3.18 can be written down b~ inspection of the circuit, the 

rules bein€;: 

1- The value of an ele~entof the A matrix on the princlpal 

ciagonal (A jj )is the sum of the admittances connected to 

that junction. 

~- The value of an off diagonal element (AjK) of the A matrix, 

is the negated sum of the admlttances connected between 

junctions j and k. 

3- The value of the elements of the B matrix are the same as 

the A matrix, but the resistance terms are zero and the 

capacitance terms are ne6ated. 

4- The admlttance of an inductor is h/~L, the admittance of a 

cap~citor is ~C/h, and conducta.nce of a resistor is lilt, 

where h ls the time ~ncrement. 

Also, it should be noted that A and .5 matrices are 

symmetrical. 

5- In .e;eneral, the currector currents [tn-l] are found by forming 

Fi~.3-3. A general node with injected current i • 
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the injected currents from the branch currents. The resistlve 

current contributes zero to the corrector current, the inductlve 

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

and capacitive current contributes it's previous value negated 

to the corrector current. For example, if we consider ~a node 

as shown in Fig.3-3, the node equa.tion will be : i = ill -iL1 -.1.R-ic 

a.nd the value of the corrector current is i L1(n-l) - l.ll{(l-l} ~ i.C~-l) 

6- Generally the following conventions are used: 

a) The junction(s) with the .non-zero current shall be labelled 

with" At junction, the other junctions shall be numbered 

from '1'. 

b) The flow of positive current is defined by directlons on 

the circuit diagram. 

• 



CHAPTER. 4 

THE SIt-illL.<\T IO:N 

4-1. THE ClflCUlT 

The aim of this thesis is the simulation of separately 

excited chopper controlled dc machine. The circuit and all the 

Cc 
T2 

Lc 
Dc 

8.S2 CS2 

W#-j 
-

Fig.4-1. The armature circuit dla;ram of separately exc~ted 

chopper controlled dc, machine 
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element values are as used ~n an actual chaocer circuit feedin~ . . -' 

a 10 hp dc machine. The machine has a separately excited fleld 

winding, and the chopper is a switched capac~tor type circuit, 

which is developed from the circuit explained in section ~-~. 

The simulation includes the thyristor commutatlon circuit, and 

all ~he suppressor elements to limit excessive rates of charses 

of voltage and current. As the machine has a separately exclted 

field winding, it gives a field of constant flux; therefore the 

field circuit is ignored as long as constant K~ is cons~dered, 

and the armature circuit which \'1111 be simulated is shown on ' 

Fi3.4-l. Also the firing logic circuitry is taken into account 

by the logical statements of the program, so it can be i3nored 

in the armature circuit. 'rhe inertia constant Jl takes into 

account the load inertia as well as the machine inertia. II and 

1'::;; are the main and auxiliary thyristors,reepectively, and Df 

is the freewheeling d~ode. Elements with the suffix lei, 's', 

and '1.J.' are the elements of the commutation, suppressor and the 

representation of the dc machine, respectively. The inductor LS 

is for the suppression of excessive rate of change of current 

through the freewheeling diode Df. 

4-~.THE CIRCUIT OPERATION 

Initially, the commutation ca~acitance Cc should be 

setted to supply voltage negatlve at the ~round end, wh~ch can 

easily be done by firing TS.-Firlng Tl initiates the on ?eriod, 

and f ~r lng T::. terminates the' on per lod. 'ilhen the main thyr lator 
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Tl is fired, the supply volta3e a~pea~s acruss the armature 

t9r~inals and secondly, as the loop Cc, Lc, Dc, and tl ~s closed, 

a h9.lf period sinusoida.l oscillatj,.on' occurs between the elemGnts 

Cc and Lc, which reverses the voltage across the commutation 

ca.paclt..,9.nce Cc ~posltive at the ground end). This polarity of 

charge on Cc is essential to turn off the main thyristor Tl. 

l/hen the 9.uxiliary thyristor T£ is fired, the commutation c'lpa­

citancc Cc takes over the armature current through the auxil~arJ 

thyristor T~, and also a neg9.tive volta3e appears across the 

main thyristor Tl; to be able to turn off Tl, the voltaEe across 

Cc should stay negative at least for a time greater than the 

turn-off time of the m.'lin thyristor Tl, as expla.ined in section 

~-£, even for the maxi~um valueof armature current. then Cc 

charges up to the supply voltage value ~ne3ative at the 3round 

end), the current through the Cc, T~path drops to zero, so T~ 

turns off too. During rest of the off period both Tl and T~ are 

non-conducting. When we fire the main thyristor Tl again, next 

cycle begins, with the application of supply voltage to the 

armature terminals, and closing the loop Cc,Lc, Dc and Tl, which 

reverses the voltage across the commutation capacitance Cc \ 803 

explained above). Obviously, the freewheeling diode Df takes 

over the arm'lture current for th~ time when armature voltage 

tends to ne3~tive values • The rest of the details will be 

discussed in Chapter 5 together "lith the results and graphs. 
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4-3. REpnESEJ.\lTAT10l' .. OF THE DIODES Al\D THYRISTOhS 11\ THE SLvIGi..AIIu.l.\ 

4-.3-1. t-KlDELLiNJ. OF DIODES AND. THYRISTORS 

Both t!1e diodes' a.nd thyristors are represented by 

piecewise-linear models, as shown in Fig.4-~. When the diode 

4 ROFFa 10 ohms 

i 

~cbnstant volta3e 
drop 

if thyrlstor is 
not tr-i~sered 
- ~----

v 

RON::: 0 .1 ohms 

Fi3f4-~. Simplified diode and thyristor characteristics in 

the V-l plane lpiecewise-linear model) 

,or thyrlstor) is in the conducting state, it ls replaced by a 

low value resist~nce \0.1 ohms), provided the voltage across it 

is below one volt. If the volta3e across the element reaches 

the value one volt, it is replaced bJ a resistance of a value 

1.0/1 ohms (Rd=v/l, where v is one volt), and when the diode 

\or thyristor) is in the non-conducting state, it is replaced 

by a high value resistance (10 Kilo ohms). It is quite rea.listic, 

as a v/lO rnA leakage current flowS through the diode (or 

thyristor) in non-conducting state. 



4-3-4. DErE.tUa.i.~A1'IOl\ OF THE OOi'1DUO'l'ION~STATES 

OF THE DIODES AND THYRISTORS 

\a) The diode. 

The follo\iing flow diagram is der i ved from the l03ic 

conditions for diode conduction. 

Yes Is the diode conducting" 
i.e. For~"!lrd current)O.U5 Amps 

No 

::Les Is there a for\'lard blg,s across 
the d lode', 

Is IxRON>l.O Yes 
~For'''''3.rcl current times 
the conducting state R) 

No 

Diode is conducting Diode is conductin3 Diode is 
i.e. Rd=RON i.e. Rd=l.O/I in3 i.e. 

The subroutine was ca.lled tDT~ST t and wg,s 3.8 follo'rlS: 

SUBROU1INE DTSST (V, I, R, ROFF, RO~) 
C V IS THE VOLTAJE AOl1.0SS THE DIODE 
o I IS THE FOE{'i/ARD OUHRENT THi\OU-1H THE DrODE 
ORIS TP.E RESISTANOE OF THE DIODE. 

No 

not conduct-
Rd=RvFF 

O' ROFF IS THE RESISTAl\CE OF THE DrODE Il~ THE i'10i.'i-OJ~,DUOTlk:.l ST~1'E 
o ROl~ IS THE RE.SlSTA.NCZ OF THE: DIODE Ii\ THE OO .. ~DU01'I1\..T S'ld:lb. 

REAL 1 . 
IF ~I.3T.O.05) 30 TO 10 
IF lV.JT.O.O) 30 TO 10 
R::ROFF 
GO TO 20 

10 R=RON 
IF ((I¥~ON).3T.l.O) R=1.0/1 

20 RETURN 
END 
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(b) The thyrist.or. 

A very sim9le lO!3ic is used to determine the thyristors I 

triggering mode, which is Bummarized as follows: 

Consider the flrst cycle of operation in Fi3.4-3, 

where Va is the supply volta3e,~ is the periodic time and t1 

is the main thjristor's on time, whlch is equal to periodic 

time times the time ratio. 

Armature 
voltage 

Va .--_______ -. 

Oh-------------~t~1~----~t~~--------------~t~i-m~e 

Fig.4-3 Armature voltage versus time 

If at time t 

there is a tri35er pulse present on the ma~n 

thyristor. 

there is not a trigger pulse present on the 

auxillary thyristor. 

there is not a tri~ger pulse present on the 

main thyri~tor. 

there is a trigger pulse present on the 

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

Yes 
r------------,-~----_f 1st i me)£' er iod 1c time', 

• 

No 

Reset Counter 

i.e. tt~tt-Periodic Time 

Yes 

...-----------------fIs counter tt<.t1" 
Yes 

Main thyristor has a tri33er 

pulse TlTRlu=TRIGG(l) 

Auxiliary thyristor has not 

a trigger pulse 

T21RI.i:TRIGG(2 ) 

i;.lain thyristor has not 9: trlgger 

pulse TlThIG=TRI~Jt~) 

Auxiliary thyristor haa a 

trigger pulse 

T2TRIG=TRI\ZG(1) 

Th1s flow diagram was programmed as 

IF(TT.~T.PT) TT=TT-PT 
IF(TT .LT. (PT:tTR» GO TO 10 
TITRld==TRIGG(2 ) 
T2TRI'J~TRIJ.G( 1) 
GO TO 20 

10 TITRIG=TRIJG(l) 
T2TRIG=TRIGG(2) 

20 CONTINUE 
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The following flow diagram 1s obta1ned from the 10glc conditions 

of the thyristor. 

Yes Is the thyr1stor conduct1ng " 

Current>L9.tching value ~O.O;) 

No 

Yes Is there 'a forward blas across 
Ai",D is there a tri33er pulse 
present " 

, No 
Is I;thOl~>l. \) 
~Forward current Yes 
times the conducting 
state resistance) 

No 

The thyr.istor is The thyristor is The thyristor is 
conducting and conducting and non-conductln.>3 and 
.H.1'= HOi.,. RT=l.O/I RT=ROFF 

This was ?rogrammed as a subrout1ne called SCRTES, whlch W9.S 

SUBrtOU~INE seRTES ~V,I,T,TnIGG,R,ROFF,RON) 
o V IS THE VOL~\A3-E AOROSS THE TH.:LfUSTOR 
o I IS THE OUR-RENT THROUJH THE 'l'HrhISTOR 
o TRl3-3- 13 1i..N A.QRAi O~' T 'tIO ELEr-lE~"'T S 
o Ti{IG·J( 1)= 1. 0 AIm REPRESE1,;'rs A' 'I'nIGGER 
o TRIG~H;:;)=O.O AND REPRE.SENTS A. TRIGGER 
OTIS THE STATE. OF THE TRIGa-En SIul\AL 
ORIS 'l'HE RESISTAl~CE OF THE THYrtIS'l'CR. 

PULSE BElhG PRESE~T 
PULSE BEI1J ABS~\T 
\EITHER 1.0 OR O.C) 

it. 

o ROFF IS THE RESISTANOE OF THE; TH':LRISTOR It; THE. J.liO~ OOl\DLJO'1'H,G SlATE. 
C ROl\ IS THE RESISTAl\OE OF THE TH:ffiISTOR IN 'IHE COimUCTli\,.i -STATE 

DIV£~SION TRI'}~(~) 
REAL 1 
IF ~ I .G!. 0.05) .10 TO 10 
IF ~(V.}T.O.O).~D.(T.E~.TRIGG~l)) JO TO 10 
R=ROFF 
JO TO ~o 

10 R::HOl\ 
IF ((IJ£ROi\;).ul'. 1.0)·R"=1.O/1 

~ 0 R. E.T uRi\ 
El'JD 
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4-4. THE E~LIVALE.1\'I ClhCUIT 

The equivalent circuit dlagr~m, shown in F15.~-~ is 

obtained from Fig.~-l following the steps given below: 

(1) The armature of the dc machine is replaced by 1ts model 

which 1s d er i vee in section f.-3-~ a.nd on F 1e; ~-lj, where Ri:l 

a.nd 1 1', ~ 
.-I,,-J, are the arml3.ture resistance and inductance, res;.)ectively, 

c-

and C.i.·l has the of '. t:, Geq ignored the mocel value Jl/K¢ ; is as 

is for transient conditlons, where the acceleration is very 

IA A 

VA .l.R1-1 
SUPPL:i 

1 VOLT.~JE 
RLt. 

RDf lLM 

4 . t 
{.C~1 

LS ! RTl RDb 
,6 

=;=:: C:-i 

. f 

+--'-I.RTl " ~iRDb 
Ce It) 

RT2 tCe 

10 --+ 8 
-{RT2 

. 1 
lLe 

RDC 
19 --c- 'i:i 

<l-'--tRDC 

CS8 

Fi5.4-4. The equivalent Circuit diagram of Fig.4-1. 
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high, a.nd T m is much larger than TL, (TL can be ignored). 

As t.he machine is separ3.tely excited, it sives a f.isld of 

constant flux, therefore the field circult ls ignored as 

long as constant K¢ is considered. 

(li) The diodes and the thyristors are replaced by variable 

resistances, RTl, RT2, RDf, RDb, RDc for thyrlstors Tl; 'l~, 

and the diodes Df, Db, Dc, and their values are evaluated 

by the corr8s?oncin3 subroutines SCRT~S, DT~ST, in each step 

lafter every time increment of h). 

Additionally, a branch current is assigned to every 

branch, generally in the direction of armature current lclock-w~se 

cirection), and the injected imaSlnary currents 'fIlth a slJbscrlpt 

of its node number to every riode. 

4-;). FORnlI~I~TIO~ OF TH&. CIRCUIT E~UATIOi'-;S. 

As explained in section 3-5, the general clrcuit equa-

tions are in the form of Sq 3.18 and all the rules 3iveD at the 

end of section 3-5, are appllca.ple for the derivation of circuit 

equations of Fig.4-4. However, it should be notee that, the ~ 

:natrix for Fi5,4-4 is no more a constantmatrlx, as it contains 

diode and thyrlstor resistances, which are re-evaluated in every 

step_ Also the equations to be solved arB exactly in the sarns 

for:n as ln the .- I l!.q. S 

The A. a.nd B matrices a.re obtained follm"ing the rules ::: = . 
1-4 given a.t the end of section ~-5. For example, the eattles 
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to A(6,6) are the sum of the admittances connected to node 0, 

i.e. l/riDb + l/RSI ~ l/riTl t l/RT~ t IjRDc t 2C52/h, ~nd the 

entry to B~ti,6) is exactly the s~me as A(0,6), but resistance 

ter~s are zero and capacitance terms are negated, l.e. -~C3~/h • 

The corrector currents are obtained following the rule 

5 ~iven at the end of section .5-5. For example, for node d, 

la~iCc-iRl~-iLc and, as the resistive current contrlbutes 

zero to the corrector current, and inductive current contributes 

its previous value to the corrector current, the ca9acitive 

current contributes its previous value n~gated to the corrector 

current, the column 8 of the corrector current vector will be, . 

Althou3h in this section, b B matrices and corrector 

current vector are written up by following the rules 1n section 

3-0, a full derivation of these matrlces are given in the Appendix. 

A 0 

1 iLL~\n-l) 

2 - i C1v1\n-l) -lLM\ n-l) 

;) -ies.; \n-l) 

The corrector currents 
4 iLS\n-l)t lCSJ\n-l) 

,for the circuit in Fi3 4-1) 
5 l CM\n-l)-lLS\n-l) 

ti iCS~ \n-l) 

7 - lCSl (n-l) 

8 -iCc(n-l)-iLC\n-l) 

'iI l.LC \n-l) 

10 ies:::." n-1) 
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l;RM 
+ljRS3 
+l/RDf 

I-l;RM 

-1/RS3 

-l/RDf 

-----~--

1 2 3 

-l/RiJl -1/RS3 

l/R.£I.l 
+h/2LM -h/2LM 

-b/2U<1 
h/2LM 

.. 2CM/h 

lIRS3 
+2CS3/h 

-20S3/h 

-20M/h 

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

The A .Ma.trix 

4 5 6 7 

-l/RDf 

-2Clv!/h 

-2CS3/h 

2C%h 
.. 1 Df 
+h/2LS 

-h/~LS 

-h/2LS 
h/2LS 

+20M/h -l/RDb 
tl/RDb 

~I~~~~~~ _ -l/RDt -llRSl ro tjl--3l--3{J) 
C; 0 t\.") .......... 

ot + .. .. 

-l/RSl llRSl 
+20S1/h 

-1;RT2 

-l/RDC 

-2CS2/h 
'---

8 Ii} 

.' 

-1;RT2 -l;RDC 

2Ce/h 
+1/RT2 
+ h/'2 Le 

-h/2Le 

h/BLe 
-h/2Le +l/RDC 

+1/~S2 

-lIRS:; 

10 

-f,CS2/h 

-1/RS2 

l/RSf; 
+2CS2 
!1 

I 
I 

I 
O. 
~ 
I 
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A 1 

h/2LM 

-h/2LN 

, 

~ 3 

-h/2LJv: 

h/8Li'i 
-20M/h 

-20S3/h 

20S3/h 

20N/h 

.-

The B Matrix 
4 J o 

. 

201-1jh 

20S3/h 

h/2LS 
-h/2LS -20S3/h 

-h/2LS . 
h/~LS 

-20M/ h 

-20S2/h 

20S;;/h 

-

7 o tI 

-20S1/h 

h/2Lc 
~20c/h -h/2Lc 

-h/f.Lc h/l;Lc 

10 

.' 

2CS2/h 

I 

I 

1 

I 
1 

I 
I 

-.I 

I 
I 

-2CS2/hJ 

I 
(,). 

It'· 
I 



4-0. T:1.£ COlviPUT E.H. PROGRA£-I. 

The general procedure of the computer pro3ram for the 
-.. 

solution of any problem is best described by a flow d~a3ram 5~ven 

below: 

[START I 
~ 

READ IN ALL THE VALUES I 
~ 

SET INITIAL CONDITIO~S, 
AhD lEH.O ALL THE !vL4.TFtlCES 

~ 

SE.-<f THE B ~LttTRIX VALUE;SI 
II 

DO LOOP FOf.! 1'IME o TO Ti"lAX t 
~ 

DEI' E.fi.l.ul"; E THE. T H VR I ST OR S I 
TR IGGEHING J:v!ODE 

Jr 
FI~D THE CONDUCTION MODEl 
OF THYRISTORS AIm DIODES 

j\ 
S!!.T THE A HATRIOESJ 

J,. 

INVlLRT I1AtEUX APP I 
~ 

SOLVE THE ~'1ATHIX E~UATI01~S 
FOR VPNE'(/ AJ'.;D I A.l\i E' .. l 

... 
CALCULATE ALL THE 
BRA.i~OH CURfiEl\'l'S 

~ 
CALCULATt; ANY OTHER PnOPER1' Y 
e·3- BRANCH VOLTAGES, 
TOR1,UE. SPEED 

~I 
SOLVE FOR !'~E'wj VALUES OF CCH,8.ECTOR 
CUnRENTS A!\D RESE:r OLD VALUES FOR 
OALCULATION AT THE NE.XT INCREMENT 

I, 
PRIN'l' OUT RESULTS 

~ IF RE~U IRED ) 
(., 

END OF DO LOOP 
.:, -

PLOT 31iAPHS J 
~ 

STOP C CI-iPUTAT ION' 
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l·~ost of the details of the computer program and the 

s~broutlne8 ~re explained in-the preceding sectlons, and the 

rest 1s self explanatory. Tbe complete computer program is given 

on the following pages. 



t\f=""T'!, Ie; 
Fnl fUU *Of\/lg/R?-l~:-:H 

1. r: Til T S PPO"R 1\'1 S T "IILt\ TFS THF. SFPrr 1\ TLEY rxC T Trn rl-1'lpf"1FR r()t-ITPou_rn 
2. C nc 1-41'CHrt'lr . 
,"1. (" 

't • 
I). 
(, . 
7. 
F\. 
C). 

10. 
11. 
1?'. 
1~. 

1 L~'. 
15. 
16. 
17. 
1.'1. 
19. 
20. 
21. 
22. 
23. 
2 it. 
25. 
26. 
27. 
2n. 
2q • 
30. 
31 • 
3? 
33. 

c 

1 0 f1 

tl" 

1?n 

?On 

P E 1\ L T PIlE':J r 1. 0 1 , ~ 1'. OL f), r/\ 1'1[\'/, If.' rJ!, T. U·1,. I C·" T P C;"l" T r: e;:), T P nF f T L ~ , T nnn , 
t r r. S 1 , T r S 1 , T rn 1. , T r T? , nm c , yr' S? , T P S? , T L r: , T r: c , U 11 , \ Cd. ~ "J 1 , 1< P l·tT , T L .. ()\ r} 

*"IC/M)Ln,!CS30L ,TLSOLn,ICS10L ,Ir:cOLn,TLCOLn,Trc,?()!. ,TfJ/")l_flCl n l. 
*rI\Pp(10'lOl 

n Ii-'Ute; T ()~ I '< 1 <11 n) , Y 1. ( 110 ) , v 2 ( 1. '0) , Y::, ( 1. 1 (l ) , Y 4 ( 1. 1 n) , Y ~ ( 11 0) , y 6 C 1. 1 n) , 
'* Y 7 ( 110) , Y R ( 110) , v q ( t 1 0) , y 1. n ( 1 1 () ) , Y 1 1 ( 11 () , Y 1 ? ( 1 ] n ) , Y 1 ) ( 11 0) , Y 1 I~ ( 1 1 
* (I ) , Y 1 S ( 110 , , Y 16 ( 1 1. 0 ) , Y 1 7 ( 1 1 0) , Y 1 11 ( 1 10 ) , Y' q ( 1 1 0 , 
n T t·1E tI S T ()t I A r p ( 1. () , 1. I) ) , v P t IF. t·} ( 1 n ) , v P () L [) ( , n ), T P T r, G ( ? ) 
n 1 !vi[ r 1ST () ~ I "( M T N ( 1 J ) , y ~~ A 't, ( 1 q , 
C 0 fv1r·~ml 1\./\ 1\ ,I\P 1\ ( 1 n , 1) , /\ 1\ P ( 1. ' 1 0 ) d1,;l\ P. , BP 1\ ( 1 0 r1 ) ,.g/A P ( 1 , 10 ) , 1=1 r P ( 1 n , 1 n ) , 

*VfI. 
SET THE MATHICTF~ !\J·IO THE TtITTi/,L r:Ot,!r)TTT()tIS I\T n.n 
nI\T/\ TI\OLn,TU10I.n,ICW)LO,IrS30L ,TLSOLn,TCSlC'L ,TCC;20L ,TLCOl.n, 

1< T C COL!) , 1:10 L Il , F./l 1.;1: 0 • 0 I 
nl\TI\ TRIGG/l.n,n.OI 
DI\TI\ T'I,l\rlr\'J,vr'~.TR~'~'TrnF,Tr)np.,TR')r'lr:r:'IRT1 ,TRT2,c;r>F:FnI11-tn.nl 
n 1\ T 1\ In 1 , RT 2 , p n F t prm , p n CIS i: 1 !I 0 () (l • 0 I 
nAT Ii Y~·~ PII VH 1. • or30 I 
n/\TA YMI\X/l~*-1.8E30/ 

REAf)(5'100)RS1,~C;?'RS~,CS1,ce;?,CS3 
FORW\ T (t)F:c). 2) 
P F: A f) ( ') , 11 n) p 11, I Y , C C , L C , L S , P ()f.1 , P '"' FF 
FORt~f\ T (7rC). 2) 
REAn,(S,l?O) Ijl'u.)1 ,Kf:lHI,H,Tr"l,F,H1I\X'fl 
~OHI'1f. T (7FC1. 2 , T:, ) 
\,t In T r ( r; , 2 0 I) 1 r e; 1 , t: e; ~ , R S) , C S 1 , r C;::' , r: s 3 , P q , L ~ I , r c: , L r: , 1_ c:; , p () ~" p n p:­
For~M,I\T(11l1,1J)'<,)'HT'IIF VI\LllrS or THr rtTt.,r~!TS fl n r,I/",V,llIIr"lS1::,r(). 

r? , I , 1 1 X , III If) S?::: , rn • ? , I , 1 1 y , 't! IP S 3::: , F() • ? , / , , 1 v f 1.1I1r S , ::: , F () • ? , /., 1 1 '( , I.t I-W r:; 
* ? ::: , r: 0 • ? , / , t t X , 4! ,r 5)::: , r- n ...... , ,I , , ? V ,2, I ,r':1:: , r () • -? ' I, 1 .., y , ~ II L •. ~::: , t () . ., , I , , ? y , 

I 
(Jl 
-.J 
I 



3L~ • 
35. 
3f>o 
37. 
311. 
3C)~ 

40. 
41. 
l~? • 
4 3. 
41~ • 
45. 

2 4f>. 
? q7. 
1- lH\ • 
.1 4C). 
.1 50. 
1 51. 
'- 52. 
1 53. 
1 54. 

5~j • 

56. 
57~ 
50. 
5C). 
60. 
61. 
h2. 
h3. 
6 /+ • 
6S. 
66. 
67. 
(1). 

t ""t, 11 C C = , r q • ? ' / , 1 ? X , 3! 1 L r = , EO • " , I , , 2 X , :-z, H L C; ~ , F C) • ? , I , 1 1 X , ,! f ,r> () t 1:: , I=" ("') .,::> , I , 1. 
*ox, ~)11POrF=, [Cl. 2) 

':JRITr(F,,2l1) 'lA, Jl,I<'Pl-!r,H,Tr,r,T'J,Ax,~1 

.:?In FOP:ft.AT(Hl '12X,3'fv/l=,rh.2,1,12X,~II,J1=,rC).?'1'10X,91KPI-1T=,!="o.?, 1,13 

?? 

11 

c 

* X , ? H H:: t r: <) • ? , / , 1 ? y , :-z, H T R:: , E C) • 2 , I , 1 3 X , 2 H r-:-: , F 0 • ? , I , 1 ny, 5 H T 1-' A Y = , r: n • ? , / , 

*13X,?llt'I::,I") 
t.,l=l 
r'11=0 
AA/\::O.O 
FI/\I\::O .0 
00 11 T=l ,~I 
f) 0 ? ? .j = 1 , r I 
1\['F'(T,J)=O.n 
RPP(T,J)::O.'1 
/\AP (1 r1 ) =O.f) 
APA<Td)=O.f) 
R/\P(1,T)=o~n 
RP/\(I,l)::O.() 
VPOLf)(T)::O.r) 
VPI~r->J ( T )::0. n 
IPOLf)(T)::O.q 
O~=,J1 I (KPH t **2) 
PT=1.0/F 
1'1::3.1416 
TOROf JE=O. 0 
VPOLO(R)::2sn.O 
SET THE n 'A/\TRrr.FS 
RPI'(1,1)=H/(?O*Un 
npp ( 1 ,:?) =-nrl"1 ( 1 ,1 ) 
npp ( ? , 1 ) =-f1rF' ( 1 , 1 ) 
RPP(?,2)=H/(2.0*LMl-2.n*C M/ H 
llPP (2, 1:) =2. rH:CM,'ll 
qpp (7, r -:,) =-? o,~r.r;3/H 

nrp (:-z" I~ ) =-llPD (-:" ~) 

nrp (II ,3) =-Ilf'P (:Z., -z; 1 

r 

1 
01 
(Xl 
1 



~C). 

7n. 
71.. 
72. 
7:') • 
71~ • 
7':1. 
7Ae 
77. 
7R. 
7<1. 
(10. 
R 1. 
n2. 
83. 
114. 
r,~. 

[)6. 
[no 

[)R. 
BQo 

90. 
91. 
02. 
en. 
C) I~ • 

gil. 
n·-.... t) • , C)7. 

1 C)n. 
0<1. 

10n. 
lnt. 

1 1n2. 
10 7

>0 

?30 
C 
23 1 

r 

IlPP (11,4) =-'). O'trr;~/I1+111 (2. O"-lS) 
flPP (r~, 1) =-1 II ('). nilS) 
Q["1p(r;,?)=n:->p(?,r;) 
f1PP (r:; , II) =nnr> (q.,;) ) 

[l Pf.:> ( S , S ) = H,I (? • n ." L S ) -? • n -* C rvI! H 
f1rP ( (~ , f) ) = -;"' . 0 i< C r;? III 
np P (h,10)=-npr>(G'6) 
npP(10'h)=nrp(6,'O) 
P,PP(7,7)=-').o*,CS1/H 
npP(p"F\)=-".O*,Cr./H+H/(?O*' C) 
npp (F\, 0) =-H/( 2. Oi'LC) 
nN) (0, n, ) =RDp ( p" C) 

nrp(O,<1)=H/(2.0*'-C) 
!~pP (10, 10) -:-;:>. O:i<rS? IH 
'tiR I T[ (6,231') ) 
F OR ~·11\ T ( III / I ) 
VIR I T F ( h , ;:> :) 1 ) 
F OH l·t" T (111 , 6 X " * "* " , T Vfv'-

'* TI_S TPSt InTl "II,qX" 
i'TCC \lP~IP/(F\) VRt-1 
* VLS vr T 1 

no Lr'.()r' TO CJilJllLI\Tr 
TT=O.O 
.P-1 A X = I r- I x ( n~" x I H ) 
T ~·1AX=,J·ftAX+l 
L')=l 
'-2=1\ 
nO 1. Ll=t,T'11\'< 
1.2=1.?+1 
T=FLnf,T(Ll ):1<11 

TF(TTJ,[.r>T) tl1::n 
TF(TT.G[.pT) TT::TT-DT 

Vl.'·1 VC~ 

VRT2 vr,nc 
AT l\ ~I\jE~1 TIME T 

TF(TT.'-T.("T-t;!I» Gr"', Tn 10 
T 1 T~ T G=Tr< Tr"',r; (?) 
("r,\- Til ':lr, 

I ,'\NEI,.) 

TnT? 
TRM 

TRnC 
Innr-

"11,9Y.,, 
\/tJ 

F'S? 
vnnr-

F ,,11) 
IIpnn 

I 
01 
(1) 

I 



1 1 ')It • 
1 1. n c) • 

1 10(,. 
1 11)7. 
1 .1fHe 
1. 10t!0 
1 itO. 
1 1 1.1 ~ 
1 112. 
1 11:). 
1- 111~ • 
~ l1C)~ 
1 . 1 H). 
1 117. 

11 Fi ~ 
1 1ill. 
'I.. 12n. 
1. 121$ 
1 122. 
1 12~~ • 
1 121~ • 
1 1250 
1 126. 
'I.. 127" 

12:1 • 
. 1. 1,2CJ .. 
1 131). 
1 131" , 13?. , 1 y~. 

J 3i~ • , 1 :) ') • 
13() • 
137. 

1 lVi. 

1 (' T 1 T r~ T r,:: Tf' 1 r; r; ( 1 ) 
~n IF(TT.r;F~. (nTTTP» GO Ti} )0 

T?TP 1 (j:: rr 1 r;r, (;.) 
CjO Tn L\ I) 

~(I T2 Trnr,=rrn ",r, ( 1) 
110 COfJTT'JllF 
r FTil[) TIfF rn'I!lllrTTtI(; ~H)nF 0'" TIP':- THY,f.qC,TOf{c, ,~ !lTonrS 
r TC')T !)t! THY~TC,T()I' 1 

I 1~C;F.T::2 
\I T 1. ::vPOL.f) ( r, ) 
I( 1 ::rn 1 
eM.L r-;CPTrc, ('1T1'Ir.T1 ,T1TR T G,Tr>Tr,r-.,PT1 ,D()p:-,Dn'!"~) 
T F ( D T1 .! IF • '-' 1) T!' c:, F T:: 1 

r: T r:: S T iJ~' T) IY f1 T C, T 'jP ? 

r: 

VT2::Vr>OL~(~)-~n0' nrR) 
P?=!(T;~ 

C I\LL r;r:r:nr.s ('IT?., I 8T2 , T2Tf~ T G, Trl. T GG, !~T2 ,,~VFF , RON dh) 
IF(RT?r·1F~D2) T~~ET::1 
n::ST Oil THF n T onrs 
IJ'1F::\lp()Ln (It) _"~ fI 

nr::-TRr;F 
fn::r~rF 
C !iLL [lTES T (IJnF, n"f , 8flF , I(OFr, ROIl, ~,~) 
T F ( pnF .flF • r'!'q T rK,F.T:: 1. 
VnH::'/pnUi (C;) _,!pnt .. !) «()) 

Dq::rnll 
(: I\LL ilT[ST (1Inll, ,. pnf3, r>[ln , p()rF, o (')t" ,,,,q 
IF(pn!'\.tW.~I~) T:>~ET::1 
'.'nC::"POlJ) (f1) _'/D01 n (6) 

n T 1 :::- If'Dr: 
pC'i::pnC 

C ·iLL [lTCS T ('/DC, 011 ,R.Dr: , R,()Ff ,ROtfl, \'0.\) 

n=- (r n (:. r!r. C)'») F't:"TT::l 
rF(r:i .rn.?) ,?r'W=R()\-r 

1 r- ( T r ' SIC T • 1'= 0 • ')' G-O T C '3 G 

I 
G­
O 
I 



1 1,y1. 
1 11~ n. 
1 141. ,. 

1 L~ 2. , 1 (~:, • 
1.. lit 1+ • 
1 14 l";. 
1 l'th. 
1- lit 7. 
1 11~ r,. 
1 ll~ CJ • 
1. l~n. 
1 151. 
1 152. 
1. 15:'. 
1 154. 
1 15S. 
1 150. 
1 157. 
1 15:1. 
1 15q. 
1 160. 
~. 161. 
1 162. 
1 163. 
1 16 1+ • 
1.. 16S. 
1.. 16(-,. 
1 1 ' "7 . 0 I • 

1.. 16n. 
1 1 F)c). 
1 17 (). 

171. 
1 17? 

1 7 3. 

c 
?2? 
SO 

Po 
Pl 
C 

GO TO 50 
',:1 In TF- (r) ,'222) PT1' RT2, itCH:, f\5B, ROC 
r-nHI~/\T (tl-1(), ~n'>(, ,)rl? 31 

cnr IT It JI Ir: 
T r ( r " • G T • 1. 1\ r J n • I f2.S E T • E' & • 2) GO T () "7 n 
IF(rI1.rn.o) Gn "T"f) 111 
r 11 =2 
IlU:Vl=n. 
C; F.: TTl IE' r.. ,~ .'\ T R I ( r S 
f\ AI\= 1. • O/r~fJl ',1. O/pr'r+ 1. 0 IRS:) 
I\I\P(1,1l=-1 .f)/Gl~· 
A/\ P ( 1 , "') ) :: -1 • 0,1[) r; 7. 
1\ A P ( 1 r I~ ) = -1 • 0 I R n r 
l\Pf\(1,1l::r..I\P(1,1 ) 
f\PA(:,,1)::I\I\P(1,') 
r.. P A ( Il , 1. ) :: 1\ 1\ r> ( 1. , I;. 1 
r..pp (1,1 ) ::1. f)/RM·,·111 (2. Q*L'·1) 
APP (1 ,?) ::·-ttl (2. n*L"") 
f\PP(?,11'=I\DP(1,?1 
!,Pp (2,?) ::11/ (? n :.d 11,) +? • I) *C~'" IH 
.Ii PP ( ? , S ) :: -? • 0 * c ~ ~ I II 
:,\PP ( .... ,:,) =1.1"J/r:>C,3+2. O*CC,3/H 
I\r>P (:,,'+) ::-;>. 0*CS7./11 
l\PP (1+,:,) ::.I\,np (:3, ll) 
A P P (11 , 11 ) = 1 • n I R n F +:2 • 0 * C c; 3 1 H + I II ( ? • n -6: l.. S ) 
r..PP (II , r::; ) =-111 (;>. f) ¥L C; ) 

I\~P(~'?)=~~P(~rr,) 
I\PP (s, It) ::f\f'P (I~, r;) 
f.f1P("),C)=II/(?OkL<;) +2.()*C',1/11+1.n/Gl nn 
/\pp (,)rA}::-l.o/Pr')D 
f\pP(A,~)=~np(S,~' 

f,rp (f~,;:, ):: 1.. 1/~OB+ 1. • D/RSi·t 1 .O/l2.T1-H • O//Z1'2:t" 1 • I)/RO( +2. ()T CS l/H 
!\ ~p ( (-, • 7) ::-1. • I] IRS 1 
/\ f11) ( (, , '\ ) :: - 1. • n / R T1 
1\ p P ( () , n ) :: -1 • 0 / RDC. 

I 
()) 
i-J 
I 



, 1 7 1l. 
1 17:=i • 
1. 17() • 

" 177. 
17f1. , 17<1. 

t 18,'1. 
1. 1f\1. 
1 1112. 
1 1113. 
1. 111'~ • 

1Rt;. 
1- lRh. 
1 in7. C 
j ln~~ 
1 1 P./) • 70 
1.. 190. 
'- 191. (' 

1 192. 
1 1<)?l. C , 

1<)4. 
t 1 g~i. 
1 1 q(). 

1 107. 
1. 19n. 
1 190. 
1.. 200. 
1 201. 

" 202, 
'- 203. 
1 201~ • 
1 20'1. 
1 2n'l. 

2Cl7 • 
? n .~\ • 

M"1P ({) , , {) } ::-,~. n * (.52/1-4 
APr> (7, (l ) =APP (6,7\ 
/\ PI' ( 7 , "1 ) = 1 • '1/ r c; 1 +? • (I ,t r c; 1/11 
i\ P P ( 1\ , h ) :: /\ f1 r ( () , ~, ) 
J\PP (!1., 1\) =2. n*r.rlll~ 1. n/f)T~+1 'I (2. Ot-LC) 
A pi) ( .!\ , () ) = -1-11 ( .'"> • n + l r. ) 
I\rP (n pr) =I\r>fl «(),f) \ 

f\ r f) ( () , 1\ ) = /\ r) [l ( !\ , If ) 
i\PP(n,n)=IU(2.0*' C) +-1.0/[lO"+1.0/[lS2 
/\PP(n,lO)=-lJ1/PS2 ' 
1\ P P ( 1 f) , () ) = f, P f"1 «) , 1 0 ) 
.f\, pp ( 1 n , q ) = 1\ rp ( q , 1 0 ) 

/\Pp (1 0' 11;) =1. n/ rr,2+? r):tCS2 III 
CI\LC1JL"TF TH[ P!VERSr (IF I\r-")P=T/\Pfl 
r. f\LL In ( I APr, ;,\rr,r.!) 
nur,\=o. 
~n () c = rr~ Dr. 
snL \!F THF. Fill JAT T nt" FOP VPf'lr\'i A: I MIFvl 
C I\LL Vr 11\ (Vr~Jr=:vJ p \fPOLn, T MIEIoJ, T 1\f)L!l, t . .!, T PnLn, T I\pr) 
C I\LCIIL 1\ TF 1\ LL TIJr Rr< 1\ riCH C I 'Rf? PlTS 
1 RDC= (Vpr 1[1'1 (h) -'lPt IF>1 (0) ) IRf"'\C 
IF( iROC.GT .n.O.l\rlO.Pl!lC.LT .r).I)} >11=1 
IF(r!l .FO • .l) R'lC=POFF -
IF<tl1.rn.u GO TO 80 
T pr·1:= (1J.fI.-vpr Ir>} (1 ) ) IR~"~ 
I LM= T L ~1f)U)+' if ( 2 • () *Un .'t { (Vp~ iE\'1 ( 1 ) -Vflt JF I-} (2) ) + ( Vr>()l f"'\ ( 1 ) -VP()Ln ( 2 ) ) } 
T01=-Trr~nLf)+?nol,nY~I*( (Vr>j\jr."'W(?)-vpt!E\o!(S) )-(\JPOLn(?)-Vl"'nLn(t)}) 
TCM:=TL'!' 
T PDF= (V !\-I/n, JFI./ (I, , ) lr:nF 
T RS:~= (\/l\-vnr IPI ( "" \ ) /f~C;3 
T C S 3 = - T C:; Y' L +? (1 * C c:; 3/' J 1< ( (\ I P t.I [=>1 ( "1 ) - V P r,) Ft',1 ( !~ I ) - ( "p n l n ( '3 ) - V f"1 n l n (l~) ) ) 

T L S = T L C; 01. n + I if ( ? • n * LC;) -t: ( (\f r' IE 1,1 ( II ) - 'il"' rlP-! ( S ) ) + ( \/r ()L r) ( 'I ) - vn 01 f1 ( t))) ) 

T R!1f1= (\'pt Ir'" (') ) _I/ntFI.! «(,) ) IR"r, 
!r?~t=-('./P·:r:'·'(h)_"n!,!r:'!(7) )/P'-:1. . 

1 ('~ 1-:::- T CS 1 'JI. +? ntrC; 1/11 * (V"'r IF,,} (71-VDnL" (7) } 

I 
0, 
t\, 
I 



1 20('). 
1 21(). 
'. 211. , 

212. 
1 21.) • 
1 21lJ· • 
1 21S. 
1 216. 
1 217. 
1 21F1. 
1 21Q. , 22n. 
~. 221.. , 222. 
1 223. 
1 221~ ~ 
1 225. 
1 22f). 
1 227. 
1. 22n. 
1. 22C'J. 
1 230. 
1 231. 
l' 232. 
1 233. 
i. 23L~ • 
1 23S. 

2~fle 
1 237. 

23B. , 23('). 
1 2qn. 
1. 241 • 
1 21~:' • 
i 21t 7). 

c 

C 
?'4" 
( 

C 
( 

?Sn 
, () (l 

C 

ICC::- T r: COL '1 +? • r).., r C / I 1+, ( \I pr JF'" ( p. ) - v~ oL n ( r~ , ) 
I L C:: TlJ ()IJH! V (,') • f) * I. C) I:( (II fl' '[',,; ( " ) - \j~ ~!~ ,,} 'n) ) + ( \I r> "L '"' ( n ) - \f~ ()I IJ U, ) ) ) 
TfHl::'jrrlFI'j (() /!lT1 
nH 2= (\/pr IF:"I «(, ) -'!"r,!F!.' ( rl') ) /R"T'2 
T RS2= (\!Pt IF',' ( 1 i) -\fP~'lFvI (n) ) /'1S? 
I C S2::- T C C:;20L +2.0 "'( S? /Il* ( (''[It W,·! ( A ) -\jP~ JF \'J ( 1 n ) ) - (\In()1 n ( h ) -Vf'fiL'! ( 1 n 1 ) 

*) 
vr,~::v 1\ -\JP' JF"! (') ) 
F. = E ·1·1 II ( 2 * C H ) * ( I l:' 0 l. n + J U~ ) 
vpr'<1::\f 1I-I)f'r'JE>/ ( 1. ) 
VU·1::\lPt IE\'} ( 1. ) _I/Pf !n/! (?) 

VCM=IJP~lE"1 (2) _I}I'I JF\'J (5) 
VLS=I.jf'~!n.1 (IL ) _'JilT !r::-vJ (S) 

VHDF::\f A-Vf'r lDol (q. ) 

vrWn::'lI'!\JEI,/ (s ) -\lfJr'l[\'I (n ) 
VRT 1. ::\jPtJEI'} ( (, ) 
VR T 2=Vf'I'I!:I'J (6) -VP~!FVJ (P,) 

vrWc=vllj 1[\'J «() } -VrH1EVJ (q) 

VLC=I/Pt·JF.:\.j (r') ) - \jpnr\'/ ( R ) 
\fCC::\jPf'IE~'J (n ) 

VCS'l ::VPt·JF.hJ ('7) 

VLS::VPflE\'/ (I~ ) _lfPr JF"I:J ('1) 

CALCIILATF THF. c;fJf-"[n 
1!I::E/KPH I 
SPEEn::~O.O*~/(?O*PJ) 
TORnUE=KPHT i<tm·~ 
TF( (Ll/2*2) .r'IF..I.1) GO TO 0n 
H R I T F ( 0; , ? I ~ t1) T , \l ~.' , t M J F. '.oJ, T R H , T P n F , Tl. S , F'S 1 , T R T 1 
F()Rr'~,!\T( 11 1,(')'1(, r**~" ,!1Fo.2} 
I!JRI TF (F), ?Si}) T RT2, If'DC, T HC:;?, I r.C, VPf'!r\·! (q) r Vf''', IJI_'~, IJC~ 
"1fH TF ( () , ~ S n ) T L C , c:.pFr:n r I R C; ~ , I P nn , T 0 1 , T l" 
':lP I Tr «(, r ?C)fl) vnnr, Vnnn, IJLS. VPT1 , VPT? r 'Jnr)C r "LC, r 
F()R''.I\T( 11·1 ,'JX,Rrn .?) 
r)llI'1::r. 
(.'\LC"L;'\Tr:: 'T'.-} \!r;I.I)F(~ Or:- rOnr)rCTOO rIIPrq!Tc:;' 

I 
Q; 
(M 
I 



1 , 
1 , 
1 
1. , 
1. 
1 

'. 
1. 

1 

'. 
1 

1. 
.1 
1 
1 
1 
2 
1 
1 
1 
1. 
1 

. , , , 
1 

'. 
1 

1. 

?'P~ • 
? I~ t) • 
24() • 
21~ 7. 

?LH1. 
2·4Q. 
?sn. 
?') 1-
252. 
25:1. 
25l~ • 
255. 
::>S6. 
257. 
2SI\~ 
2SQ. 
260. 
261. 
262. 
26:1. 
::>64. 
26:3. 
266. 
267. 
2(,;-:\ 0 

26<1 • 
270. 
271. 
272. 
27-::'. 
274. 
27'j. 
27(1. 
277. 
271\ • 

L~ 

C 

T l\O\.r.::n • n 
Ir'Ol.n(i )=11..;1 
I f10U' (~) ::- T !.'~_ T!:~ 

T POl.fi (")::- T cr;!1 
1 POI.f' ( IJ· ) :: I I. r:, t T C r, ~ 
I rOL.n (li)::_ T LS+ T Cl 

I POL'") «»::- T CS2 
rPO Ln(7)::-Tr:Sl 
J PO Ui ( R ) = -T L C - T r: r: 
T POLn «1) = 11-1. 
IPOLr(10)=rcs;>. 
T LiJ\OI n= I L 1,1 
l' o-~nl. n:: I r: 1·1 
!LS0I..n=ILr:, 
ICS1()L =1C«;l 
ICS2nL =JC<:)2 
T CSylL =1 CS:3 
ILCOLO::ILC 
rCCOLO=IC( 
no .q L4=1,fl 
VPOLn (Lt~ ) ='.'rr'IO'1 (U~ ) 
\·}OLO::!.'i 
n=M+l 
CI\L(IILI\TF THE r\Ht!p.~t!M ANn '·I\Y.PHP~ VI\L!JFS 01= THF "l\f'Tt\nLES r>Lnrr:-n 
IF(\Jr-.~.LT.Y~'~HI(1» Y' .. 1Tt'!(u=\n~ 
rF(F.LT.YM1fl(;?» yMI!,1(2}=E 
1 F ( T R 1-1. LT. Y 1-n r !( :) » Y '·1 Jl'l (:; ) :: I P'1 
T F ( u.s. LT. Y '1 Tf I ( IL )} Y fA I ~ I ( l.~ ) :: I L S 
IF ( T /H IF>I • LT. Y 1·1 I r I ( 5 )} y 'q 1\1 ( c; ) :: T r. ~JF \.! 
I F ( T r T 1 • t. T • Y M T fI ( 6 » Y H HI ( 6 , :: rrn 1 
TF(IRT?LT.Yf.!!tJ(7)} Y~~H!<7'=TRr2 
! F ( I U: • LT. y rn r I U\ ) ) . Y '.q t I ( n ) :: ICe 
TF(I1 C.LT.v'HI\(O)} y,.~Tt!(I1}-:ILr 

TF(Tr<Sl.'_T.y~qrl"O)) Y'I!'J{'O)=TPSl 
TF:- (vrc;, .LT. yHTtl (1 U) yqp' (' 1 ) ::11(<<;1 

I 
0> 
I~ 
1 



1 27'1. 
\ 2F)Q • 
1. 2'1 t. 
t 2R2. 

2rn. 
1. 2RL~ _ 

;:> p,t'} • 

1. 2n() • 
~. 2R7. 
1 ~8r). 
1 ?Wl. 
~. ?00. 
1 ?q 1 • 
1 2g2. 
1. 29:1. , 2C)1+ • 
"- 2C)S. , 2 C) () • 
1 2g7. 
1 29'1. 

'. ?9q. 
1. 300. 
1 301. 
1 30?. 
1 30:1. 
1 304. 
1. :i0~. , 

~ ()() . 
1 307. 
1. 301\. 

3r)rJ. 
:;10. 

t 311. 
31::'. 

~ 1 ". 

TF('j p nr.LT.Y'Qt! 11 2) 1 yqp!(1?)::'/Rnr 
TF(VI S .!.T.Y'·PtJll:)) 1 y'qt!('31::"LS 
TF ('/r'T1 .I.T. yrqt! (1/~)) Y~~PJ (' 1+) =IIrHl 
I F ( 'J f) T? • LT. Y ~ 11"! ( , C) ») Y , q t.I ( 1 5 ) :: V P T 2 
TF{ljrnr.LT.Y\'P!(1(,)) Y'~PI(16)::\lpn( 
'{ F ( IJ ( r. • LT. Y ~ 11 t ! ( 1. r » y ~' Ttl ( 1 -. ) :: \j (" C 
rF(Cp[I="D.LT .Y~ntlr lA)) Y~·1T!I( l~)=SPtrD 

IF(TOrFlI)[.LT.Y"Qt)(19) yqyr'(1q)::TnPO\J~ 
T F ( V \~ • G T • 'e" /\ X ( 1 )) y, ,1 f\ X ( 1 ) ::'/t-1 
TF{r.GT.Y~A~(?)) yMAX(2)::F 
I r- ( I f) tv, • G T • Y r ~ l\ X ( ~ )) Y ',' /\ Y. ( :; ) ::: I n M 

T F ( T I <:;. G T • Y r ~ f\ '{ ( IL )) y P,~ ,'I Y ( I.~ ) ::: I I. S 
T F { T I'd I I:" \-! • G T • Y ~ 1 f\ Y. ( t) ) Y ~1 f\ Y.. ( ::; ) :: I !\")r I,} 

T F ( l P T 1 • G T • Y f" A Y. f (OJ )) Y • ,\ f\ X ( () ) :: T R T 1 
yF(IPT?GT.YMAy(r) Y~f\X{71::TRT? 
T F ( ICC • G T • Y t ,1 t\ ~ U' 1) Y t Yo, X ( i1 ) = Ire 
I F'( I I r.. G T • Y r11\ v: ( '1) Y M f\ Y.. C Q ) = It, C 
IFCIPS1.GT.YMf\X f lQ») YMf\X(10)=TRS] 
IF~VC:;1.GT.YM!\X(11) Y"AX(11 )::VCSl 
T F ( If f) n (:" • G T • Y rNI X ( , 2») Y ,~ (I. X ( , 2 ) :: 1m n F 
IF(VLS .GT.YM!\X(13 1 I YMI\X('3)=VLS 
JF(\jPTi.GT.Y',1/\Xf 1 q» Y'·' (I. X (14)=VPT1 
I F ( II P T? • G T • n~ 1\ x ( , 5») Y M (I. X ( 1 5 ) ::" R T 2 
IFCVRDC.GT.YMAX(1fi)) YM(l.XC16)=VRnc 
IF(~CC.GT.YMAX(17» Y~I\X(l~)::VCC 

rF(Sr"l[r:D.GT.Y~U\'«l,~)) yMf\X'.1R):::SPF.Fn 
, T F (TnHnUF • GT • vM,\ Y, C 1 <l» Y~lf\ v ( 1 q I ::ToRm II:" 
TF{'-~.tlr-:.s) r,o TI) 1 
Y 1 (L,,) =T'q. rjl="n:; 
Y 1 ( L ~ ) ::IJ'~ 
Y2(L~)=r 
Y:)(L,,):::I P '1 
Y(~(L7,)=!I.C; 

y [j ( I, " ) :: T /\ r !r "J 

Yf"dl.-O;)-:-lrTl 

I 
0, 
(}I 
I 



1. :, 11~ • 
1 3Pi. 
t 31,<) • 
.1 317. , 

31F\. 
1 31'1. 
1 3~n. 
1. :~21 • 
.1 322. 
1 323~ 
1 321} • 
1. 32S. 
f 32f). 
1 327. , 32F\ .1 

t 32<l. 
330. 
:131. 
3:12. 
:13."). 
334. 
335. 
33f). 
337. 
33R. 
33<). 
31~ n. 
341.. 
3L}2. 
31~3 • 
31+1~ • 
3/+Cj. 
:1q.F) • 
31f 7. 
3Lj.!\ • 

1 

.,On 

')01 

502 

503 

')oq 

'10S 

S()h 

')('7 

Y7(L")= PT" 
YF\(L3)::lrc 
yq{L'~)::ILC 

Yl0{\.3)=TRr:;1 
Yti (13)::'1c c.1 
Y12(L3)=V rnF 
Y 1:' ( L 3 , ::'J L r:; 
Y1 4 (L")'=VI< T t 
Y1.5{L3)=Vf(T~ 

Y16(1.3'=\fr,'I( 
Y17(!."))=I./Cr: 
Y 1 F\ (I.') ) =sr>rr.n 
Yl<l{l ")'::T()pr;llr: 
l.2=L;"1-S 
L3=L)+1 
TT=TT+H 
\·IRITF(f),.,Or)) 
FORt",,,T (lH, 13X. , I.I~· r. TP~'~ 

* !I<T2.,///) 
\'JRITF(h'501) (Y'IHI( T) 'T=1 ,"1) 

FnHrlI\T(6X, ,i·IT'I, ,'Fg.?,//) 
\.'IRITrU),!)O?) (Y";'\X(I) ,T=1,"1) 
FORt"r,T(6X, ,'1.'\,<, ,1r.Q .2'///) 
h!RITF(6,S03) 
r-OR~J.f\T(ll1,'1X.' I(C TLC TRS' 

* I/R T 1,,1//l 
"IP 1 Tr «() , 5011) (Y'~HJ ( T) , T =11, , i+ ) 
FOI~r1/\T(6X, ,1,11 1), ,7r().2,//) 
~.I\~ I T r ( () • t:") 0 r) ) ( Y r ~ /\ X ( T ) • T = "l , , II ) 

FQi~·~tIT(6'<, ,1,/\\(, ,-'[0.2'1//) 
VlfHTrCf"SOf) 
F 0 f~ r~ l\ T ( 1 H , q X .. ' I P 12 V n n r V r r 
~.! R T T r ( r) , r.; n I ) ( Y' \ T I I ( J ) , I:: 1 " , 1 n ) 

F()H~""T«()X, ,'nr!, ,r.Fo.?,/!l 
"lrn Tr (r" t:) () n.) ( Y '1-,\ X ( 1 ) , T = 1 C, • 1 n ) 

TL.S TM:Fl~1 TrT1 

vrS 1 vrnF "1_ S 

C;~f-Tn T()Rf)llr, , /1/' 

I 
0) 
0;, 
I 



:S4Q. 
350. 
351. 
:S52. 
353. 
35L~ • 
355. 
y,(, • 
357. 
3511. 
35Q. 
:S60. 
361. 
362. 
363~ 
361~ • 
365. 
360. 
367. 
36R~ 
36q. 
370. 
371. 

37':. 
377)0 
37/1. • 
37 c, • 

tjoC'\ r Or. r1 t\ T ( () v , , '11\ ,<, , r; EO • ~ , / I j) 
(,I\LL Gr>I\("'ll'~U~. ,:'1., lOO,Xl,Yll 
C'\LL r,nl\["JHI\(I1.,I1., lnr"X1,V2) 
C.'\'-L r,~APIlI~(R.'P, .. lOO',X' ,Y3) 
C 1\ L L G r A f1 H I~ ( fl,. , n. ., 1 ("1 0 , X, ,Y l~ ) 

CI\LL Grl\nlll~(p'.,n., In!j,Xl,YS) 
C I\LL GP ,'\("'1 ill ( R • , fl, ., 100, X 1. , v 6 ) 
Cf\lL GnAPll'1 (11. ,n., 100IpX1,Y7) 
C/\ll GPAf1HQ (R. ,11. ,100,vl,Yn.) 
Cf,lL GRM'I-lIHR. ,R., lOO,Xl,YC) 
CI\Ll GnM)IlI~(I1. ,n..,inO,X1 ,Ylll) 
CI\Ll. GDI\rH1l( i1.,f!..,lr)O,Xl,vll) 
CALL GR I\PH!~ ( 11., n • , 10 Q , X 1. , y 1? ) 
CI\LL GRAPHl t ( R.,n.'100,X1'v1.~} 
CALl:. GR ArIH.\. ( R., q • , 1 0 (1 , X 1. , v 1 L~ ) 

CALL GR;,\PI'll+( R., p. rl r)O, >(1 , v 1'i) 
CALL GPAPHlq R.,G.,lOO,Xl,v1(1) 
CI\LL GRAPHlq ".,p.,lOO,Xl,vi?) 
CALL GRI\PHIH n. ,e. r!00,Xl,vlP,) 
CALL GR I\r!-!l~ ( 11.' n,. ' 100, X t , Y 1. n ) 

END 

sunr~(\\JTPJE r,cnTrc:: (V, T ,T,T"'Ir,G,P,R(\f--I=",f'()~I,H) 
C V TS THE: ,/nLTJ\GF /\(r>nss T!lr THvP.TSTOP 
r T 1S TfW ('mp['IT TIlr>!"IJGrI TI1[ T\lyDTC,Tf)r~ 

(' TPTr,r, TS VI I\pr<,\y or TI-II) n.f'~r·ITr, 

I 
()l 
-.J 
I 



376. 
377. 
:)7n. 
37CJ. 
3f\0. 
3B 1. 
3R2. 
::'>f13 • 
3fVI. 
3r.~) • 
3f)h. 
3En. 
3RB. 
3P,9 .. 
390. 
39.1. 
39?. 
393. 

r TD TGG(l)=1.0 rr-ppr-c,p'TC, 1\ TRTGr.Fo p'ILC,~ nrTI"G PRFC,I="~'IT 
C Tr<FiG(?)=O.O rFPprC,t"TC, II TRTGr-EP f"'\JLc,r nF:T~lr, I\nC;~tIT 
C T T C, T IJr c, T 1\ T F () F T 11 :. Trq r, r. rr~ r-: I G I 1/\ L ( r T T \ H:- R 1. n () (') n. 0 ) 
C r~ T S THr:: r~rs T <;T /VICF ,'"IF TH[' T! lyn! STOP 
r P0FF IS THF 1?[17,T.STfI'WF nF TH~ THYrTST()r PI THF !'1()~!-cri~ln\JrTPIG C,Tfl Tr 

C POt'l Je; THF: f{FSTe;Tlv!rr ()F TilE T"yolc,TnR If'1 TfIF rO~ln"(TTt'-IG C,TATr-
nIM[tISTO'1 nnr,G(?) 

PF.:AL I 
IF(T.GT.O.OS) Gn TO in 
IF«V.GT.O.(l).l\iJn.(T.[n.TRTGr,(l») GO Tf) 1n 
n=ROrr 
GO Tn ?O 

1 () R=R()tl 
C T F ( ( T *' R 0 r, I) • r, T • 1 • n) r~ = 1 • 0 I I 

I F ( t,~ • G T • 1) n = 1 • I T 

? 0 PETUll~1 
OlD 

:V.J4. Sl)RRI"\IJTI~lr:: rnrC,T(V,r ,R,RnFC",POI),'"q 
39S. C \/ IS THE \jnLTflGr. ;\CP0C,S Tllr nI!"IOF 
39(,.. C T IS THE F0RI.//\On (IJPlIrtiT TllrH")IJr;f! PIE nTOfll:" 
3 <) 7 • C PIS T fir. RES T S T IV l r r "F T HI:" n TO .... F 
3C)[1. C q'JFF IS THE PFSIc,Tl\rJCE 0F THE r'Ino~ HI THE tl()t'!-Cn~ln\lCTT"JG STI\TF 
3qQ. ,(' PO:! TS THF: R[STSTf',t!r:ror THE r>TOnE 1'1 TIlF rn~lnlJCTplG STI\T:: 

It 0 () • P [A L. 1 
4Q1. JF(1.GT.0.0~) ~n Tn 1" 
4()2. IF(V.GT.n.~) GnTO 1" 

I 
0> 
OJ 
I 



qO~. 
40 11- • 

II 0 t:") • 1 n 
400. ( 

11-07. 
40n. 20 
40Q. 
410. 

It 11. 
IH2. • 
41:). 

1 411} • 
~ 415. t 
1 Lt 10. 10 

417. 
It 1F) • 12 
41Q. 
1+20. 
421. 
1+ 2 2. • 
1+2.) • 
1-t2.4. 

1 42~. 
1 I~ 2 f> • 
1 1+27. 11 

l+?f1. 
I~? () • 

p=Rorr= 
GO T() ?() 

r~=Rn!! 

IF ( ( Tt-rl Ot !) • r, T • 1 • r,) !?= 1 ',0 IT 
TF(M.GT.l) R=t./T 
r[TI,pr) 
rnD 

SURROI IT HIE 'n (r, r- , ~Il 
f) I r·'Er--IS I 01'1 [( 10 , 1 n ) , F ( 10 , to) , I ,J ( 1.0 ) 
00,10 1=1,'1 
no 1 ,J=l,Q 
E (I "J) =F ( T ,.J) 
I ,J ( T I = 0 
ITER=O 
ITER=ITER+l 
IF(!TEP.GT.!1l Gn Tn 100 
crN=o.O 
DO 11 ,J=l,~! 
I F ( LI (J) • G T • 0 ) 1,('1 Tr, 11 
TEST=AnS(Ef.J"J) 1 
T F (TrST • LT. C!111) Go TO 11 
Ct'JV=TEC.T 
v=J 
COl'lTT 11I![ 

T J (1< ) = 1 
[ ( K , I( ) = 1 • I) I r: ( 1< tV) 

I 
CJ. 
('C, 

I 



1~30 • 
1 431. 
2 L+ 3? • 
:~ 4:):). 4 
? l~ :)1+ • r:; 
2 113 r, • ") 

4:)fl. 
t 437. 
1 l1311 • 7 

1 4:)9. 
1. 41~ 0 • f, 

41~ 1. 
1.\.42. 100 
44"3. 
II I~ It • 

Lt 4S. 
44h. C 
4 Lt 7. 
44R. 
41+0. 
45(). 
451. C 
452. C 
1+5") • C 
4 5 1t. 
/.~5S • 

'1 QCjl1. 

nn ~ T= ,1,1 
no ~ .J=ldl 
rF(I-v') I~ , "') , q 
TF(,J-I(l r,,),c; 
f ( T , ,Jl = E ( T , ,J) - r ( T , \I 1 *' r: ( K , 1< , .. :r ( v , ,J) 

c () 1,1 T ;- f\IlE 
ll() () T = 1, t,! 
IF(I-fO 7, (1 ,7 
f(I,V)=E(l,K)*~(V,K' 
F(K,Tl=-E(V,T,*FIK,K) 
C()IIT T r IIJE 
GO Tn 12 
rETuril 
Plf) 

SUFln OUT HIE \jP I A ( VPI\IE\'I , VP()Ln , T A~'IE\'l , I AOLn , r I, T rOLn , T I\rp ) 
nns SIJIlROllTItlE rALCUU\TFS THe:: VALUES /"'IF Vf'NFI!J,o,Tl'.I'lF\,} 
REA L IJ P I' I E \./f 1 0 ) , \f f1 0 L [) ( 1 0 ) , 11\ tJ r ItJ , I 1\ 0 L [) , T n () L n ( 1 n ) , 1 1\ P n ( 1 n , 1 0 ) 
( nMI.1nr'l f'l.f\ A, !\P" ( 1 f1 , 1 ) , (\ A P ( 1 , 10) ,R 1\" , np '\ ( 10 , 1 ) ,q" f1 ( 1 , , n ) , !lDp ( , n , 1 n) , 

1<ljf\ 

rq i;\O JS T Q~I ')1 JW1Y ( 1 0) , f\E"U\C ( 1") 
TO (.'ldJIJL/\Tr: Tf-W MATrTX FO"f\TrnH -(flf1n\**-1 (pnOL ll'+(l\f',,\) (VI\) ~ 
( 11 P 1\ ) \J f\ ) +!l ( '1 P \"l, (" f1 n IJ) ) 
f1EI~ r-(}R'" TIlr: ',1/\ TP T X ~'tJL T I rL ,. C 1\ T T Ot 1 (IlPP 't ( \lP0L n ) = ( fit ,IH~!~y ) 

no 1 r=lrfl 
:;! J"':"W ( T ) =0. 'I 
no 2 .J=l,11 
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? 
1 
1 

, 
'. 
1 
1. 
2 
1. 
1 

1 
1 

4~7. 
11511. 
L~5f") • 

400. 
401. 
402. 
1~03 • 
46 1+ • 
1+6S. 
466. 
467. 
4('F\e 
46CJ. 
Q70. 
4·71. 
472. 
473. 
[1-74. 
475. 
47(-,. 

? 
1 
(: 

3 
r: 

5 
II 
r. 

6 

rJl)H'IV ( T ) :::n' t'nY ( T ) +GPP (T ,.J) "*'vrnf_n ( ,)) 
COiJTTtJllf 
I\nOTIIF: TF:n'1~ PI THF nrU\CI<E"'S= (flr~ ",r) 
no 3 I::: 1 , t.! 
F11~ A r: ( T ) = T P () Ul ( T ) I- i\ r 1', ( "[ , 1 ) * 1/ /\ -I- II r A ( T , 1 ) ... \/ 1\ + n t I \.' ~.I Y ( T ) 
~·H IL T T PI. Y TqF: SI PI or THr: nR,II Cl< ETS ,V'!D ~H til Ie; THF I' IvrrSF' nr fl. pf" 
no I~ 1=1,rl 
VPIJF.>I ( I ) =0. () 
no 5.j:=ldl 
VPNF:\.! ( T ) =VD[ lE':! ( T ) + J APP ( I , ~J) *RR I'IC (J) 

VPtJ[h! ( I ) =-\lptlf":",j ( T ) 
CALClJU\TF TliF F.")ttATJO'! FOR I AUf:"\'/ 
nl JivlrJ.y 1 = 0 • 0 
DlJ tJ,rW2=O.O 
nOh T=l,f! 
DIJfl.11I,Y J =OIJM'~Yl +I\/\r (1, I) ""VP,,!r\» (I) 
nl Jfl.iMY2=Of.H.1~W?+8f\P (1, I) ",vpnl 0 (I) 
I I\tJ[\.!::: T /\OLn+ f\ /\/\ i< \.I A +fH\ ,1'1* V At-'llJMtW 1 +1)\ IMMY., 
RETIJPtl 
PJO 

um FTt·J 158'-3 IB:'\tlf< 3256 [)Rr\t·!V 143 r:()·.Arl()~l 
i\~·1/\P, I 
~M\P 30Rl S7t~Tl1 (ls/1°/e2 13::-:52:51. 

ADnRESS LIMITS. nOl0"0 OS007h 
('~)10C'O O( ... ))/~l 

ST/\PTING /\onr?ESS nl~C,6.l? 

';F r,' 'rt)T '1if 1,1\ PI"'; 

? n III S l!l fl. I'll< "Iorne:; nrc: I'''' 1\ I 
C)")4n [)f\I\fJK "'OPOS nrc p11\1. 

o ('I 1 0 ~ :I n <) or, 7 h QC',1nnq 0/) "7,-r,q1 

I 
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CHAPTER 5 

RESULTS AND DISCUSSION 

5-1. INTRODUCI'ION 

The computer program can supply the following outputs: 

li) The thyrlstor and diode resistances, namely RT1, RT8, RDF, 

RDB, RDC can be printed (by the statement \,IHITEl6,::;~::;)), 

wben. at least one of them change. 

(11) The values of the variables which are evaluated after e~ch 

tlme lncrement of Ihl, can be t9.bulated, and their extramum 

values can be 6alculated. ' 

lill) All the variables in the circuit can be plotted 9.utomatically 

by the SUBROUTINE ~RAPH4. 

The graphs of most of the variables are presented 

together w~th their detailed explanations, in the next section. 

Unfortunately. there is no continous graph plotter ~n our Com?uter 

Centre, and it is almost imposBibleto hand-plot as there are too 

ffi9.ny points. Therefore, the only ~lternative was to plot the 3raphs 

on the line printer, some of them may not be very accurate, as 

only the 20~ of the points evaluated, are prlnted and t~e variation 

of curves are discrete. The-tables of the thyristor, diode 

reslstances and the value of the varlables, are not presented, 
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since they take very large space but provide little informat.lon. 

~ -3 _he program was run UD to 2xlO seconds at the hi~hest , ,~ 

operating frequency ~lOOO Hz) 1n order to have commutatlon cycles 

comparable to a complete period. the time ratio was chosen as 0.6 

to give equ~l on and off time intervals. There are 400 steps, as 

the ti~e lncrement h is set to 5.0xlO-6 seconds. For 

kxlO- 3,t<,ktl/2)xlO-3 sec. are1onl, and for 

\ktl/2)xlO- 3"t(\k-tl)xlO- 3 sec. are10ff l time intervals 

where k:.O,1,2,J, ••• 

5-2. DISCUSSIO~ OF R£SULTS 

The simulat.lon J.S started from time zero, at zero 

state condition, which meins all the variables are zero, except 

the volta3e ~cross the co~~utatlon capac.ltance Cc , whJ.ch J.S made 

equal to the supply voltage ne3atlv8 at the ground end l.i1.P0ill\6)::: 

250.0V), thls vlould in practlce be done by firing the auxiliary 

thyristor T~ just befure starting the operation. 

The ~a?hs obtained by the computer, for ·the variables 

VI-1, J!., Li.M, ILS , lA, IRT 1, litT 2 , ICC, ILC, InS1, 'Ie 31, iTr\.~F ,v1'\.'I 1, 

\r~T2, VriDC, VCC, ,SPEED and TOS.~uE ,. and they are presented at 

the end of this section- For conven.lence, the computer var.lables 

\ such 9.9 V!~:, E., IRM, ••• , SPE:ED) in capit''J.l letters desigD3.te the 

complete waveform in the relevant time interval wh.lch is defined 

at the be~lning of 8ach sub-sectlon, an~ lower C3.se letters 
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wlth the suffix in capltal letters ~such as, vM(t), e(t), ihg~t), 

iLS\t) •••• ,vRDF't») dssi3nate the value of the correspond~n3 

v~riable at time t. Tl, T8, Df, <Dc, Db, RS1, 031, Ls, Oc, Lc 

rs?resent the main thyrlstor. auxiliary thyrlstor, freewheelln3 

diode, c o~;imut3.tion diode, ser les d lode, suppres Bar re s lstance aDd 

c~pac':" tance of the fir stsnubber network, freewhee U .. ns ..lnrJuc tancs t 

commutation capac i t::mce and inductp..nce, respectl vely (3.S shO'.VD 

on Fig.4-l). Also, ~raohs plotted are defined ~s follows lthe 

directions ~re shown on Flg.4-4).: 

V1-1 [Vr.l\t)] : armature voltage, Le. vA,(t)-v5\t) 

E [e(t)] the back e:nf voltage, i.e. v2(t)-'l5(t) 

IRl'l [ i Ri."l ( t )] 

ILS [iLStt)] 

ermature current 

current through the inductor La, which is aDprox-

imately equal to the freewheelln~ diode current 

IA [it\. (t) ] : supply current 

Ii"1.11 [iRTl ~ t)] the current through the maln thyristor 

IRT2 [iR1'Z (t)] the current through the auxiliary th~'i' lstor 

ICC [lCC{t)] the co'r.mutation cap'1.cltance current 

ILC [iLe (t)] the co:nmutation inductance current 

IRSl [iRS 1 (t)1 the curre!1t of the "first snubber circuit 

VaSI [VCS1(t)]' voltage of the first snubber c!:qacitance, v'I\.t) 

VRLF [VRDF(t)] 

vnl1 [VRTl\t)j 

VRT~ [ 't)J "fi1'S \ . 

VrWC [-"RDC" t)] 

volta.ge of the m~in thyrlstor, l.e. VO\t) 

voltae:e of the auxillaty thyristor 'IOlt)-vb\.t) 

volta38 of the commutatlon diode v~~t)-V8\t) 

SPEED : rotor speed in rpm 

l'OR~uE : :ilechanlcal torque ..ln 'nev,rton-meters 
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For ea.ch of the four time -intervals, the Simulation 

results are discussed below. The reader should refer to the 

relevant graphs as the discussion is presentee. 

5-2-1. THE FLqST 0l'i-TH1E Il'TE..RVAL (O.O~t<O.5xlO-3sec.) 

Durln5 this time interval, Tl is trlegared and TS is 

not trlgseced. Tl, being forward biased, starts conduction and 

stays in conduction state and T2 is in off state throughout this 

time interval. 

VN rises to su?ply voltage immed1.s.tely , as Tl is c~n-

ducting. Therefore, 

v~1(t)=250.0 V forO.0~t<O.5xlO-3sec. 

IRM rises as the sum of the two exponential funct~ons, 

from zero value. The ch!:1racter~stic equation of t!.'le arm::3.ture 

circuit, is given in Eq.2.30, where Bean be ignored as explained 

in section 4-4, ~a:~VRM~20XlO-3/0.5=4.0XlO-2sec. and 

t m=O.5xl.O=0.5 sec •• Therefore the characteristlc equation is 

s2-25 s -60=0 

Its roots are 

l'hen 
. t)=A e-22 •8t ~ A e-2 •l9t 
li:{':'l \. 1 ~ 

with the lnit.l.'3.1 conditions: iRI'l(O)= O.OA ~1=1.2jXI04 A/sec. 
t:o 

gives A.:=- 606.5 ;::; . 



so i RV \ t)=-ouo.5 
.. .L. 
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~. ~ ..... t e-G"'.ov 

for sec. 

'l.e. by the end of th~s ti~e icterval IHM r~ses to the value 

'of b.~l A. which is ~P9roxl~ately equ~l to the v~lue obtained 

by the slm~latlon • 

E ~s the volta~e on (' " 
\J .1'".1., and it can be calcu1~ted as 

20.0 -22.8+ e v _ 

for O.O(t~0.5xlu-5 sec. 

e\v.oxlO-3)~1.521xlU-3 v 

i.e. by the end of this t~me ~nt~rval E rises to the value·of 
-3 

1.521xlO V, which is a99roxl~ately equal to the value obtalned 

by the slmulatlon. 

Df is reverse biased, as VM is equal to 250.0 V; so 

the current through Df and ~nductor ~s, ILS is zero, that ~s 

iLS\t)=J.O for u.v~t<O.5xlO-3 sec. 

LA. is equal to IR.i'~, because I.i...S .i.s zero, that is 

) ) f 0 " /t ./0 - l' - .5 i<\~t =irtN~t or .'V~ ~ ,ox usee. 

'ICC has been setted to GJO.O V I.V.P()LD\v)==2!)O.O) before 

this time Interval.A sinusoidal osci1latlon occurs in tbe loop 

Cc, Lc, Dc,and 1'1 for a half ~)er~od (=Tl'VLc Gc ), 'flllen '11 st:J.rts 

conduction at time zero. 



and 
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-0 
Cc:10xlO F ·1 w=4.472xlO rad/s~c. 

as I'CC(0)==2,s0.0 V 

or simply 

VCC\t)=250 s~n\4.472xl04 t +~) where I{;= 11/~ rad. 

4 
vCC\t)~250 cos~4.472xlO t) for 

-5 
0.0~t(7.0~5x10 sec. 

and iCClt)=Cc dVCClt)/dt 

lcc~t)=--111.8 sin{4.i7~xl04 t) for ().(J~t~?~u2oxH;-os(jc. 

Oscillation stoos at t=7.025xlO- 5 sec., because the diode Dc does 

not let the next cycle which is in o~~o8ite dlrectlon. 

'Iherefore 

iCC\t)= 0.0 A 

for 

for 

7.02oX10-5~t<O.5xlC-J soc. 

7.026xlO-O~t(U.6X10-J sec. 

The oscillatlon current \~icclt) ) 1s observed on the graphs Ihll, 

ILC, ICC • 

IH'Il\t)=-iCCl,.t):111.8 sin(4.47f.xl0
4 

t) 

for O.O~t<7.0~oxlO-o sec. 

. .. . - -~2 • 8t ,. - -2.1 'tit 
J.RT1~t)=ifU'1\t)=-oOo.o e t 600.;) e . 

for 7. 025X10-%. t<O. oxlO-
J 

sec ~ 

Also 

sec. 

for 
-5/ _-J 

? • 02SxlO ~ t(O. oxlv sec. 

IrtT2 is zero for this tiT.e interval, s~nce 12 is oot 

tri3sered and not conducting. 

iRl' S ( t ) = 0.0 A for gce. 
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\lhTl is zero, as '1'1 is in conduction state throu~hout 

this interval. 

for O.O~t<0.5xlO-3 sec. 

and as ~ result of this no current through its snubber circult 

I. IRSl and no volt~3e across the suppressor capac~tance l VaSl ), 

should be observed as seen on the graphs of v..'i.Tl, 1.KS1, VCSl. 

ilRDF is equal to VM, because Df is reverse biased , 

that is ILS is zero as explained before 

',T" 'r c v Li. <:. -=- V d -

for 

VRTf- is equal to the ne;,(F.l..tive of VGe, because 

ve and vo=U.C V bs Tl is conducting, 
4: 

VRT2\t)::.-~jO cos(·4.4:72xlO t) 

sec. 

for 0.0~t<7.0~jxlO-~ sec 

vRTf, \ t )=250.0 V 

V~-{DC is equal to zero for' the time, it carr.ie s the 

sec. 

osclllation current ~=icc~t» , and than 18 equal to Vhli::-, l.e. 

VRDC\t)=O.O for 

,which means the SPEED lin rom) IS 

dlrectly pro~ortionF.l..l to back emf ~01tF.l..3e E for all tlme intervals. 

l ' ,-;- :;'U~'--Krf, IL ',' v,~~..:.. 't' X l\.l"., WhlCh means the mechanic~l torque 

\In newton-metGrs) is dlrectly propor~ional to the armature 

current IRM, for all ti~e intervals • 
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T1 is not triggered and T2 is triggered, T2 starts 
\ -3 

conduction, as it is forward biased \VRTS (O.5x10 )~250.0 V) 

and trlggered. 

As Boon as T2 starts conduction \t=0.SxlO- 3 ), VCC 

appears across T1, and reverse biases. Therefore T1 ceases 

conduction, and the path Cc-T2 takes over the armature current 

lRM. Voltage at node 6 
, t 

v6(t)=-250.0 t l/Cc -'- 13 iRMlt) dt 
O.oxlO 

As r!lentioned before, the povlsI' of the de machine is 10 H. P., 

for which the armature current can not exceed 30 At when fed from 

a 250.0 V supply_ On the other hand, even if lRM is as hlgh as 

50 A, v6(t) stays negative for longer than the turn-off time 

of Tl (typically 50-l00p,sec.). 

The equat.ion for the outer loop I'Ih1ch is made out of 

Cc, T2 t Db, OM, lJ>1:, Rlvi, and supply voltage VA, \'/ill be: 

VCC\'t) + e(t) + V'U'l\t) t vRM(t) :vA(t) 

l/Cc ~3t iRM(t) dt + e{o.5xlO- 3
) + l/CM . J 3t.l.RM\t)dt 

O.5xlO O.5x10-

~he characteristic equation will be: 

Rlvi. i" U1 s + __ 1_ + _1_ ': 0 
Cl~ s Cc s 

2 -7 s t 25 s + 2. OxlO ::: 0 

" wh.i.ch 2:,J. ve s 
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Its roots are: 

wLth the lnltl~l cond~tlons 

iRM ~ J • 5 xl 0 - :3 ):. 6. f.l A 

Ar = 1008.1 
<;; 

-25 t lRM\t)= -1014.0 e + lOOd.l . 

A/sec. 

t 
Vl-1\t)=-vA\t) - Vo\t)= 250.0 - ~-200.0 +l/Cc f . \-1014.;; e-~Jt 

O.oxlO- 3 

+ 1008.1) at ) 

-25t .. ] t vi.l\t)=500-100(40.58 e ·H008.1t _ -3 
O.oxlO 

6 -25t , .. VM\t)= 4.00d~~xlOo - 4.058xlO e - 1.OOblxlUo t 

Sut it is qu~te difficult to f~nd the time when ~~ drops to 

zero \ v~l( t):: 0), that is v/hy -"1-1\ U. 7xlO- 3 ) Ahoulu be eV3.1u9.ted and 

C omp9.red \</ i th the value obtained by t~e s irnula tion 

V-r\ C. ?xlO- 3) == 3.50 V 'I'lhlch is very c lose to the v~luE: seen 
1' .. 

on the graph of VM .Sut 

i-., .. \ L0xlO-.5)::. 1&.0 A which is quite h.i.3h than the 
n..'! 

'[alue seen on the .sraph of IRl~ • 

The bsck emf voltage E can be calcul~ted as 

~ It e\t)::e~O.5xlO-.)+1/Cl'1. irU"llt) dt 
0.5xlO--..s 

3ut, more simply, ell.Ox10-3);e~O.5xlO-..s)+ AQ/CN ,wher~ ~~ is 

t ' ttl h . db' \t) for O."-xlO-.5!t<1.Oxlu- 3 sec. ne 0 a c ar~e carr~e .y ~RM w ~ . 

-;:> - 0-.5 r< 
6~=Cc 6V-= 10 x 500-::. ;:>.Uxl v 
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I 1 0 1 ,-,- .3) 1 r 1 1" -.5 - 0 -.3 - -.3 e \ • X v ==. J,rj .( u t;). xlO = d. 0&.1 x 10 V 

'\-lhich is eX3.ctl,Y equal to the v9.lue seen on the ;:5raph of E • 

CJrrent throush the freewheelin3 dlode Df and inductor 

Ls is zero for vM(t)o.o • As shown on the graph of VM, VN drops 

to zero v~lue, ~t the end of this thime interval, and a spl~e 

of 3.5 A is observed on ILS, w~lch is equal to the freewheelln5 

diode current .. 

The sup~ly current IA is the sum of the arm~tur~ current 

lEt i·: and fr"3e'tlheellns diode current 1LS Le. iA\t):ih!.~~t)\olLs~t) • 
-3 . 

lL5 1s zaro uo to 1.OxlO sec, therefore 

for sec. , 

but iLJ'.l.OXIO-.5) == -5.J A , so 

lA(l.OxlO- J )-= ll.j - 3.5=8.0 A , 9..S seen on the ,:;r.9.?h 

of 1A • 

As mentioned above, as soon as T~ starts conduction 

at - . -.3 t ::. O.bxlO ,vee, 'rlhich is net:,D.t1'J'e for at least t:19 turn-

off ti~e of Tl for ~hy ar~ature current, appears across 11 an1 

reverse bIases it. Therefore Tl ce~sesconduction till th~ time 
-r 

it. is tri~3ered :?.:39.1n (t:l.OxlO-":> sec.), 1R'l'l is therefore zero 

throu~hout the lnterval, l.e. , 

, .. fer 0 .. lO-.5/ t (l .' 1"- J IRT 1 '. t I:: 0 • V • ;) x ~ • v x v sec .. 

Cc 3.od T~ take over the armature current, fro~ the 

time T~ starts conduction, to the time VM drops t6 z~ro. In th~s 

t -l O' 10- 3 ffih o r t lme interv9.1, Vi!i. dro?s to zero 13. t -. x sec... .l.. Jre_ are 
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iCC ~ t):. iR'IS i. t)= in~'l( t) for 

as seen on the gr9.phs ICC and 111.'L::. • 

'Ihe current throush ~c and Dc i~ zero, be6ause osc~llat~oD 

occurs on the beSinin3s of on t~me intervals, that ~s 11 just 

starts concuction. 

for 

As soon as 'IS starts con~uction at t O.jxlJ- 3 sec. 

Tha.t .is 'vTd~ Jumps to -SjO.u \.on the sraph of VRTS ~t .is seen 

as-800.0 V) than rises to +S~O.O V as VCC rises to +~j0.v V by 

the en] of t~is off time lnterv~l. 

The function of the snubber clrcult lK3l-CSl) ~s to 

ll~lt the change of volta3e acrOBS Tl. When T~ starts conduct~on 

at t=O.5x10- 3 the voltase of node 6, is ex?ected to jum~ -S~u.u V. 

But at the sa~e time 

i . \ t )". - So 0 • 0 e 
!:iSl RSl 

.) 
-\t-l.uxlU- )IRSl CSl 

T~en VitTl rises all10st linearly, a constant current throu~h the 

snubber circult, is observed lsee 3raph l~Sl) and the volta~e 

across CSl follows VRTl • 

As exola.ined ~efore, current throu~h Df and ~nductor 

Ls is zero In this ti11e interval, l.e. Dr is reversed b~ased, 
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~Dd there is no volta3e drop across the ~DdQctor Ls, 

v ~t)::v"lt) B.DF f~ 
for 

T~ is conductiD3 thro~3hout this interval, therefore , 

V •. ,~. ~ t ):. O. C V 
n.1..:J 

As ILC \. aDd VLC) ls zero t:lrOll{~hout the lnterv8.1 

for O - 1·,....-.3/ t <1 r', l,-j • ;) x v ~ • v;( I..i sec . 

11 ls tri~sered, and TS is not trlS3ered. T1 starts 

conductlon, since it 1s tri33ered and forward biased 

\.VhTl \1.vX10-.3)=::.::.oo.J on, and J.t. stays .'-'1 t~e conductJ.on state 

thrQu~howt this interval. 

The su~ply volta;e \.~50.0 V) a?pears across the arm~ture 

ter~in3.1 s, 1. E) • 

for 

lRM rises as the su~ of the two exponent~~1 funct~ons 
·z 

fro:n lp '.: \ 1 • Ox 1 0 - v ) = 11 • j A 
... ".1 

condltions ~ 
i r , ' • \ 1 • Ox 1 0 - oJ ) ::.11 .::;, A 

.A,\.J.-J 

:::,i're 

dt 

with the initial 

1 
1.GGIGx1u A/sec • 

. 1" -.3 to;: 1. ux u ' 



by the end of th~s tlme lnterva1 l~~ reaches the value of 16 ~ 
. . - ~-3 -. 
~R~l\.l.oxlv ):::. lo.",b A , \-lhlch .is approximately equal to the: 

value seen on the 3raph of lRM ~. 

~ is the volt~se on CM, and it can be calculated 

and by the end of this time interval E reaches to the value 

e\.1.jx10-j):1.j0Q~x10-~ V , whlch is almost equal to the value 

obtained by the slllu1a tiO!l. 

The freewheelin3 diode current is obviously zero 

t.hroushout the on time interval, as shown on the 3raph of 11..3, 

IA is equal to the armature current lk~. sinCE the 

freewr-.. ee 1 in~ d lode current IH..DF \ or ILS) is zero 

.... ) i 't) for 1.CxlO-.5&t<1.jxlO- S 
lA\l- =-RK\ , sec. 

~hen Tl starts conduct~on ~t t~1.vx10-jgec, a s~nusQ.idal 

oscillation occ~rs in the loop Lc,Cc, Dc, and llfor a half per.Lod 

\.=11 VLc Cc). Therefore, 

iii'll \ t ):::. - iCC \ t) 1- iU!'l (, t ) 

-= lll.d sJ:nVl:d;7xl04~t-l.uxlI.Fj)) t 11.0 

for 
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if~Tllt)::.ifUl(t):-o07.75 e-Z~.6t + e05.Z8 e-~·lt!t 

f 1 0 ,.., ", l' - j/ < . -3 a I' • (U'" x V ~ t 1.;) xl Use c • 

Also th1s osclllatlon ~urrent startlng at t~l.Oxlu-J sec., 

is observec on the graphs of ILC and ICC • 

iCC\t)=lLC~t):..-lll.o sin(/,i;r±?x10~(t-1X10-.3» 

for 1. Oxl0- 3~ t (1. 070f.xl0-.5 sec. 

iC C ( t )= il.,C ( t ):: 0.0 

TG 1s not conductin~ ~a8 it is not triosered), there-

fore Ih.T~ 1s zero for the on time interv3.1. 

for 1 • Ox 1 0 - 3~ t< 1 • :) xl C - .3 Bec. 

VitTl is zero, 3.3 Tl is conductio::;, therefore no current 

throu?:h the snubber circuit and no volta.ge across CSl .I.S observ.sc. 

,see the sr9..phs, VR'L:., ICS1 and VCS1). 

Df .I.e reversed o.lased and VaDE' 1s equal to the arm9.ture 

volta58 V~ throughout this interv9.1. 

for --3 _-3 1. Oxlu ~ t<l. oxl0 sec. 

A sinusoidal oscillation occurs In the loo~ Lc, Ce, 

Dc, 'lnd Tl for a hll1f ~eriod ,:1T VLc Cc), i'lhen 'II starts COLlduct.lon 
-.:> 

~t t=1.0x10 sec. Therefore 

4: . -.5)) 
vCC\t):~:)O cosl4.47x10 (t-1.0x10 

- 1 - - 3/ < 1 . -; l' -.5 for 1.ux u ~t oU'rVi::..X U sec. 

for 
_:.5./ ( _ -.5 

1. 0702xlO ~ t 1.oxlO . sec. 
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~s T1 conducting vb(t)~O.O V , therefore 

YR,!':; ( t )= -:; j 0 • 0 cos ~ 4; .4 7xl Oli; ( t -1 • Ox 1 0 - .3 ) ) 

for 1.Oxl0-3it<1.070~Xlo-j sec. 

for sec. 

as it c!J.rries the oscillation currt:nt, while vRDC~t)::.O.J then 

VRDC\t):'VRTZ(t):::BjO.O V for 1.070Sx:10-.s~t<1.jx1C-.j sec. 

s ~n c e v LC \ t ) :: 0 • \.) V • 

5-2-4. T H£. S.i!.C O~D OFF' '1' IHE Ii~1'Ei\' VAL I .- -3 r - -.-3 \.1.0x:10 ~t<~.ux1U soc.) 

Tl is not tri33ered, snd TS is trig~ered. ~2 starts 

conduction, as as it is triggered and forward bi~sed 

\.vR'I~\1.5xIO-.)=2jO.O V) 

As soon a.s, T:;; starts cODduct:i..on {t=1.:5xlO- 3sec.), 'ICC 

a~pe~rs across T1i and reverse biases ltd Therefore, 11 ceases 

conductlon, ~nd Cc-I2 takes over the armature current Ih~ • From 

the III. sra.ph, it is seen that, ifU~\ 1. 6xlO-.3 }::.lo .'\ and 
.3 -.) 

i h ,,\.t):::l'J.O A for' 1.7x:10- ~t<2.0xlO sec • 
.. -1 

If we 9.ssume 9. constant value for IhH such tha.t 

for sec. 

vMlt) C9.D be obta.ined as 

v;,:\t)-::v.\~t) - voCt):=2jO.U-\-~50.0tl/Cc J ~ iH,l-ll.t) dt 
.. t _ t 1.JxlO- 3 

-:::. j 00 • 0 - 100 
\ lot I -. -.) 

1.JxlO 
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.J -3/ /, - 5 
\tq \ t)= 3~OO. 0 - lclxlO t for 1. oxlO ,~t '\.J... 7?oxlO sec. ,,'. 

VM\t)=O.O v for 1.778xlO- J(t(2.0xlO- 3 sec. 

But, with reference to gra.ph of VM~ v".(1.5xlO-.5)=.3~O.C V, whl.ch 
4'. 

-5 
~ust have been 500.0 V and VM drops to zero at t=1.7x10 sec. 

This error is probably due to the high value of the tlme increment 

h, or to the fact that only one point is printed out of every five 

points anc the pea~ can thus be missed • 

The bac~ emf voltage E, can be calculated ~s 

-3 
e~t)=e(l • .JxlO ) t 1/01'1 J t 

-3 1.jxlO 
-2 

=1.300-:l:xlO t (1St I ~.5XIO-.5 
- -3/ /' -,5 for 1. ox10 ~ t,~. uxlu 

7 

so E reaches the value e(2.0xlO-~) by the end of tis time l.nterval, 

e(~.OxIO-3)=~.20xlO-~ V, whlch is almost equal to the value 

obtained by the simulation. 

After V1/l drops to zero value, the freevlheelin3 diode 

takes over the armature current, T~ ceases conduction. As seen 

on the graph of IL5 (~IRDF). 

iLs~t)::.O.O A 

iLSl, t)1: -10 A 

for 

for 

1.oxlO-3~t<1.77bxlO-.5 sec. 

1 77" 10-3/ t <, ~- 1- -3 • - ox ~ t:. .ux U 
sec. 

Sim~larly the supply current IA is equal to the armature 

current for the time vnlt»O.O, then IA drops to 1.0 A .' 

L ~ t )= iR ,," l t ) .no .1.'1 
for 1.oxlO-3 t 1.7~8x10-.5 sec • 

for 1 77 ' 10- 3/ ... <- .. 1--5 • ox ~ l. :.:.. Ux u sec. 
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'There is a SIr."tll error in the simulation, because a.fter Vl'l 

drops 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 lnterval, and 

~Tl \. t )::0.0 A for 1.jxlO-.5~t<2.0xlO-3 Sec 

T~ and Cc, carrles the armature current before Df ta~es 

over it, therefore 

i~T2\t):::iC6\t)=iRI-1lt) for 1.5xlO-3~t(1.?~8xlO-3 sec. 

iR'I'~l.t)=icclt)::O.O A for 1.778xlO-3~t<2.0xlO-.5 sec. 

This can be observed on the graphs of IRT2 and ICC. 

There is no current through Lc, i. e. 

i. ,... \ t )= 0.0 A for 
Lv 

-3 .-.) 
1. 5xlO ~ t<~. Ox10 sec. 

VR.T 1 \ t )::: v 0 ~ t) t vin 2 ( t) 

- -3/ / . -~)) for 1.oxlO ~t~tlme T:::' ceases conouction I.l.o'-J;ox10 sec 

But, VaT2\t):O.O V, since it is conducting 

vfiTl(t):::v6~t):::VCC\t)::.-2jOtl/Cc _ Jt
_.5 

1.oxl!J . ;:) It 
=--8::>0-1-10 ~19t ,_,_j 

-,-,oxlu 
;) 

-=--3100+l0xlO t 

that is VHT1,lo.JX10-3}=-soo.o V, but this jUffi9 lS not observed. 

.::m the3ra?h VK'Il, it may be because of it hA.9pens In ~ very 

short ti~e \al~ost d13~ontinous) then 

for 1 . - ., --.3/ t (·· 1 :\-.:.i 
.1.J~oxJ..V ~ ,,4.VX ... v sec. 

,refer to t~16;.Lraph of '[..:tTl) 
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Durin~ t.he ti:ne (1.5x10-.3~t<1.04:)xlO-.3 sec.) VR'l'l rises from 

-~JO.O V to ~~jO.O V , the current in the snubber clrcult ~1~31) 

is observed, and obv lously VeSl follows VhT1 ~ see the 3rf.lphs 

InS1 and Ve:31). 

VH.DF is equal to VM for the time v .. ~t»O.0,a.s it is 
lVl 

reversed biased, than drops to zero,as it takes over the ar~ature 

current IRM. 

VRIir' (t )-:: vili\ t) 

v
RDF

,t)::O.0 v 

for 1 - 0-.3/ < 77- .-.3 • oxl ~ t 1. bxlv sec. 

ror 1.778XIO-.3~t<~.O x lO-jsec. 

VrtT~ is zero "lhile it 18 conducting for 
. _ -.3 .-.3 

1.oxlO ~t<1.77dxlO sec, then drops below zero, as node 0 3068 

below zero value. Therefore, 

V"'.T,r (t )~O.C V .n c, 

Vr rr r \ t ):::.-:;Sv. 0 V 
n.1.c, 

for sec • 

for sec. 

vaDC is equal to Vii.'I'~ throughout this interval, 

v:LO~t)=Lc diLG\t)-=O.O V , therefore 

because 

v RDC \. t ) = 0 • () V 

vRDCl.t)=-jO.0 If 

dt 

for 

for 

,,-3/ < 77·.::J r-j l.oxlv ~t 1. uxlu 

1. ?7ox10 -.3< t<::' • 0xlO -.j 

sec. 

sec. 

. 3 '-.3 vec charEes from vcell.oxl0- ):-~J0.0 V to vce\.1.o~JxlU )= 

v('e\t)=-~JO+1/Cc j~_z io.,)\.t) dt ~Jv.v 1/ 
'-' ~.ox:lv t .n.i.~ 

~-~JO.O+IO~(1~ tl . -.3 
1.:Jx10 
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5-3. CONCLUSIONS 

In the preceding fou~sub-sections, the circuitry 

simulated is analysed analytically and the values obtained for 

various circuit parameters are compared with those of the si~u­

lation results. It is seen that analytical values ~nd the simu­

lation results agree very closely. In some instances, there are 

s~all discrepancies, the probable reasons of which are explalned. 

It is thus shovm t~at the novel approach used for the simulation 

is very effective in the prediction of the circuit behaviour. 

In the next sectlon, so~e sU~3estions are made to 

overcome the shortcominGs of the simUlation. 

5-4. SUG-3-EST lOi~ FOR FJnTHER '.-lORK 

1- As it is seen on the results, the simUlation is 

not very _ accurate for extreme rapid changes of the variables.' 

This !!lust be. due to very different time constants of the circuit, 

i.e. the system poles are far ap~rt from each other. Therefore, 

a moderate ti~e increment of h, 5ives satisfactory results for 

times during which the variables do not change very rap~dly. On 

the other hand, if the time increment is reduced to a very small 

value, it ~ay give good results even for rapld changes but in 

this case machine truncation error increase tremendously. 1here­

fore, ~ variable time increment algorithm should be a9?lied. 

A lar3e time increment could be used for timeD whan variables 
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change smoothly, and it should be r~duced to a small value 

vlhen rapid chanses are expected. In this 'Ilay, the total number 

of steps 1'1111 not be so hiSh, as to result in a high value of 

machine error. 

2- The program can be modified ,in such a way that the 

~atrices A~ B and corrector current vect6r can be generated with 

in progra.m, for a given topology. But this may not be easy, 

because the matrix A contains the resistances of the thyr~stor 

and diodes which are variable. 

3- 'the method applied for the s~mulation of thyristor-

diode installation allows us to use much !1!.ore accurat8 thyristor 

and diode models (instead of piecewise linear models) w~thout a 

correspondin3 increase in the complexity of the circuit 81~ulat~on. 

4- The method can be applied for other and more co~p-

licated thyristor dlode installations. 

5- The program can be modified for the opt~mization 

of components such as snubber circuits \'lhich are used in the 

network. However before this, ~odiflcatlon proposed in ll) must 

be a.;:Jplled. 

'. 



APPE!-;DIX 

DERIVAT ION OF C IRCD IT EQ,UAT IONS FOR THE A.ql~TliH.E C IRCD IT 

OF SEP~~ATEL~ EXCITED CHOPPER CONTROLLED DC Y~CHIK~ 

In section 4-5,the equations for the circult in Fi3 ~-4, 

n~mely A and B matrices and the corrector current vector, have 

been obtained following the rules given in sectlon 3-6 • A full 

derivation of the equations for this circuit is presented in 

this J~tJPendix. 

The branch currents in terms of the prev~ous and 

current node volta.ges ("xn and Vltf\-\ ), can be calculated, using 

the formulas 3.6, 3.9, 3.10, as follows : 

i tHn ;.L (VA - Vi /}) 
RH 

{lHO:: i LH1H .. ...h.- {( '-'in - V2f11 .,. ('4t1-f - V2.tI-i)} . 
lLtA 

1eM n" - {C.Hfl-i + 'l.~r.t t ("lri - VSfl ) - (V:J..(H - "50-4)} 

iR~f n ::; _1 ( "A - "4n ') 
ROf 

i~53 n:: J... (VA - "3n) 
~~ ~ 

tCs3n = - -tc.S3n" + :J..~S~ {("3f\ -V4,,) - (V3n-1 - VLtfl-d J 
.{L'~f\:: {LSn-( +...b... ~(V41l-V5f1) + (V4n - i - "5(\-11] 

.:tL.s t 



iR$(t'I::-1- (V6t1 - \/7(1 ) 
R~I 

-llf.-

test 0:' - ics~n-4 + ~ ("70 - v7n_( ) 

. 1 ) 1ItT~t'1 : _ ('16" 
RT1 

1RT:tn -= -(- (Vill' - V£r'\ ) 
RTl 

tCt.n::Z - {un-I 1" :z..c.c (V~n - VS(l_~) 
h . 

1.LC.t1 = ~ I.Cn--\ . T . ftc t (Vgn - VSn ) t (V~I'I_1 - .\/~n- () J 
-{V.OCI\:: _1_ (V6n - "go) 

RQ: 

{Q.Sl.n ::: _i_ ('lion - '/9(\) 
R~1. 

t.CSl.n:: - ,(C5:z..1H t :L~l {{ V(,I\ - V1oo ) - l Vl,n-1 - ViO 1'1-1 ) } 

Then, t.he in?u~ current \!A) ·and the lma5inary injected 

currents (11,I1lIl ,I4,··· .. ,TID) . can be calculated from the above branch 

currents ~8 follows : 

LA:: 1.Il.M -t: .{RDF' -t .f.«ss ::..1.. Vp. l' L vA t ...!.. VA - 1- Vill - J.- V3n -..L Vlfn 
RI-i RS3 ROf Rt-1 F.t,;~ Rtl{-

11= {LM - -tRM :: -..L VA -t .J:. Vtt'! ... J:L ViI) -...h.. V2.n 4- ..h.. ""1'1-1 - ~ Y'lO ~ + tL~n_i 
RM 11.", :2.1.1'\ ;U .. M 2.1.H .1LM-

11 :: {eM - {d{ == - ":f.{ V4:1 + ~ V'J..'('t 't :2..~t-l V:z..tI - 3:,.C,,'" V5 (1 - 'l.~M v{o_ { + ')..~f'.\ ":2,'n-( _lC~ V'l.n-1 

+ l.~M \l5'n-~ - .tcMn-" -.(, ~l'-ln-1 

I3 = ..{CS3 - ~R5" :: -..L VA +.i.. V3n + 2.fS3 V3f1 -~ V1tn -- 1.~3. 1/11'1_4 ... 1~~3 V4tH ..: {c>3 0-1 
"RS'3 1'53 '" '" " " 

Iu. '" ~LS - {ROf - .{CS3 '= __ ..i VA - 2.<::53 V~Y' ... 1(<;'3 V40 "t .L V4'f' "l' 11- 1./4n - .!:L V5f1+2!:§. V1 
T ., ~Of h h \(l)f 2LS HS h' 

IS';; {Rob - {LS - <eM - - 'l..Ct~ V'-fI -..h.- v4f1 + ~ Vsn -t- loCt-\ VSfI +...L V50 -.L Vbfl 
- ~ !lI..S '-L$ ~ RPb R Db 

-t :2.l:1-\ V'-n_ t ..h.. '1/40-1 + ...h. 1/50-t -.3lli V5fl-1 -t l.U-I,,-t - {LSi\- ~ 
~ - 1.I..S :as h 



-113-

If,= {It'll -+ .{I\.Tl -t .t ltf1 -+ '{ROC -+ {C5t - {nOb = ~-i \/51\ of .i. V60 -t ~ V6l'\ -+ .!. Vb'" -t.i. v6n 
I • 1\ ROb Rsi RT1 Rn" ROc. 

-r ~ V6f\ -t ~ V6f1 _.i. V7n -.i. Vgf\ -..!. Va - ~C.s2 Vio - 3fg V6'11-1 -t 1-CSl V"on-1 
h "Ob RS~ Rl.2 Rt)c;.ti'! ~ r'l h '"' 

Ig = -icc. - -<RoT'- - .{ lC ::. -..:L V b'i\ -t J..Cc Vg" -t 2. VgV\... h Vgil - ..h.. Vq n -t 'n V~(\--f 
RT'l. h fl-T1 :L \.C. He rrc 

- l.~c. Vgf\-1 - fu V~n-1 - <-Ceo-" - {I.C f'-i 

r .{ ; {. {" "V...l. \oJ V. i. V ..i. Vtl '" _ 1 \J _ h v. 9:: lC. - "-Rtlc. - RS~;:: - Rnc (,1\ - lie. So' !lLc. 13n "t F..tl{ ~VI -I' Rs'1.:J" RSi.. ton ilc.. 17"-1 

... .h.. "SI'H ; .tLC ,,-~ 
Uc. 

I{o= {RS1. - {C51 ;:: - 1..~3 V6n - ft!l V~I\ t R.~ V10l'l T .2.c;2 V~or'\ t 1.~'2 V6t'1--I - 'lc.;2 V10n_-I 

-t ;(.CS~i\--t 

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

\'/'e can ·put the above equations into thefcrmot Eq.3.18,dS given 

below 

IA 0 VA VA 

11 lLlf41-1 1 Vln Vln-l 

12 - i CMn- 1 -1L,L\1n-1 V" V::.n-l Gn 

13 -iCS3n-1 V3n Vjn-1 

14 i. ~ 1-1C ~- 1 L~n- u.)n- Vtln V·ln-1 

1 ' 
;) 1C" 1- i LS 1 !'41- n- + A Von + B "if ~>n-l 

10 -1(j~' n 1 V. "if.. 1 ;.)G - un on-

17 -:l.C Sln-l V7n V7n-1 

18 - 10 C n -1 - i LC n-1 Ven Vbn- l 

L. lWn-l V· V'r;In-1 t1 

l 
. t:ln 

110 iCt~'" 1 VIOn V1On- 1 v.-::.n-

" 
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