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ABSTRACT

The thesis analyses and examj-nes the bheoretical

and practì-cal design aspects of a simple and efficienb

current-impulse displacement tltyristor commuLation technique of

original- design.

Thiscommutationtechniquenesultsinathyristor

chopper circui.t which is inherently self priming, reliable and

atloWs cOmmuLation.after an ttun-commutatablerr overload current is

reduced. The basic circuit is employed in different thyristor

applications where forceci thyristor l,u.rn-of f is required, using

both silicon controlled rectifiers and triacs. In each case 
'

analytical results from the resulting circuits are shown to be in

excellent agreement with experinental performance '

A Lhree-phase inverter employing the above
I

technique is shown to be an ideal vehicl-e for a

microprocessor-based conbrotled-sIip drive for an induction motor'

and programming detaiLs for such a scheme are presented.
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CHAPTER 1

INTRODUCTION

Alternating currenb sources aLl-ow natural

cornmutation of a- concìuct j-ng thynistor when t,he principal anode

current decreases Lo zero each half' cycle. In direct current

applÍcations, a conducLing thyristor musb be force commut,ated and

it is in the method of commutation that the distinguishing

featûres exist between the various power Lhyristor direcl" current

chopper or inverter circuiLs.

Two basic bhyri.slor commutat,ion techniques [ 1]

exist for circuits operating from direct current sources:

i. applied reverse voltage iommutation, and

ii. current impul-se displacement commulation'

In both methods an inducton-capacitor auxiliary circuit - called

the commutaLion circuit - supplies load energy bypassing the main

conducting thyrisLor thereby allowing it to regain a high

impedance blocking sLate after reverse recovery'
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Introduction

curr,ent impulse d:'-splacement contmutaLion occulis if

a conducbing thyristorrs pr"inci-pal curren| is reduced to zero by a

ìrypassing current púlse of suffÍcient mag,nitude and duraLion Lo

allow turn-off.

Applied reverse voJ-tage commul-ation 'occurs if zL

conducting thyristor is reverse biased by a vo-lLage pulse of

sufficienl duration to afl-ow reverse recovery and lhen turn-off'

Both commutation techniqu.es exhibit certaj-n

inherent el-ectrical- features.

Featu.res of current impulse clisplacemeni

commuLation include a short and efficienL commutating cycl-e,

allowing a high operaLing frequency and wide control- on Lhe outpu't

voltage range. The use of feedback diodes yi.el-ds c j.rcuits v¡hich

provide inherentfy good output volLage regulation and the abilily

1,o handle wide variation in toad magniLude and frequency. These

diodes increase efficiency, enabling reverse power ffow when the

Ioad is overhauled.

The frequency of the current pul-se used fon

commutation is the same over the full- load range, thereby allowing

accurate specificalion of commuLating component requirements '

characteristically, the commutatin8 capaciior voltage is increased

in proportion to the load current and the value of this capacitor

and the commutating inductor may be chosen to optimise a given set

of rating and cost consLraints.
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The mean curnent imposed on the commuLal,ion circuiL

semiconductors is low in comparison wlth the maximunt load currenf'

and currenl, rating sefection need only be based on peak current

abiLity.

Apenaltyincurnedbycurrent,impulsedispJ-acentenl

commutation is hi.gh thyristor dv/dt dynamic stress. fmmedia'tely

after thyriston turn-off, imposed re-applied dv/cll Ievels can

cause fal-se turn-on, unless controlled by snubber circuits'

Oneoftheinherentfea,¿uresofapp}iedreverse

voltage cornmuta|ion is the control of imposed re.-applied dvldb

stress levels. The high reverse voltage applieci to achieve

turn-off is conducive to shorter circuit turn-off time, at the

sacrifice oi J-ange uncontrolled reverse recovery curr'enL.

UndoubtedJ-y, the appJ-ied reverse voltage

commutation technique is unsurpassed in l-ov¡ supply voJ-tage

appl_ications [2], where smafÌer capaci-tance vaÌues are required.

I'lo capacitor voltage boosting is produced by these circuits and no

polrer reversal is possible as would be required for motor

regeneration.

Both conmutation method-s shane the disadr¡antage of

high initial di./d,L stressing at main thyri.stor turn-on, bub this

can be remedied by one or more of Lhe foì-lowing techniques:

i. enploying a harci, 1ow impedance gate drive '

ii. using fast recovery diodes in the commutation

circuÍL and for the freevrheeling diodes.

3
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iii. addlng a saturabl-e reactor in series wi.t h the

sl"ressed device.

Methods have been proposed to reduce d1-sadvanLages

or incorporate desirable features of both basic techniques. Jones

t3] uses an applied reverse voltage commutation technique which

facilitates capacitor voltage boosting dependent on l-oad current

magnitude; and Humphrey i4l combines various inverter circuit

techniques in order to incorporate wanLed features.

The author has nob attempled to define which is Lhe

beLter ba.sic approach but has developed a novel current impul-se

displacement- commutation technique [5] ' r.¡hich is presented in

Chapter 2. This commutation technique developed as a resuft of an

investigation seeking a thyristor commutation method that would be

suitable to both triacs and silicon controll-ed necLifiers, and yet

be aclaptable to any general application where f'orced thyristor

commutation was required. The commutation technique forms the

basis and linking element of the chapters to follow'

Thebasiccommutationcircuitissuitablefor

implementation in silicon controlled rectifien circuits as

deve]oped in Chapter 2 on the direct current silicon controlÌed

rectifier chopper and Chapter 4 on the variable f'requency silicon

controlled rectifier inverLer. The same commutation technique Ís

implemented . in a triac circuit as presented in chapter 3 on the

alternating eurrent triac chopper.

4
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inLroclucLion

Irr ilre case of the variable frequency inverLer, the

rel-evant chapLer al-so includes details of its use in a

m-Lcropnocessor-controllecl induction motor <ìrive'

Each chapter in thj-s thesis is based on a

seperately published paper by the author. This natural

segmental,ion allows the following chapLer forrnat to be used: -

first,J_y the mai-n texb , then the references, foll-owed by the

appencìix and final-Iy all diagrams as ]ift-out figures at the end

of that chapber. This format affords the collvenience of direct

observation of alÌ figures while reading any section of that

chapter, For the sake of continui-ty, the reading of the appendix

to each chapter can be omibted.

REI¡ERENCES

1 G.E. rrSCR Manualrt 5th. Edibion 1972

Chapter 13, pp 351-408.

2 l"lAZDA F .F . , tf Thyristor Contnolrr 1973

Newnes-Bubtenworths . Chapter 5 , pp !4- 1 05 '

j G.E. ilSCR Manual¡i 5th. E<iibion 1gT2

Chapter 13, pP 369-382.

4 HUþfPHREY A.J. ' 'rlnverter Commutation Circuitsrl

IEEE Trans. Vol. IGA-I{, PP 104-110' Jan'li-'eb' 1968'

5

5 VITLLTAMS B.W. ,

IEE Proc. VoI.

rrlmpulse-commulated Thyristor Chopperrr,

124 No. 9 Sept . 1977 PP 793'795.
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CHAPTER 2

.A d.C. THYRISTOR CHOPPER

ThischapterdiscussesadirecteurrentLhyristor

chopper t 1 I which empl-oys an L-C series resonanb circuil, in

paraltel with the load to provide a current impulse which will

force commutate Lhe - main conducl,ing thyristor. The circuit

exhibits the usual features associated r¡ith current impulse

displacement commutation, as well as the unusual inherent

properties of self-priming and comr¡ubation after an

rrun-commutatabfetr overLoad current is reduced '

The rigorous mathenaLical derivation of all

eguations of this chapter is presented in the appepdix at the end

of the chapter.
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d.c. Chopper

2.1 BASIC CIRCUIT and OPERATION

The basic circuit of a current impulse commutated

d.c. thyristor chopper j-s shovrn in the lift-out figure 2,1 al Lhe

end of bhis chapter, and the associated eommutation capacitor

voltage and current waveforms nevealing three disbinct cycle

intervals are given in figure 2.2'

In the analysis of this chapLer, the following

electrical assumptions are made:

The toad current is constant during

commutation; this implies that the commutation

period is smal]. compared with the electrical

load time constant.

ii. Source impedance is neglected and therefore

does not affect the L-C eircuit resonan't,

frequency or lime constant.

iii. Comnutation circuit losses can be accounted

for by ineluding resistance R into the L-C

circuit analYsis.

iv. Thyristor turn-on is Ínstantaneous

Current flow through the voltage source is

reversible.

T

I

v
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The first comrnubation cycle oecurs without

capacitor voltage boosting and is therefore analysed separately

ft'om the subsequent voJ-tage boosted cycles '

2.1(a) First Cycle OPeration

ThemainthyrisborTmisconductingaloadcurrent

Ia with the supply voltage E applied across the foad. The

commutation capacitor C holds no charge '

Period ItPl rr :

Thecommutationcycleisinitiatedbytriggering

the commutation thyristor Tc which allows a voltage across C to

build sinusoidalty.' The capacitor voltage at any time t is given

by

Vc(wt) = E*i1 - (wolw) exp(-at) cos(wt-Ø)] (2'1)

where a = R/Z*L

!.r = sQrt( w&' a2)

lro = sert( 1/LxC)

and @ =a"clan(a/w)

The commutabion thyristor and eapacitor current is given by

Ic(wt) -t\/xLj exp(-at) sin(wt) (2.2)

where XL = w*L

iühen the current, reciuces to ze1o as the capacitor attains a

maximurn voltage of alnosb 2*8, thyristor Tc blocks and current

oscillation continues through the diode Dc into the load.
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Gradua1J-y the capacitor current builds up to exceed

the magnitude of the load current and the current through the main

thyristor decreases Lo zero. The L-C resonant circuib current in

excess of the load current Ia is diverted through 1¡he retunn dÍode

Dr to bhe supply thereby applying a reverse bias voJ-tage across

the main thyristor. The return diode must conduct bhis excess

'current for a period long enough bo provide the necessary recovery

time to allow the main thyristor to attain forward blocking

capability.

PeriodtrP2rr:

The load, via the main thyristor, is novÍ isol-abed

from the suppty and the capacitor maintains the constant load

current. In achieving this the load is clamped to the capacitor

voltage, which fall-s linearly Lo zero at a rate dependent on the

magnitude of the load current.

Period rrPlrt

Hhen the capacitor voltage reaches zero the energy

stored in the magnetic field of the commutation inductor L will

transfer to C in the forn of a voltage that wiII assist the next

commutation cycle.

9

to

The capacitor voftage and current change

vc(v¡b) = -{Ia*Xc} exP(-at) sin(wt)

according

Q.3)

and Ic(r¡t) { Ia* ( wolw) i .exp( -at ) qes ( wt+Ø )

for 0(wtlrr/2-Ø

where Xc 1/wxC

(2.u)
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As the L-C circuit current decreases from Ia, the load deficib is

maintained through the freewheeling diode Df which clamps the Ioad

to zero vofts.

FinaIIy when wt = (n/2) - ø the freewheeling diode

conducbs aII the load currenl and the capacitor retains a voltage-

Vo - Ia*Zo

where Zo = sert (L/C)

-ready for. the next commubation cycle. The main thyristor may now

be triggered to re-apply supply volbage to the load '

2.1(b) Capacitor Vottage Boosted CycIes

The capacitor will have retained a voltage Vo

depending on the magnitude of the load current during the pnevious

commutation cycle. Accordingty, subsequent circuit voJ'tage and

current magnitudes are increased, âs shown in figure 2.2. The

capacitor voltage and current waveforms for each of the three

distinct periods are now defined by:

Period rrPlr.r

Vc(wt) = E + (Vo-E)*(wolw) exp(-at) cos(wt-Ø) (2.5)

Ic(wt) {(vo-E)/xL} exp(-at) sin(wb) (2 .6)

Period rtP2tt

Vc(wt) _IaXc*wt + Vc(t1)

where bl is the tine of Period P1 '

(2.7)
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The voltage across the load decreases linearly according to

Va( wb ) _Ia*(t+f)/C+Vc(t1) (2.8)

where f =CxR

Period rrP3rr : (as for the first cycle)

Vc(wt) = -{IaxXc} exp(-ab) sin(wt)

Ic(wt) tlarå(wolw) Ì exp(-at) cos(wt+Ø)

2.2 CIRCUIT COMPONENT VALUES ANd ELECTRICAL RATINGS

The optimum commutalion pulse shape is that which

requi-res least energy. This is satisfiecl when the peak resonant

current is 1 .5 times the maximun l.oad current l2J, whence

wo = 0.535xn/lq, where bq is the main thyrisbor turn-off time.

2.2(a) Inductor and Capaci-tor VaÌues

In sabisfying the peak current requirement of

equation Q.6) at wl = 3x'ft/2 for a maximum load curren| Im, the

following no loss expressions and ratings for L and C resul-t:

without boosling with boosting electrical rating

Luin=0 .397LqE/Tn

Cmax=O .893Uqlm/n

Lmax=1 .188tqE/Im

Cmin=O .297LqIn/E

2(E/Zo+T,n)

2(E+ImZo)

A p-p

v p-p

Both L and C'have a low duty cycle ' The voltage

waveform magnitude is reduced if resistance lossas are consiciered.

The effect of circuit resistance losses in redueing peak current

Ievels is shown clearty on the peak capacitor current waveform
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magnitudes in figure 2.2. It is therefore inportant bo use a high

Q resonant circuit in order to achieve the maximum leveL of

current commutation abj-Iity for a given sel" of L-C values.

2.2(b) Semiconductor Electrical Ratings

Figure 2.3 shows various circuit voJ-tage and

currenb v¡aveforns and hence the necessary information for

determining electrical requirements. Table 1 shows the electrical

requirements of aII circuit semiconductors, in particular forward

and reverse voltages Iimits and initial di/dt stresses, peak and

mean forward current.

Voltage di/dr Current

forward reverse forward reverse peak mean

Tm

Tc

Df

Dc

Dr

E 0 E/L+Imswo Im Im

E+Im*Zo :0 E/L+In*wo Im+E/Zo 0

E Im Im

E+ftn* Zo E/L+Im*uo Im+E/Zo :0

E E/L+Im*wo ].m+ElZo :0

TABLE 1

SEMICONDUCTCR ELECTRICAL REQUIREMENTS
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As rnay be seen' the actual commuLabing circuib

semiconductors may have low mean current raLings, provided peak

circult requlrements are met. Thyristor re-applied dvldt levels

are not defined and the commutabion thyristor Tc experiences the

higher dv/dt stress.

2.3 GENERAL CIRCUIT PROPERTIES

Current inpulse displacement commutation fosters

circuit turn-off conditions which are conducive to reducing lhe

main thyristorrs rated turn-off time. The necessary recovery

interval is significantly reduced because the conducting currenb

is zero when the reverse bias is applied. AIso the maximum

reverse dildt is controlled and refatively low, resulting in a low

recovery charge which reduces the reverse reeovery interval.

Since the main thyristor forward blocking voltage

requirement is modest at E volts, a Ûruch higher thynistor dv/dL

capability can be attained by choosing a thyristor with a higher

breakdown voltage rating. This precaution, coupled with the use

of a snubber circuit would provide ample protection against false

turn-on due to too high a re-applied dvldt.

Thechoppercircuitdevelopedhasthefollowing

inherent basic features:

The main bhyrÍstor:

(a) does not carry any current associated with

the'commutation cycle, so its currenl rating

is debermined solely by the maximum load

current requirement t

T
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(b) has low forward and reverse blocking

voltage requirements t

(c) experiences controlled

reverse currents t

hole storage

(d) need not necessarily have a fast turn-off

bime.

The commutation circuit thyristor has a low

mean current rating, modest voltage

requirements and may have a turn-off time of

up to 1.866 times that of the main thyristor.

Thyristor triggering requirements are simple

and either a variable frequency or a fixed

frequency variable mark-space ratio mode of

operabion is possible. The later type of

control was employed for prototype evaluation,

as shown in the circuit of figure 2.4.

11

111

v

iv. The reburn diode Dr enables power revensal

into the supply if the load is overhauled, as

welI as during bhe commutation cycle '

The capacitor voltage increases with

increased load current thereby aiding

comnutation. Between commutation cycles the

energy stored by the capaeitor is minimal and

varies from near zero aE low load current to a

maxi-mum of L*Im2/2 ^t fult load eurrent. Thus
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possible capacitor losses are minimized 
'

thereby producing a high efficiency choppen.

vi. One snubber circuib across the commutation

thyristor affords maximum protection against

dvldt failure for both thyrisùors. The

inifial dildt requirement of the main

bhyristor is not influenced by snubber

discharge, but the snubber capacitance should

be negJ-igible compared with bhe commutation

capacitanee value to avoid any significant

charge transfer.

2.4 IMPROVBD COMMUTATION PERFORMANCE

Thesingleundesirablefeatureofthepresented

commutation circuit is the dependence of the commutation eycle

time upon the load current magnitude. Equation 2.7 shows that the

interval of period PZ is inversely proportional to the load

current. That is, under very light load conditions the length of

the tail of the comrnutation cycle is large and will reduee the

output voltage regulation. This also severely linits the upper

operating frequency since the main thyristor should not be

triggered until period P2 is conplete. Interval P3 need not be

conplete.
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Figure 2.5 shows the effect of different load

current levels on the commubation capacitor current tail- waveform.

Since the main thyristor wiIl always have regained blocking

capabilit,y for any load curenb l-evel bo Im at the time wt=1.3*tq,

X on figure 2.5, the tail is of no consequence to successful

circuÍt commutation operation and could be shunted by an auxiliary

circuit. Then, not only will the length of the commutation cycle

be fixed for all allowable load currents thus improving oulput

regulation and upper operational frequency Iimit, but the

capacitor voltage and hence commutating pulse can be built up to

bheir maximum value, even under no load conditions. Thus

subsequent cycles after the firstr DâY commubate the maxinum foad

current with maximum boosting on the capacitor, independent of the

load or rate of change of load current.

One such auxiliary circuit appears in reference

[1], but a simpler method exisbs as shown in figure 2.6. Here the

transistor (or thyristor Ta) is turned-on for 0.933*tq seconds,

3.3*tq seconds after the commutation cycle has commenced, thus

allowing the capacitor voltage to oscillate and reverse through

bhe L-C resonant circuit formed. Under such conditions the

capacitor volbage boosb is theoretically, neglecting Iosses,

sx(3-sqrt (5)) / (3+sqrt(5) ) vorts.

Commutation is continuously attempted into open

circuits and during overloads, with the current pulse at a maximum

until the load is reduced and the commutation circuit regains

control of the main thYristor.
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2.5 PERFORMANCE RESULTS

The basic commutation technique presented has been

incorporated in d.c. choppers, controJ-lÍng loads in excess of

1.6kVI. Typical load vol-tage and current oscillograms for an R-L

Ioad are shown in figure 2.7.

AII circuit diodes need bo be a fast recovery type'

This significantly reduces commutation Iosses during diode

recovery since with normâI rectifying diodes bhe reverse recovery

current nay be high in relation to the magniLude of the load

current and lhe recovery time may represent a significant portion

of the commutation cycIe. A fast reeovery freewheeling diode also

reduces initial di/dt stressing at main thyristor turn-on.

A main objective, while investigating the

current-impulse displacement commuatation technique in d 'c '

chopper applications, v,¡as to assess its adaptability for direcl

current to three phase variable frequency inverter implementation'

The basic features presented in bhis chapter are demonstrated by a

successful 50kVA inverter, which uses the modified commut,ation

technique, as detailed in chapter 4 '

2.6 CONCLUSIONS on CURRENT IMPULSE COMMUTATION

Thebasicfeaturesofacurrentimpulse

displacement commutated thyristor chopper have been considered'

The modified version of,the basic chopper enhances these basic

features as discussed.
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Since the conmutation circuit components have

relatively Low nean currenL ratings in conparison to the maximum

load current to be commutated, and modest voltage rabings ' the

resultant chopper is cheap, small and light. The basic chopper is

simple, 'efficient, reÌiabl-e and extremely versatile.

Anyimposedhighdynamicstressesonsemiconductors

can be simply and effectively eliminated and the problems often

associated with current impulse commutation in this area thereby

removed.
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APPENDIX

2.7 MATHBMATICAL DERIVATION of

(i) Commutation Cycle I'laveforms

(iÍ) L and C Component Values and Ratings

(a) withoul capacitor voltage boosting

(b) with voltage boosting

(i) Commutabion CYcIe f{aveforms

Theeurrentimpulsedisplacementcommutationcycle

may be treated mathematically as three distinct periods.

Period rrPlrr :

l.
The capacitor is initiallY

charged to Vo as shown. The

inifial circuit current is

zero. The diffenential

equation for the circuit of

Period P1 is

L

E c

R.

+

E =L*di/dt+R*i+q/C

Where R represents commutation circuib losses.

The Laplace Transform of this differential equation is

E/s = L*{"2oq(s)-sxQo-Q'o} + Rx{s*q(s)-Qo} + q(s)/c
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solving for q(s) yietds:

o-E*Cl (s + 2*a)
((s + ù2+ v?)

where vt = sqrt(wó2- a2)

vro = sert( 1/L'ÀC)

a = R/2*L

The inverse Laplace Transform of q(s) yields the capacitor charge

equation Q(t),

0(t) = E*c + [Qo-Enc]*(wolw) exp(-at) cos(wt-Ø)

where fr = arcban (a/w)

dividine Q(t) by capacitance C gives the capacitor voltage

vc(wt) = E + [vo-E]*(wolw) exp(-at) cos(wt-Ø) (2.5)

For the first cycle when Vo = 0 for no voltage boosting

Vc(wt) = E*{1 - (wo/w) exP(-at) cos(wt-Ø)} (2.1)

The differential of Q(t) gives the capacitor current

Ic(wt) = {(Vo-E)/XLi exp(-at) sin(wt) (2.6)

whene XL = w*L

and the capacibor current for the firsl cycle is

q(s) =E*C + t0
S

Ie(wt) = -[u/xt ] exp(-at) sin(wL) (2.2)
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PeriodrrP2rr:

During this Period of the

commutation cYcJ-e, bhe

capacitor maintains a

constant load current,

bherefore the inductor

supports no voltage, i.e.

Ic(wt) = Ia

IntegraLing the capacitor current gives the charge:

O( t) = -Ia*t + Q( i;1 )

hence the caPacitor voltage is

Vc(wt) = -IaXc*wt + t/c(t1) (2.7)

where Xc = l/wxC

where f1 is bhe time of Period P1. The load voltage is given by

Va(wt) Vc(wt) + Ia*R

hence

Va(wt) = -Ia*(t + f)/C + Vc(t1) (2.8)

where f=R*C

R

c

I a
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PeriodrrPlrt:

During bhis inLerval ' the

energy stored by the

inductor is transferred to

the capacitor. The

inductor carries bhe Ioad

current Ia as an initial

current. The caPacitor

holds no initial charge.

The differential equabion for Period P3 is

0 =L*di/dl+ R¡åi+q/C

The Laplace Transform of this diffenential equation yie3-ds q( s) :

q( s) = -(Ialw). w
((s+ a)2+w2)

The inverse Laplace Transform of q(s) gives the capacitor charge

a(t) = -(ta/w) exp(-at) sin(wt)

The capacitor voltage is given by dividing Q(t) by capacitance

r.e Vc(wt) -{IaxXc} exp(-at) sin(wb) (2.3)

where Xc = 1/w*C

The capacitor current is given by the differential of Q(t) 
'

r.e Ic(wt¡ = Ia*(wolw) exp(-at) eos(wt+Ø)

22

I

L

c

R

where Q = arctan(a/w)

(2 .4)
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The commutation capacitor waveforms are completely specified by

equations 2. 1 to 2.8

(ii) Determination of L and C values

The first commuLation cycle occurs without any

capacítor voltage boosting, hence the naxinum load currenb that

can be cornmutated during the first cycle wiII be less than

subsequent cycles, as shown on figure 2.2. Hence distinct sets of

commutating inductor L and capacitor C values wilI exist; without

voltage boosting through to the case of maximum boosting.

(a) Assu.ming

i. Ipeak = 1.5sIm [Z] tfren

rxsqrb(L*C) 1.866*tq (1)

ii. R 0 hence exp(-at) 1andlçs3Xl=Zo

The capacitor current v¡aveform given by equabion 2.2 becomes:

Ic(wt) = -(t/zo) sinwt

where Zo = sqrt(L/C)

This equation for capacitor current must satisfy lpeak = 1.5*Im at

wL = 3*r/2

1 .5*Im = Eüsqrt (C/L) (2)

23

sotving (l) and (2) for L and c in terns of E, Im and tq yields:
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Lmin = 0 .397*tqtlE/Im

Cmax 0 . B!3*¡qx1t7t

24

boosting,

2.3 when

(b) The maximum

ignoring fosses, is

$rt = 0 .5*rr.

value of capacitor voltage

-Im*Zo as given by equation

Substituting the boosting vottage value into equation 2.6 when

wt = 1.5xr and Ic = 1.5*Im yields:

1 .5*Im (ImxZo+E) /zo

1.e 0 .5*In = E+"sqrt (C/L) (3)

Solving equations (1) and (3) for L and C again in terms of E, Im

and tq yields:

Lmax 1.188*tqrÊE/Im

Cmin = O.297xLqxIrnlE

which completes the set of L and C equations presented in section

2.2

The maximum inductor curuent fÌows when wt = 0.5fur in equation

2.6. i.e. IPeak = Ím + E/Zo

The maximum capacitor voltage swing is from the maximum voltage

boosting level, given by equation 2.3 when wt = 0.5*8, to the

naximun voltage during commutation, given by equation 2.5 when

çt=T:

[Im*Zo] + iE + (E + Im*Zo) ]
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i.e Vc rating = z*lE + Im*Zo]

The maximum commutation circuit di/dt stressing occurs when the

differential of the comnutation circuib current, equation 2 ' 6, is

evaluated at wt = 0r which gives:

di,/dt max = E/L + Im*¡vo

25
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CHAPTER 3

An a.c. TRIAC CHOPPER

Thischapberdescribestheadaptationofthe

current impulse displaeement commutaLion technique to a triac

forced turn-off alternating current application. Commubation

requirements of triacs are similar to those of silicon conlrolled

rectÍ-fiers, except thal triacs generally have lor'rer static and

dynamic electrical stress limits.

An alternating current triac chopper is employed to

attain optimun supply potl¡er factor correcLion for any given

reactive load, by selective ehopping of the alternating current

supply voltage waveform. This can result in improved displacement

and distortion factors of the supply and also better load

efficiency than conventional alternating current phase control

techniques [1] l?-l t3l.
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3.1 ThE ALTERNATING CURRENT CHOPPER and CIRCUIT OPERATION

The basic altennating current t,riac chopper circuit
t

is shown in figune 3.1 and is employed to achieve an output

voltage and hence current waveform as in figure 3.2. The L-C

resonant circuit provides a current impulse which force commutates

both the main triac Tm and the freewheeling triac Tf. For

analysis, the 50 Herlz supply voltage Es is assurned a constant

direct cur4ent voì-tage source during the relatively short

conmutation period. Circuit operation is similar to that of the

previously analysed d.c. chopper and is as follows:

The main triac Tm is conducting a load current i ,

r¡ibh the supply voltage Es applied across the load. The set triac

Ts is triggered at the a.c. supply voltage peak value, Er,

allowing the commulation capacitor C Lo charge to a maximum

voJ-tage 2*Em, then Ts blocks and turns-off.

To isolate the load from the supply' the

conmutating triac Tc is triggered, allowing C to discharge into

the load. Gradually the sinusoidal eapacitor current displaces

the load currenL through fhe main triac, eventually reverse

biasing Tm as C discharges at a constant rate into the I'oad.

The freewheeling triac Tf is triggered

0.75*n*sqrt(LlÉC) seconds after Tc, which aIlows C to discharge

independent of the load currenb. With the eapacitor curent

oscillation complete, Tc blocks and continuous triggeríng of Tf

allows the load current to freewheel through Tf.
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Triac Ts is fired to reset the commutating

capacitor to a polarity that will- enable the freewheeling triac to

be fonce commutated by triggering Tc. Tc is fired n'*sqrt(LlßC)

seconds befone the main triac Tm is triggered to commence the next

cycle.

Figure 3.3 shows bypical circuj-b voltage and

current oscillograms at various circuit nodes

3.2 CIRCUIT PR0PERTIES and COMPONENT ELECTRICAL RATINGS

The typical inhenent features of current impulse

displ-acement commutation as described in the previous chapters 
'

are dÍsplayed by the basie circuit of figure 1.1 . These included

the properbies of self-priming and no need of any special starti-ng

sequence. The commutation cycle current does not flow through the

main triac, thus the cunrent rating of Tm is determined and thus

selected solely based on the maximum load current requirement.

The electrical requirements and raLings of the

varj-ous circuit elements are primarily determined by the maximum

load current level and the maximum capacitor voltage attained.

The peak and hence maximum possible load current Io is Em/Z where

Z is the load impedance at the fundamental- supply fnequency' whiì-e

the maximum capacitor voltage attained is almost 2*Em '

2B
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3.2.1 Capacibor and Inductor ratings.

It has been shown in chaPter

commutation components L and C, considering

effects, are given by

29

2.7 that the

voltage boosting

Lnax < 1.188*tq*Z

Cmin ) O.293xLq/Z

where tq is the circuit turn-off time of the main briac Tm, such

bhat 1 .866xtq = r'r*sqrt(Ltec) .

3.2.2 triac electrical ratings

The nain triac Tm musb have an nms current rating

of at least 0.7071*Io and a breakdown voltage raling iu excess of

2*Em. The initial di/dt and re-applied dvldt conditions are

uncontrolled.

The freewheeling triac Tf requirements are similar

to those imposed on the main triac. Both require snubber circuit

protection against fal-se dv/dI, triggering effects.

The commutating triacs Ts and Tc both have a low

rms current requirement and a voltage rating in excess of 2*Em,

depending on the magnitude of the voltage across the commutating

capacitor. Both triacs have a controlled initial dildt condition

of less than EmlL + Iolsqrt(L*C).
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3.3 WAVEFORM ANALYSIS

Typical load and supply current and voltage

waveforms are shovrn in figure 3.2. Since the load voltage

waveform is not sinusoidal, load current harmonics nesult which

reduce the load efficiency. Both load efficiency and resultant

supply power factor can be detenmined mathematically, as outlined

below. Consider the case of a delay turn-on phase angle rrarr and

delay turn-off phase angle |ttr - brt. Firstly, the output voltage

waveform is analysed to determine toad efficiency and then the

input current waveform is considered in calculating supply pol{er

factor

Thederivationofthemathematicalexpressionsto

follow are presented in the appendix at the end of this chapter.

3.3. 1 OutPut Waveforms

Theoutputvoltageoftheasymmetricalalbernating

current chopper shown in figure 3.2 is defined by

Ys = Em*sinwt for a(wt( rr-b

rr+ a ( wt ( 2l'trr- b

0 elsewhere wt ( 2*tt (1)

The Fourier co-efficients of the output vol-tage are

Va1 (En/zfü)*(cos2*a - cos2*b) (2)

and

vb1 (En/2*ðx{2x(rr-b-a) + sin2r¡a + sin2*b} (3)
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Van = Emx{cos(n+1)a - cos(n+1)b
tr n+1

31

+ cos(n-1 )a - cos(n-1 )b] (4)
n-1

Vbn = Emx{sin(n+1)a + sin(n+1)b sin(n-1)a + sin(n-1)bi (5)
II n+ 1 n-1

where n = 3r5rT..

The load current i, for a simple R-L load r ûâY be evaluated by

solving:

Rxi + Lt(dildt = Em*sinwt for a(wt( rr-b

=0 for ¡r-b(wt( rr+a (6)

with initial conditions i(a) = Ia and i(n-b) = Ib

Equabions (6) and (l) yieJ-d the solution

i = {Ia-Io*sin(a-Ø) }*exp( (a-wt,)/Q) + Iox'sin(wl'Ø)

for a ( wt ( rr- b (8a)

= Ib*exp( (rr-b-wt ) /Q )

for r-b(wl( rr+a (8b)

where Ø = arctan(Q)

q = w*L/R

To = Em/Z

(7)

Z = sert(R2+ w2L2)
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the boundary currents Ia and Ib may be solved, yieJ-ding

Ia = IorÊ[expl-r/Q)sin(a-Ø) - ex -(a+b)/Q)sin(b+Ø)l (9)
+ exp -n/Q

Ib = -Iasexp((a+b)/Q) (10)

The Fourien co-efficients for the load ourrent harmonics are given

Ian = (Van/R)*'cosØn and Ibn = (Vbn/R)fÊcosØn ( 11)

v¡here Q¡7 = arcban(n*Q)

The l.oad current is thus given bY:

i - xIIanxcos(n*wt-Øn) + Ibn*sin(n*wb-Øn)] (12)
n

where n = 1r3r5,

by

The load efficiency \ can be defined as the

fundamental- active power to the total active pohler 
'

\ = (r^12* rb12 ) / L(:.an2+ lun2)
n

ratio of the

fhat is:

(13)

where n = 1r3r5,

For the ease of a symmetrical load voltage waveform, a = b, the

cosine tern co-efficients becorne idenlically zero, whence

TbP/ LT'N2\
n



Chapter l
a.c. Chopper

33

3.3.2 Supply Waveforms

The supp)-y voltage waveform is assumed sinusoidal.

The supply current waveform shown in figure 3.2 is defined by:

Is = [Ia-Ioxsin(a-Ø)1*exp((a-wt)/Q) + Io*sin(wt-Ø)

for a ( wt ( :n- b

for 0(wt( a0

:rr- b ( wf ( rr+ a (14)

The fundamental Fourier co-efficients of the supply current are

given by:

Isa 1 (Z/ù[A1x{exp(-alQ)cos(Ø+a) + exp( (-n+b)ZO)cos(/-u) }

- (I.o / 2) x [ (rr-b-a) r'sinØ+ (1 / 2)x { cos( Ø+2b)-cos( Ø-2a} } )) ( 15)

(2/t)[41*{exp(-alQ)sin(Ø+a) + exp( (-¡+b)/Q)sin(Ø..b) }

+(Io/2)*[ (n_b_a)i(cosØ+ (1/2)x{sin( Ø+2b)-sin( Ø-2a)I]l ( 16)

Isb 1

where A1 = Ila - roxsin( a-Ø)]n"*p( a/Q)/sqrL(l+l/q2)

The suppì-y displacement factor, distortion facton and power factor

can be expressed in terms of the fundamental Fourier co-efficients

of the supply. The displacement factor, cosu is the fundarnental

poller. factor, that is

cosu = cós(-arctan(Isa1/Isb'1) ) ( 17)

The ratio of real to appanent power is called botal pol¡er factor,k

k= Isqntt (Isa12 + Isb 12) /z]/rsrmsl*cosu
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- y*cosu ( 18)

where y is called Lhe distort ion factor and is the ratio of the

fundamental rms current to the tobal rms current, Isrms. The

total rms current is given bY:

rsrms2= (I/tt)l-x2o( (Q2+l )/(2tÊQ) )*(exp(-2*(n-b)/Q) - exp( -zxa/Q))

+2*A1*Io*[ exp( ( (-r+¡)/Q)sinU + exp( -a/e)sina]

t
+(Io'/2)*[rr-b-a + (1 /2)*{sin2* G-Ø)+sin2*(b+ø) } ]l ( 19)

These equations were used to derive the theorebical

results to fol]ow, and their complete mathematical derivation is

given in the appendix 3 .6 at the end of t'hi.s chapter .

3.4 COMPARISON of CHARACTERISTICS

Digital computer analysÍs of the supply currenl

results in the suppJ-y pou¡er factor characteristics shown in figure

3.4a. In particular, this figure enabfes a comparison between the

resultant supply pov¡er factor atlained for Lhe a.c. phase control-

(b = 0) and symmetricaÌ a.c. chopping (a = b). It is seen that

input power facbor levels in excess of the load fundamental pov{er

factor (a = b = 0) can be attained if symmebrical a.c. chopping is

employed. Fj-gure 3.4b shows the corresponding resuLtant

improvement in load - efficiency resulting from symnetrical

chopping
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Generally, the supply power factor increases to a

maximum with increasing phase angle rrarr and then drops away. If

would therefore be fêasible lhat a set (a,b) exists Lhat maximises

the input polrer factor for a given load Q. To this end, iterative

computér analysis yierds figure 3'5, which for a given l-oad O

gives maximum possibJ-e supply pov{er factor for the computed

optimum value set of rrarr and rrbrr

The optimal set ( a,b) produces only a slighf

improvement in maximum supply polrer facbor when compared to the

corresponding maximum power factor attained with symmeLrical

chopping (a = b). This small improvement in maximum supply power

factor would not generally warrant the introduction of an

asymnetrical a.c. chopper over the symmetricaÌ a.c. chopper.

3.5 PERFORMANCE' APPLICATIONS and CONCLUSIONS.

A lkVA control capability ver.sion of bhe basic a'c'

chopper v¡as used to control a 400!l R-L load. The triggering and

control circuitry is shown in figure 3.6. Load efficiency and

suppl-y power factor were measured for two different symmetrical

chopping angles, and results correlabed excellently with

theoretically predicted values, as shown in table 2 Lo follow.



ANGLE POWER

input output

Watts

INPUT PO!.¡ER FACTOR EFFICIENCY

\
pract theor

a=b Esrms Isrms k

degrees VoIts Amps pract theor

45 280 262.5 120 3.1 0 .75 0 .76 0 .94 0 .97

60 114 102.5 120 1 .5 0.64 0.66 0 .90 0 .91
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TABLE 2

RESULTS COMPARISON

A limitation of rel-iabIe operation is normal-Iy

found in high power triac applications and can be due to poor

triac dynamic electrical characteristics, in particular low

re-applied dv/dt rating. Most other types of a,c. triac choppers

[2] have been linited to lovr power applicaiions, of the order of

2Ol¡. The presented commutating technique coupled with Lvto

antiparallel SCR I s back to back instead of triacs would be most

suitable for high power a.c. chopper applications of over 1kVA.

Such a chopper could then be employed indusl'rially

for adjusbable supply pov¡er factor correction and improvement

where electricity authorities imposed penalty rates for low power

factor conditi-ons. This power factor improvement would be traded

for induced source harmonics.
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In conclusion, an a . c . chopper will- give

improved l-oad power factor condition compared to an uncorrected

load condiLion, while a symmetrlcal a.c. chopper gives improved

load efficiency and supply po!¡er factor characteristics over

conventional phase control. Marginal improvement in supply power

factor is atl,ained by employing an asymmetrical triggering version

of the basic a.c. chopper. Load efficiency is nob significantly

reduced.
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APPENDIX

3.6 MATHEMATICAL DBRIVATION of

(i) LOAD EFFICIENCY

(ii) SUPPLY POWER FACTOR

The Fourier co-efficients for any function f(wL) can be determined

by evaluating t,he following integrals

T
Vo = (1/T) / f(wt) Owt

o

The cosine harmonic co-efficient terms are given by

T

Van = (2/"1) / r(wt) cos(n*wt) dwt
o

while thre sine harmonic co-efficients are

T
Vbn = (2/T) /f(wt) sin(n*wt) dwt

o

where T is the period of the function f(wt). These equations are

used and evaluated extensively in the analysis to follovi, where

f(wt) = sin(wt) and T = 2*rr.

3.6(i) Determination of load efficiency.

The output voltage applied across the load, as

shown in figure 1.2, is defined by

Vo = Em+r sin wt for a(wb(rr-b

Tr+a(wù(2s:r-b

=0 elsewhere : wt ( 2*n
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The offset tennt Vo is given by evaluating

II-b
Vo = (1/2*t¡) /Emxsin(wt) dr¡t

a

( Eml2*rr) * [ coswl l II-b

a

(En/ z*rr)x I cos ( a ) +cos (rr+a) -cos (n-b) -cos ( 2*n-b) ]

=0

The co-sine Fourier co-efficients result by evaluating

Van = (rmZ¡) .l cos(n*wt) sin(wl) dwt

(En/zxr) ¡ {sin( (n+1 )wr)+sin( (n-1 )wt) i dwt nl1

= -(En/2*t) *[ cos( (n+1 )wt) + cos( (n-1)wt) I II-b
n+1 n a

Em*i 1-cos(¡*n) i*[ cos n+'l a-cos n+1 b + cos(n-1 )a - cos( n-1)b
2rr n +1 n

when n is even, {1-cos(rr*n)i is identically zero thus

Van=0

for

l

¡¡ = 21416

Van = (Em/r¡)x{cos(n+1 )a - cos(n+1 )b + cos(n-1 )a - cos(n-1 )bÌ
n+1 n-1

for v¡ = Jr5¡7

The case n = 1 is treated seParatelY:

(gml'r:¡) / coswl, sin(wL) clwt

(4)

Va1

(Eml2r.n) / sin(Zi¡wt) dwt
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II-b
= (Em/4x¡¡)*[ cos(2*wt) ]

a

= (Em/2x¡r)xIcos(2*b) - cos(2*a)]

The sine Fourier co-efficients result by evaluating

Vbn = (Emlr¡),f sin(v¡t) sin(n*wt) Owt

= (En/Zxn) / {cos( (n-1)wt)-cos( (n+1)wt) } dv¡t n/1

(Em/2x'n)xIsin( (n-1)v¡t,) - sin( (n+1)r+t)] II-b

n+- 1
a

40

(2)

n-1

Em#{ 1-cos(n*n) }*[sin(n+1 )a + sin(n+1 )b - sin(n-1 )a + sin(n-1 )b]
2n n+1 n-1

for n even, t1-cos(n*n)] = 0r that is:

Vbn=9

for n = 21416.....

Vbn = (Emln)[sin(n+1)a + sin(n+1)b sin(n-1 )a +. sin(n-1 )bl
n+ n-1

for n = 3r5rT...... (5)

whenn=1

Vb1 = (Em/n) .f sin(wù) sin(wt) owt

= (Em/2ttn) t (1 - cos(2*wt) ) dv¡t

II-b
= (Em/2*n)*lwt - (1/2)sin(2*wt)]

a

= (Em/Zxn)*[2*(r¡-b-a) + sin2a + sin2b] (3)
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The load current as shown in figure 3.2 is given

foll"o¡ving differentiaL equations.

by soJ-ving bhe

(1) V¡fren the supply voltage is applied across fhe R-L load;

R*i + LlÉdi/dt = Em*sin(wt) for a(wb(rr-b i

(2) lthen the' freewheeling triac conducts, clamping the load to

zero vo1ls,

R*i+L*dildt=0 for rr-b(wt(rr+a ii.

Case (1)

Considering the first load condition and taking the Laplace

transform of equation i yields:

i1(s) = {(w*'Emlr)/(s2+ *2)*(s+R/L)i + ril(s+R/L)

i.e. i1(wt) = (li + w*LxIo/Z)ou*p(-wtlQ) + Io*sj-n(wL-Ø)

where z = sqrt (a2* *2t2)

Q = w*L/R

6 = arctan(Q)

fo = Em/Z

and Ii is the initiat curent. To evaluate Ii v.'e substitute

i1(a) = Ia, that is:

Ia = (li + w*Lxlo/Z)xexp( -a/Q) r- Io*sin(a-Ø)

isolating Ii yields:

fi = {la - ro*sin( a-Ø)lxexp(a/Q) - w*L*rolZ
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substituting Lhis expression for Ii into the equation for i1 (wt)

yields:

i1(wt) = {Ia-Ioxsin(a-Ø)}*exp((-wt+a)/Q) + Io¡¿sin(wt-Ø)

for a(wt(rr-b (8a)

Case (2)

Taking the Laplace transform of equabion ii. gives

i2(s) = ío/(s+R/L)

r.e i2(wt) = io*exp(-wtlQ)

substituting the condition i2(n-b) = Ib yields:

io = Ib*'exp( ( -¡+b) /Q)

replacing io in the expression for i2(wt) nesults in

12(r¡t) = Ib*exp( (n-U-wt)/0) ( Bb)

Eixpressions are now required for the boundary condibions; namely

Ia and Ib.

By load symmetry,

i2(u+a) = -i1(a) i.e

Ib*exp(-(a+b)/Q) = -{(Ia-Io*sin(a-Ø)) + Ioxsin(a-Ø) }

and thus Ib = -Ia*exp((a+b)/Q) ( 10)
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Since the Ioad current is continuous, at the boundary wt = tt - b t

i2(r¡-b) = i1(r-b)

where i2(r¡-b) = Ib = -Ia*exp((a+b)/Q) thus

-Ia*exp((a+b)/Q) = i1(¡-b)

{ Ia_I o* si n( a_Ø) } x exp ( ( a+b_:n) /Q ) +Iox sin (r¡-b-Ø )

yielding 1¿ = Io*{exp(-rrlQ)sin(a-Ø) - exp(-(a+b)/Q)sin(Ø+b) i
1 - exp(-nlQ) (e)

Thus the load curcent is fully specif ied by equatiorrs 8a, Bb, 9

and 10.

The load current harmonics can be derived either by

Founier analysis of the load current waveform given by equations

Ba and Bb, or by dividing each load voltage harmonic component,, as

defined by equations 2 Lo j, by the appropriate load impedance

presented at that frequency. The later concepL results in a

simpler mathematical derivation, yielding:

x
n

I IIan*cos(n*wt-Øn) + Ibn*sin(nxwt-Øn)] (12)

for n = 1,3r5r..

The load inpedance is frequency dependent, according to

ZL = R+j*wxn*L

that is, ZL = R/cosØn

tan(n*wxL/R)where tan(Øn)

tan( n*Q )
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Thus lan = Yan/ZL(n) and lbn = Vbn/ZL(n)

that is Ian = (Van/R)*cospn and Ibn = (VUn/n)*cosØn (11)

Efficiency, \ is defined as the ratio of the

fundamental active power to the total active povrer fed to the

Ioad. Real power can onl-y be dissipated by the purely resistive

component of the load. Hence

\ = (la12xn + Ib12xn)/ x:(Ian2¡tiì + Ibn2*R)
n

= (ra12+ rb12)/ t(ran2+ rbn2) (13)
fìr

for n = 1,3r5r.,

3.6(iÍ) Determination of Supply Power Factor

The supply current waveform Is, as shown in figure

3.2 is given by equation Ba.

Is(wb) = {ta - Io*sin(a-Ø)}exp((a-wt)/Q) + Ioxsin(wt-Ø)

= Axexp(-wtlQ) + Io*sin(wL-Ø)

for a(wt(r¡-b

=0 elsewhere : wb ( :rr (14)

where A = {Ia - Io*sín(a-Ø)}*exp(a/Q)
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The non-fundamental frequency components of the

supply cunrent waveform result in wavefonm distortion. A measure

of fhis distortion, called supply current distortion facbor y, is

defined in terms of the supply current fundamenLaf Fourier

components and the rms supply current.

The supply current cosine fundamenlal Fourj-er

co-efficient magnitude is given from

Isal = (Z/n).1 lAxexp(-wtlQ) + Io*sin(wL-'ú ] eoswt dwb

= -4lA1xexp(-wblQ)cos(wt+Ø) - loIwt*sinØ+1cos( (2xwL)-Ø) ]ln-h
rr22a

= (2/n)[41*{exp('alQ)cos(Ø+a) + exp( (-n+b)/Q)cos(ø-b) }

-(Io/2) [ (r-b-a)sinØ + (1/2) {cos(Ø+Zb)-cos(Ø-2a)}] (15)

where A1 = A/sqrt( l+l/Q2)

The fundamental sine Fourier co-efficient is given by

Isbl = (2/t) / {lxexp(,wtlQ) + Io*sin(wt-Ø)} sinwt dwt

¿*teln"*p(-wtlQ)sin(wt+Ø) + Ioiwt*'cosØ-'l sin( (Z*wt)-ø) ] l
rr22

= (z/n)[A1x{exp(-alQ)sin(a+Ø) + exp( (-rr+b)/Q)sin(ø-b) }

rr-b
a

+(to/z)*[ (:r-b-a)cosØ + (1/2){sin(Ø+2b)-sin(Ø-2a)I] ( 16)
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The fundamental Founier co-efficienls define fhe

fundamental supply pohrer factor, cosu, that is

cosu = cos(-arctan(Isa1/Isb1 ) ) (17)

The rms supply current is found by solving:

rsrms2= (1/ù / rs(wt) 2dv¡b

2
= (t/n) .f i¡¡texp(-wtlQ) + Io*sin(wt-Ø) ] dwt

= (l/n) I (A2exp(-(2xwt)/Q) + 2*Aà*Io*exp(-wtlQ)sin(wt-Ø)

+ ro2,t sin2 ( v¡t-Ø ) ] dwt

= (1 /n)l-( Ê qtZ) exp( - (2*wt) /e) -Zx A1*'Ioå.¡*exp(-wrlQ) sin(wr)

+ (ro 2/z)lrt-(i/Ð sin(2(wr-Ø) ) ]lll=b
a

= (1/n)l-(Êqtz)iexp(-2(rr-b)/Q) - exp( -2a/Q\

+Z* A.l'xIo*{exp(-(r¡-b)/Q)sin(b) + exp( -a/Q)sin( a) }

+ (ro2tz)t(n-b-a) +(1/2)[sin( z(ø+Ø))+sin( 2(a-Ø))]]l (19)

The current distortion factor is defined as

ratio of the fundamental- rms current to the total rms current

the

that is y = sqrti (rsa12+ rsb l2)/zI/lsrnt
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The fundamental real powen is given by

Esnsqrt{ (rsa1 2+ 
Tsb12 )/2}xcosu

while bhe tol"al apparent pov¡er is given by

Es*fsrms

The ratio of real to apparent power is carred total pov¡er factor

k, that is

k = [Es*sqrb{ (Isa12+ Isb12)/2}*cosu]/(EsxIsrms)

= y*cosu (18)
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CHAPTER 4

A d.c. - THRBE-PHASE INVERTER

This chapter discusses the adaplation of the

current impulse displacement thyristor commutation technique of

Chapter 2, bo a direct current to three phase variable frequency

thyristor inverter. A novel feature of the impJ-ementation is t'he

use of only one inductor-capacitor bridge resonant circuit for

commutation, instead of three as normally required to commutate

the six main bridge thyristors. This is achieved by using a

ctirected bridge commutation technique.

A nicroprocessor is used to derive thyrisbor

triggering signals and to facilitaLe all- feedback, input and

output signal contnol [1],[2]. A squirrel cage induction machine

Ioad is used in a progranmed controfled-slip mode of opera.tion.

In this dedicated applieation, the use of the microprocessor

reduces the chip count to less than half that required for

conventionaily used analogue and digital circuitry and provides a

more versatil-e system for no extra cost. Other electrical machine
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control nodes can be incorporated by different software.

The features of the rnieroprocessor program used

wiII be diseussed, and the actual program is presenfed in the

appendix at the end of this chapter.

4.1 The DIRECTED BRTDGE INVERTER

The thyristor inverter circuiL and associated

thyristor commutabion bridge are shown in figure 4.1 . By

sequentially turning the main thyristors Tm numbers one to six on

and off according to the timing diagram of figure 4.2, a six step

quasi-square three phase waveform is generated aL the output

terminals R-B-Y on figure 4.1.

The output Iine to line voltage lraveform is defined

by

Vry = {2*sqrt(3)*'E} (sinwt - 1¡Êsin5rvt - l-*sin7wt + 1+sin11wt +

IT 5 7 11

while the line to neuLral voltage is given by

Vrn - {3*Ei(sinwt + 1*sin5wt + l*sin7wt + 1*sin11wb +
. Tr 5 T 11

This operation of the main bridge is familiar and wefl documented;

a more detailed discussion on the waveforms along with related

effects on motor performance due to the non-fundamental supply

voltage components is found in reference [3].
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bridge, for

thyristor Tc1.

In this application each thyristor in bhe main

example Tm'l , has a.n assoeiated commutaLing bridge

Consider the case when main thyristor Tm1 is to be

force commutated. This is achieved as fol-lows:

Initially the commubation capacitor C holds an assisting charge,

resul-ting from voltage boosting during the last comnutating cycJ-e.

The capacitor set thyristors Ts ¿re triggered which alfows C to

charge to a voltage of over 2*E due to L-C resonant circuit

action. This complebe, the commutation thyristors Tc1 and Tc'odd

are triggered, which aIlor¡s a sinusoidal current impulse fo

displace the load current through Tm1. Provided the displacement

current in excess of the load current Ia, flows tlrrough bridge

diode D1 for a time in excess of the circuit turn-off time tq of

thyristor Tm1, it r¡ilI regain forward voltage blocking ability.

Once the commutation cireuit dispJ-acement current

has ceased, the complementary main bridge bhyristor Tmll may be

triggered. The thyristor Tm4 is commutabed by trlggering

lhynistors l's, followed by Tc4 and Tc'even simultaneously.

The cÍrcuit modification of section 2.4 can be

incorporal,ed io make t,he commutation cycle interval load current

nagnitude indepenctent. This modification will allow an operating

frequency of up to 100/Lq kHz, which would be suitable for pulse

width modulation aPPIications.

50
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AII the equations and formulae as well- as basic

operating principì-es of ChapLer 2 are applicable to the circuit

operation discr.lssed above.

4.2 The CONTROLLED-SLIP DRIVE

A squirrel cage inducl,ion machj-ne is said to be

operating in a controlled-slip mode if, independent of lhe notor

speed, the rotor slip frequency is maintained and conLrofl-ed at

, less than the breakdown value.

If the actual rotor speed is less than the required

speed, a calculated stator frequency slightly greater than the

roLating frequ-ency is applied, and the machine develops a motor

torque which accelerates bhe rotor to the desired speed. When the

actual rotor speed is greater than the required speed ' the sbaton

is fed with a calculated frequency less than the rotational

frequency. Now, the machine operates as an induction generatont

returning enengy to the supply, thus regenerativeJ-y deceleratíng

bhe machine.

The difference between the notor and stator speed

is linifed and can never exceed Lhe breakdown slip value in the

motoring or generating regions. As a first order approximation,

this maximum slip frequency variation limit is a eonstant

frequency over the usable stator frequency range i3l. This

feature is shovm on the torque-slip curves of figure 4.3.
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Line current magnitude may be taken into account

ancl, if the currenb i-s to be reduced, the stator frequency is

br.ought closer to the rotating frequency thereby reducing the

developed torque IeveI and hence current.

The house-keeping of required speed ' rotor speed

and line current can be dedicated to a microprocessor, which can

perform all slip control calculabions based on the various input

parameter magnitudes.

4.3 The PROGRAM and FEATURES of the MICROPRoCESSOR CONTROLLER

AII inpub and output functions are assigned and

controlled by software execution, which prcvides a sophisticated

and comprehensive prlntary building block upon which control

straLegies can be devel-oped and modÍfied without hardv¡are changes.

The basic linear system flow chart for the

slip-control algorithm is shown.ín figure 4.4. The actual program

appears in the appendix at the end of thís chapter. The main

feabures of the program algorithm, as shown on the flow chart, are

as follows:

The required commutation bridge and main bridge

triggering sequence is stored in non-volatile memory, and stepping

through this sequence at a defined rate varies the bridge output

frequency. The outpub logic sequence is shown in figure 4.5.
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A program cycle commences with the input of the

various feedback and control signals, such as required speecl 
'

rotor speed and line current. These values are stored and used in

ealculations as determined by the control strategy. A conversion

fron period to frequency is performed, by division or repeated

subtraction, to give a delay relatecl to the output frequency

requirement. This del-ay complete, a commutation cycle occuns, and

if a continuation is required the next sequence set is

transmitted. This output sequence is lhen incremented by one set.

Machine reversing is achieved by stepping in the opposite

direetion l"hrough Lhe stored output sequence.

An i-mportanl apptication limitation occurs because

al-I operations, i. e. input, calculations and output, rnust be

performed in real time. The operation time around the closed loop

of the flow chart, except the division process, is fixed. The

time delay by repeated subtraction is shortened by a factor

equivalent to this time, thus all operations are performed and

adjusted for in reaf time. Natural-Iy the highest possible bridge

oubput frequency will be resbricted to the reciprocal of the loop

time. Therefore the more complicated the control strategy' the

Iower the possible bnidge output frequency for a given

mJ-croprocessor .

, The use of a fixed operation cycle loop tine is

only possible because bhe commubation cycle of the proposed

directed bridged is load current independent, thus taking a known

and accountable lenglbh of time.
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4 .4 I'4ICROPROCESSOR PERFORMANCE ANd STRATEGY CRTTERIA

An Intel- BOB5 B-bit general purpose N-MOS

microprocessor lJas employed to perform all inpul and output

control supervision and calculations. A controlJ-ed-slip strategy

program vùas developed which al-l-owed a maximum possible bridge

frequency in excess of 660H2. This upper frequency limit can be

extended by using a mi-cropnocessor with a faster cl-ock frequency

and/or instruction cycle time. Programmed application features

include:

Note:- The parameters befow evolved from the

requirements of the a.c. motor being used in this

applicaLion.

i. Simple motor direction changing. This is

achieved by stepping through the slored output

sequence in the opposite direction. A change in

direction wiII not be executed untiL the rotor

speed falls below an adjustable Iimit. Default is

set at 60rpm.

ii. Stop/start frequency hysteresis ' The minimun

starting frequency is adjustable and set to 4Hz by

default. The minimum frequency for circuit

shutdown is adjustabfe down to 0.BHz and is seL to

this vatue by default. That is, motor regeneration

is possible down fc 48rpm for a 2-pole squirrel

cage induclion machine.
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of over-iii. ProgrammabJ-e oubput frequency range

bwo decades. The default range is 0.8H2 to 8BHz.

iv. Currenb limiting band and absolute upper limif

current turn-off priority control. At a value less

than the designed maximum commutation current, the

stator frequency is made equal to the robational-

frequency. This neduces the line current to zeYo.

The def'aulb current limit value is 304 and the cut

in point is adjustable or set to 20A. by default.

That is, as the li-ne current increase from 204 to

304, slip is progressively reduced from unaffected

at 204 Lo zero at, 304.

v. Adjustable maximum slip 1imit,. The maximum

aIlowabIe sllp frequencyr âs deterroined by the

partieular rotor characteristics is adjustable frorn

0 to the naximum frequency.

The maximum slip for motoring may be seb

differently to that for regenerati-on. Default is

for both to be set equal Lo 5Hz, i.€. slip 0.1 at

50H2.

vi. Programmable torque profile rabe. lrlhen bhe

difference between the required speed and the rotor

speed exceeds an adjustable limit, maximum

allowable sJ-ip is applied. The slip is reduced

linearly from the maximum value to ze?o al

synchronous speed. The default maximum slip i.s
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applied when bhe rotor and required speed

dlfference equals or exceeds half the maximun speed

ran8e.

vli. Auxiliary regenerativg braking. At low

stator frequencies, during regeneration at l-ow

shaft speeds, only snall slip can be attained

because of the strategy outlÍned in'point 6 above.

Thus, to facilitate naximun braking torque dovrn to

mini¡nun stator frequencyr êtr override braking

control, Iinearly increases the slip unlil adjusted

to the naximum slip frequency. By default this

facility cornruences at ha1f. the frequency range and

operates down to 0.8 Hz.

viii. Four quadrant machine operafion. From

points 1 and 5 it is apparent that moboring and

generating are possible both in the forward and

reverse direction. l'lost inportantly ' this is

acheived by static polrer means.

ix. Linear speed control. Linear control is made

possible by the division process perforned within

the progran. I'Iibhout thÍs linearisingr interfacing

to process controllers lrould be non-linear' in fact

reciprocal controllers would be requÍred. This

r¡ould generally be unacceptable.
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As is illustrated by the above list of features,

Lhe limitations lie with Lhe programmerrs j-magination and not

available hardware resbrictions. The circuit diagram, including

analog to digiLal interfacing and tachometer-filtering, of the

microprocessor conbroller is shown in figure 4.6. This system can

be used for B or 12 bit operation. l'lith an 8 bit sysbem the

operating frequency range will have 256 díscrete output

frequencies, while a 12 blt sysLem will provide a finer sLep

controfler of 4096 individual frequency leveJ-s. The only system

' differences wiII be in the control prograrn, which does not involve

any hardware changes.

4.5 SYSTEM PERFORMANCE ANd CONCLUSIONS

The load was a 120V, 5HP squimel cage induction

machine, which was controlled over the complete speed range of 0

bo 3000rpm wilh stable shaft rotation. Typical line to line and

Iine bo neutral voltage oscillograms are shown in figure 4.7.

In general, it was found that the controlled-slip

induction machine provided a highly efficient drive with precise

conl,rof of torque over a wide speed range dovm to standstill. A

large lonque can be obtained at high power factor and high

efficiency by operating at rotor slip frequencies below the

breakdown value. The controlled-slip strategy thus provides a

stable con|rol sysLem from standstill to maximum speed in both the

motoring and generating regions of four quadrant operation.
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The overall system characterisllcs can be tailored

and adjusted, to suit the panticular application, by means of

programming. Other þossible modes of contnol strabegy programming

include, pulse width modulation, constant current, constant

horsepower etc. , where the micro-processon can control all data

transfer, triggering outputs and any d.c. vol-taee finù.

The prototype controller program does not maintain

a constant Y/1 ratio although existing software and hardware

features would facilitate a d.c. Iink. r1 pulse width modulation

inverLing software "t"ut"gy woul-d be emptoyed in the final system,

if control of this ratio llere required.
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;DEFINE SYI'IBOLS

TITLE I3-PHASE VAR FREQ GEN'

59

EQU 2BOOH ; REQD DIRECTN ADDR
EQU 7F0H ;1ST WORD ADDR

EQU 2900H ; STACK POINTER ADDR
EQU 1OH ;HYSTERES]S SPEED
EQU 2802H ;PORT OO SAVE LOCN
EQU 3H ;MINIMUM SPEED

; ---------:-------
t

JMP START ;LEAVE SPACE FOR INTS
t

ORc zCH ;ENTRY POINT FOR RST 5.5
JMP ïNT5 ;BRANCH T0 5.5 SERV ROUT

,
ORG 34H ;ENTRY POINT FOR RST 6.5
JMP INT6 ;BRANCH T0 6.5 SERV ROUT

; --------
;ÏNITIALIZATION OF PORTS

,
ORG 40H ;START 0F INITIALIZATION
MVI A,ODH ;PROG PORTS OF BASIC RAM

OUT 28H ;PORTS 29,28-O/P,P0RT ZA-I/P
MVI A,1H ;PROG PORTS OF EXP RAM

OUT 1BH ;PORT 19-O/P,PORTS 14,'lB-I/P
SUB A ; PROG PORTS 0F ROl'{

OUT 2H ;PORTS 00,01-IlP
OUT 3H

;OUTPUT EXTERNAL START PULSE

;TO CURRENT A/D

2800
07F0
2900
0010
2802
0003

0000 c34000

002c
002c caFD02

0040
0040
0042
0044
0046
0048
0049
0048

00llD
004F
005 1

0053
0054

c30203

3E0D
D328
380 1

D31 I
97
D302
D303

D32B
3E 10
D32B
97
D32B

3E0 1

320028

2 1 F007

3 1 0029

RD]RN:
BTTA:
SPA:
SHYS:
PTSAV:
SMIN:

START:

OUT

MVI
OUT
SUB
OUT

2BH
4,10H
zBH
A

2BH

oo34
0034

;OUTPUT A r0l

;OUTPUT A r1'

;OUTPUT A t0l

0056
0058

; INITIALIZE REQUIRED DIRECTION

;DEFAULT=o 1H ( FORWARD)

,
l"lvr A, 1H

STA RDIRN

; -- ------
;INITIALIZE H,L AND S,P
;H,L CONTA]N ADDRESS OF BIT PATTERI'I

LXI H,BITA

LXI SP,SPA

0058
0058
005E

BEG]N:

;SET UP RBSTART INTERRUPTS
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t
t"lVI A ,OCH ; SBT UP INTERRUPTS

SIM ; RST5 .5-SWITCH TURN-OFF

iRST6.5-CURRENT OVERLOAD

t.
;POLL TO START

,
DI ;DISABLE SYSTEI'I INTERRUPT

RIM ;READ INTENRUPT MASKS

ANI 1OH ;TEST FOR INTERRUPTS PEND]NG

JNZ ltrAIT ; SWITCH OFF - WAIT

; --------
;OUTPUT A PULSE TO START

;REQD-SPEED A/D.

56
Ës7

5B
59

60
61
62

006 1

0063

0064
0065
0065
0066
0068

0068
006D
0068
0070
0072
007 3
0075
0076

3E0C
30

F3

20
8610
c26500

DB2B
4T
E6EF
D32B
T8
0E 10
B1

D32B

I'IAIT:
63
64
65
66
67
6B
69
70
T1

T2
73
74
75
T6
77
7B
79
80
81
82
83
84
85
86
B7
88
89
90
91

92
93
94
95
96

IN
MOV

ANI
OUT

MOV

MVI
ORA

OUT

2BH
B,A
OEFH
zBH
A,B
c, 10H
c
2BH

;READ PORT

;SAVE IN B

;OUTPUT tOr T0 REQD

;SPEED A/D START BIT

;OUTPUT r1r T0 REQD

;SPEED A/D START BTT

;START CONV FOR ROTOR-SPEED

i a./D.

0078
0079
0078

007D
007F

0082
ooB3
0085
0086

0088
OOBA

7B
E6CF
D32B

3E0E
cDF802

78
0E20
B1

D32B

3E3B
CDF8O2

0600
CDFAO 1

MOV

ANI
OUT

MVI
CALL

MOV

MVI
ORA

OUT

A'B
OCFH

2BH

A,OEH
DELAY

A'B
c,20H
c
28H

;RESET REQD- & R0T0R-

;SPEED A/D START BITS

;DELAY VALUE

; DELAY=73USEC

97
;OUTPUT r1r T0 R0T0R

;SPEED A/D START BIT

' MVr A,3BH ;DELAY vALUE
CALL DELAY ;DELAY=261USEC

; --------
;TEST REQD & ACTUAL DIRNS. IF SAME'

; CONT. OTHERVIISE CI{ECK R0T0R SPEED

; IS BELOII,I MIN SPEED, SMIN. IF NOT 
'

;RETURN T0 TBEGINT.

,
MVr 8,00H
CALL TEST

98
99

100
101
102
103
104
105
106
107
108
109
110

D

F
0
0

OB

OB

;LIMIT INITIAL ROTOR SPEED.
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MOv A,E
SUI 5H
JNC BEGIÀI

; --------
;CHECK REQD SPEED IS GREATER THAN

; SllYS. OTHERI.IISE RETURN T0 I BEGïN | .

,
MVI A,SHYS
SUB D

JNC BEGIN

; --------
;OUTPUT A }IORD FROM BIT PATTERN

;INTE IS ENABLED TO ALLOW TURN-OFF

; BY S!,IITCH 0R CURRENT OVERLOAD

MOV

OUT ;OUTPUT A ÌIORD

EI ;ENABLB INTE FLAG

,

;READ VALUE FROM PORT 00

;AND SAVE IT.
,

111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
i46
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165

0092
0093
0095

00gB
00gA
00gB

009E
009F

0041
004 1

00A2
00A4

0047
00Ag

00Ac
OOAE

OOAF

0081

0082
0084
0086

OOBB

0088

7B
D605
D25E00

3E 10

92
D25E00

7E
D32g

DBOO

320228

0680
CDFAO 1

DBO 1

OF

E67F
4F

DB2B
E61F
D32B

LOOP:

A,M
29H

FB

IN
STA

OH

PTSAV
;READ PORT 00

;SAVE ]N LOC PTSAV

;TEST REQD & ACTUAL DIRNS. IF SAME,

;CONT. OTHERIIIISE CHECK ROTOR SPEED

; IS BELOVrI MIIù SPEED, SMIN . IF NOT

;BRANCH T0 TURN-OFF.

,
MVr B,8oH
CALL TEST

; --------
;RBAD CURRENT.

t
IN 1H ;INPUT CURRENT

RRC ; SHIFT RIGHT
ANI 7FH ;MASK OUT MSB

MOV C,A ;SAVE IN C

; --------
;RESET ROTOR SPEED A/D
,

IN 2BH
ANI 1FH
OUT zBH

; -r------
;TEST FOR REVERSAL 0F DIRECTIOI{.

;ALLOVI DIRN CHANGE ONLY IF R0T0R

; SPEED IS BELOI{ SMIN.

DBlB
DTRN:

IN 1BH ;READ REQD DIRN
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2H

;SAVE IN B

;GET ROTOR SPEED

; SUBTRACT 03
CONT ;ROTOR SPEED GREATER?

RDIRN ;NO - GET PRESENT DIRN

B ; COMPARE l^¡IÎH NBW DIRN
CHANGE ;DIRECTIONS SAME?

A,zH ;YES - DELAY

DELAY

;DUMMY INSTR.
TESTOP

A,3H ;NO CHANGE OF DIRN
DELAY ;DELAY
OFFFFH ; DUI'MY INSTR
TESTOP

"t66
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
?og
210
211
212
213
214
215
216
217
218
219
220

OOBA

OOBC

OOBD

OOBE

OOBF

00c 1

00c4
00c7
00cB
00cB
0OcD
00D0
00D1
00D4
0004
00D6
00Dg
OODC

OODF

OODF

8602
OF

47
7B
D6o3
D2D400
3Aoo2B
90
C2DFOO

3802
cDF802
c0
c38200

ANI
RRC

MOV

MOV

SUI
JNC
LDA
SUB
JNZ
MVI
CALL
RNZ
JMP

B'A
A'E
3H

3E03
CDFBO2

3AFFFF
c3E200

cDE30 1

7B
D603
D2F 1 00
7A
D603
D2F600
caFD02

00
00
c3F600

DB2B
0630
BO

D32B
DB2B
E6EF
D32B

CONT:

CHANGE:

TESTOP:

GO

HERE:

MVI
CALL
LDA
JMP

CALL ADJUST ;DIRNS DIFFERENT -
;ADJUST BIT ADDR &

;UPDATE REQD DIRN.

; -------"
;CHECK ROTOR & REQD SPEEDS ARE ABOVE SMIN.

;IF NOT, G0 TO TURN-OFF SEQUENCE.

,

0082
0082
00E3
0085
OOEB

00Eg
00ltB
OOEE

00F 1

0cF1
00F2
00F3

00F6
00F6
00F8
OOFA

OOFB

OOFD

OOFF

010 1

M0v
SUI
JNC
MOV

SUI
JNC
JMP

IN
MVI
ORA

OUT
IN
ANI
OUT

¡ --"----

ArE
SI"IIN
GO

A'D
SMIN
HERE
INT5

NOP ;ROTOR SPEED GREATER -
NOP ;CONTINUE
JMP HERE

; --------
;START CONV FOR REQD- & R0T0R-

;SPEED A/DrS.

;GET ROTOR SPEED

;SUBTRACT MIN SPEED

; ROTOR SPEED GREATBR?

;NO - GET REQUIRED SPEED

;SUBTRACT MIN SPEED

; REQUIRBD SPEED GREATER?

;N0 - BEGIN TURN-OFF

;RESET REQD SPEED

; A/D START BIT

zBH
B, 30tl
B

zBH
2BH
OEFH

2BH

;SETNUMBERK-648
:ADJUSTMENT FOR PROG EXECUTN TIME

;K DETERMINES FREQUENCY RANGE
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;DETERMÏNE FREQ

; REQU]REMT.

;GET OUTPUT FREQ

; REQUTREMT

; ROTATE RIGHT ThIICE

;SAVE TN D
;MASK OUT 2 MSB|S

;MASK OUT 6 LSB'S
;(E)(D)=64X8
; CLEAR ACC

;START 16-BIT SUBTRACTN

221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
2?7
238
23q
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
2TO
271
272
273
274
275

0 107
0 108
0 109
0104
010c
010D
0108
01 10
0111
0112
01 13
01 14
o 117
0118
01 1B

01 1A
c11B
01 1C

01 1D

01 1D

c11E
0121
o123
o126
0126
o12T

0124
o12C
012C
012D

0130
0132

0 103

0 106

cD6602

7B

OF

OF

57
E63F
5F
7A
E6CO

57
9T
92
57
D21 80 1

1C

3EFF
93
5F
7A

90
DA260 1

c600
c31D01

1D

c21001

3E0 1

3D
c22C01

3E1F
30

cD4202
7E
D329
2C

DONE:

TIME:

DECRl:

DECR2:

CALL

MOV

RRC

RRC

MOV

ANI
MOV

MOV

ANI
MOV

SUB
SUB

MOV

JNC
INR

SUB
JC
ADI
JMP

FREQ

A'B

D'A
3FH
E,A

B

DBCRl
00H
TIME

,D
c0H

A

0
D

A

D

D

A

A
DONE

E

MVI A,OFFH ;SETS FREQ RANGE

SUB E

- Mov E,A
Mov A,D ;(E)(A)=2xx15 - 64(B)

; --------
;TIMING LOOP

;DELAY = (eB X A) STATES

DCR E

JNZ TIME
; --'-----
;MASTER DELAY ADJUSTMENT

;COMPENSATES TOTAL L00P TIME

MVr A,1H

---,DCR A

JNZ DECR2

I

MVI
SIM

A 1FH ;DISABLE INTS DURING

;THYRISTOR SEQUENCE

;OUTPUT THYRISTOR SEQUENCE

: OUTPUT 5 I,JORDS FROM BIT PATTERN

CALL ADDR ;DETERMINE WORD ADDR

MOV A,M
OUT 29H ;OUTPUT 1ST !üORD

INR L ;INCREMENT BÏTÂ
1

0 133
0136
0137
0139



276
277
278
279
280
281
282
283
2BLI
285
286
287
288
289
290
29t
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330

0134
013C
013D
o 13E
013F
0140
0 141

0143
0144
0145
0147
014A
0 148
014D
014E
014F
0150
0151
0152
0153
0154
0156
0157
0159
015C
0 15D
015F
01 61
0164
0 165
0166
0168
016A
016D
016E

D602
00
00
00
00
00
D329
00
)+7

3E05
CDFBO2

7E
D31 9
2C

9T
00
00
00
00
00
D31 9
04
3E0 1

CDFBO2

T8
D329
3802
CD}-BO2

78
3D
D329
3E0 1

CDF8O2
7E
D329

SUI
NOP

NOP

NOP

NOP

NOP

OUT

NOP

MOV

MVI
CALL
MOV

OUT
INR
SUB
NOP

NOP

NOP

NOP

NOP

OUT
- INR

MVI
CALL
M0v
OUT
I'IVI
CALL
MOV

DCR

OUT
MVI
CALL
MOV

OUT

,

B'A
A'5H
DEI-AY

19H
B

A,1H
DELAY
A,B
29H
ArzH
DELAY
A'B
A

29H
A, 1H
DELAY
A'M
29H

ADDR

ArzB
zBH
ArzH
29H
L
A
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2H

29H ;OUTPUT 2ND WORD

;DELAY VALUE

; DELAY= J2 . 6USEC

;OUTPUT 3RD IIORD

;INCREMENT BITA

;OUTPUT 4TFr IJORD

;DELAY VALUE

;DELAY=14.?USEC

;oUTPUT 5TH IIORD

;DELAY VALUE

iDELAY=19.2USEC

;OUTPIIT r0r UORD

;DELAY VALUE

iDELAY=14.7USEC

;OUTPUT NElr WORD

A, 1FH ;DISABLE INTS DUR]NG

; TURN-0FF

; INITIALIZE L00P COUNTERc,2H

A'M
19H
L
A

0170
0172
0173

0176
017 6
0178
0179
0178
017B
o17E
0180
0182
0 184
0186
o 187
0 188

3E 1C

30
c3A 1 00

3E 1F

30
0E02

cD4202
3802
D32B
3802
D329
2C

97
00

ÎOFF:

REPEAT:

MVI
SIM
MVI

CALL
MVI
OUT
MVI
OUT

ÏNR
SUB
NOP

MVI A,1CH ;ENABLE INTERRUPTS
SIM
JMP LOOP ;REPEAI CYCLE

; --------
;TURN-oFF SEQUENCE

;ADJUST BIT PATTERN ADDR

; INHIBIT CURRENT A/D

;OUTPUT 1ST VIORD

;TNCREMENT BITA
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;OUTPUT 2ND I'¡ORD

;DELAY VALUE

; DELAY=28 . 2USEC

;OUTPUT 3RD t¡ORD

;INCREMENT BITA

;OUTPUT 4TH WORD

;DELAY VALUE

i DjLAY= 14 .7USEC

;OUTPUT 5TH llORD

;ENABLE CURRBNT A/D

;DELAY VALUE

iDELAY=19.2USEC

;OUTPUT A ZERO WORD

331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385

0 189
O 1BA
O 1BB
018c
OlBD
OlBF
0 191
0194
0195
0 197
0 198
0199
0 1gA
01gB
0 1gc
0 19D

0198
0140
0142
0145
0 147
0 1Ag
O 1AA
0 1AC
O lAE
0181
olB?

00
00
00
00
D329
3Eo4
cDF802
7E
D31 9
2C

97
00
00
00
00
00
D319
3EO 1

CDF8O2

3E0 1

D32g
9T
D32B
3802
cDF802
97
D329

NOP

NOP

NOP

NOP

OUT

MVI
CALL
MOV

OUT

INR
SUB
NOP

NOP

NOP

NOP

NOP

OUT

MVI
CALL
MVI
OUT

. SUB
OUT

I4VI
CALL
SUB
OUT

29H
A,4H
DELAY
A'M
1gH
L
A

19H
A, 1H

DELAY
A,1H
29H
A

zBH
ArzE
DELAY
A

29H

0 184
0 185
0 186
0 187
O 1BA

O lBD
O lBD
O 1BF
01c0
01c2
01c4
0 1c5
01c6
01cg
OlCA

01cD
O 1CE

01D0
01D3
01D5

79
3D
4F
CABDO 1

c37B0 1

3E 1C

30
DB'IB
î,602
OF

4F

3A0028
91
c4830 1

78
860 1

c25E00
3E04
D32B

CAUSE:

MOV

DCR

MOV

A'C
A
C'A

;GET L00P COUNT

;DECRMT L00P COUNT

;SAVB NEW LOOP COUNT

A CH ;ENABLE INTS AFTER

;TURN-OFF SEQUENCE

;READ REQD DIRN1BH

2H

C,A ;SAVE IN C

RDIRN ;GET OLD REQD D]RN
C ;CHANGE OF DIRN?
ADJUST ;YES - ADJUST BITA

;N0 - CONTINUE
A'B
1H ;SWITCH TURN-OFF?

BEGIN ;YES - GOTO T0 TBEGINI

A,4H ;N0 - OUTPUT FAULT

zBH

JZ CAUSE ; COUNT=O - CONTINUE
JMP RBPEAT ;COUNT NOÌùZERO-REPEAT

; --------
;DETERMINE CAUSE OF TURN-OFF

;IP TURN-OFF CAUSED BY CURRENT

;OVERLOAD, INDICATE FAULT & ÍIAIT
; FOR S!,IITCH T0 BE TURNED OFF

t

MVI
SIM
IN
ANI
RRC

MOV

LDA
SUB
cNz

MOV

ANI
JNZ
MVI
OUT
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;DIRN REV

; COMPLEMENT

;SAVE IN E

;SAVEB&CREGS
;GET STATE OF

;PORT BÏTS
;r1r- REVERSE

;0R WITÍI OTHER BITS
;OUTPUT TO LED

;RESTORE B & C

;GET REQD DIRN

;SUB ÂCTUAL DIRN
;DIRNS SAME?

;N0 - GET n0T0R SPEED

;SUBTRACT SMIN

; ROTOR SPBED GREATER?

;YES - DETERMINE

;BRANCH PATH

;BRANCH TO TURN-OFF?

; YES

;N0-G0T0 TBEGINI

441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
tI62
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495

0217
021A
0214
02 iB
021C
021D
o21E

0220
0222
0223
0225
0226
0226
0229
0224
022D
022]B
0230
0233

0234
0236
0239
023C
o23C
023D
0238
02q1
0241

0242
0ilJ,2
0245
0246
0249
0248
024c
0248
024F
0251
0254

0256
0257
0257
0258
o25g
0258
o25C
o25E

ca26o2

7B
2F
5F
C5
DB2B

0608
BO

D32B
c1

3Aoo2B
91
cA3C02
7B
D603
DA4 1 02
7B

E680
czED02
c35E00

00
00
c341A2

C9

3Aoo2B
A7
c45702
3800
7D
c604
6F
D6F4
c26402
2EDO

c9

00
7D
D608
6F
D6DO

D26402

REV:

CHECK:

SAME

SAVE:

ADDR:

MOV

CMA

MOV

PUSH
IN

MVI
ORA

OUT

POP

ArE

B, BH

B
zBH
B

RDIRN
C

SAME

A,E
SMIN
SAVE
A'B

BOH

]NT5
BEGIN

JMP CHECK ; CHECK ROTOR SPEED

E'A
B
2B[I

LDA
SUB
JZ
M0v
SUI
JC
MOV

ANI
JNZ
JMP

NOP

NOP

JMP

RET

SAVE

;SUBROUTINE ADDR

;TEST REQD DIRN & ADJUST WORD

;ADDR ACCORDINGLY

,

LDA
ANA

JZ
MVI
M0v
ADI
MOV

SUI
JNZ
MVI

RBT

NOP

M0v
SUI
MOV

SUÏ
JNC

RDIRN
A

SUBT

00H
L

OF4H

RIGHT
L,0D0H

A

A,
A,
4H
L,

;GET DIRN BIT

; FORIIARD?

;YES - CONTINUE

;ADD 4 T0 L
; SAVE NElrr ADDR Ilù L

;ADDR WITHTN RANGE?

;N0 - LOAD CORRECT

;ADDR IN L

A'L
8H
L'A
ODOH

NIGHT

;SUBTRACT B FROM L

SUBT:

;ADDR }üITHIN RANGE?
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MVI L,0F1H ;N0 - LOAD CORRBCT

;ADDR ]N L
RET

NOP

RET

; --------
;SUBROUTINE FREQ

;DETERMINES THII OUTPUT FREQ REQII]NEMT

;BASED ON ROTOR SPEED, REQD SPEBD,

; & LINE CURRENT

t

496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
521+

525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550

o263
0264
0264
0265

0266
0266
0267
0268
0268
026E
026F
0270
oz7 I
0272
0273
027)t
0275
0278
027 Ã

o27B
o27B
027C
027D
o27D
o27E
o27F
0282
0283
0284
0287
O2BA
028A

028c
O 2BC
O28E

029 1

0294
O29LT

0296
0296

c9

00
c9

7A
93
DA7D02
cDgT02
03
OB

F5
F1

7B
BO

u7
D27802
O6FF
c9

00
c9

MOV

SUB

JC
CALL
INX
DCX

PUSH
POP

MOV

ADD
MOV

JNC
MVI
RET

A'D
B

NEGSL

SLIP
B
B

PS!'l
PSl.¡

A,E
B
B'A
RETN

B,OFFH

A'E
D

SLIP
B
B'A'
MIN
NEGFRE

0261 2BFi

7B
92
cD9702
90
47
DABAO2

c38c02

06o 3

D603
DA9402

c39602

o6o3

c9

RIGI{T:

FREQ:

RETN:

NEGSL:

MIN:

NEGFRE:

LESS:

EXIT:

NOP
RET

MOV

SUB
CALL
SUB
MOV

JC
JMP

SUI
JC

JMP

MVI

RET

;GET REQD SPEED

; (neQo-noroR) sPEED rN A

;POSITIVE SLIP?
; YES

;DUMMY INSTR

;DUMMY INSTR

;DUMI'IY INSTR

;DUl.{l'lY INSTR

;SLIP REQUIREMENT IN E

;OUTPUT FREQ REQUIREMT

;FREQ GREATER THAN MAX?

;YES-SET DEFAULT MAX=FFH

; DUM},ÍY INSTR

;NEGATIVE SLIP
; (ROTOR-REQD) SPEED ]N A

;DET SLIP REQL]IREMT

;REQD FRBQ, PUT IhI A

;.VE RESULTANT FREQ?

MVI B,3H ;YES-ASSIGN MIN

;FREQ VALUE (=3)

3II
LESS ;REQD FREQ LESS

;THAN MIN (=3)?
EXIT

B,3H ;YES-SET DEFAULT MIN

SUBROUTINE SLIP
DETERMINES THE +VE OR -VE SLIP REQUIREMT

0297 SLIP:
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; IS MAX SLIP REQD?

;YES-ASSIGN MAX SLIP
;VALUE TO A

;DUMMY INSTR

;ASSIGN SLIP PROPORTNAL

;TO THE ACCELERATN

;REQUÏREMT SUCH THAT

; LBSS THAN 1 1FI.

;MAX SLIP I!- GREATER

;THAN 1/4 RANGE

;DUMMY INSTR

;SAVE SLIP REQUIREMT IN B

;l'10V8 LINE CURRENT T0 A

;MAX CURRENT VALUE

; CURRENT LIMIT' EXCEEDED?

;DUMMY ]NSTR

;DUMMY INSTR

;DELAY VALUE

; DELAY

;YES - SET ZERO SLIP

;CURRENT LIMIT BAND

; CURRBNT LIM]TING REQD?

;DUMMY INSTR

;DUMMY INSTR

;DUMMY INSTR

;DBLAY VALUE

; DELAY

;NO CURRENT LIMITING REQD

551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
5TB
519
580
581
582
583
584
585
586
5BT
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605

0297
o29B
0 294
029D

029F
02A2
o2A5
0245
02A6
0247

O2AA
O 2AB
O2AB
O2AC

O2AD
O 2AF
o2B2
0283
0285
0287
O2BA
O2BB
0zBC
02BC
O2BD

O2BF
02c0
o2c1
02c3
02c6
02c7
02c8
02cA
o2cc
02cF
02D0
02D1
02D1

02D2
02D4
02D6
02D6
o2D7
O2DB
02D9
02DC

47
8607
CAA5O2

3E11

cc0000
c3AB02

78
1t'
1F

00

4T

79
D6?.F
D2BCO2
DO

3800
3Ei7
CDFBO2

7B
c9

IlF

3B 10

91
4F
E6FO
cAD102
c8
CB

3E00
3E 14

cDF802
7B
C9

D5

1 600
i E04

79
OF

4F
DAE2O2
00

MOV

ANI
JZ
MVI

cz
JMP

MOV

RAR

RAN

ANI

NOP

MOV

l{ov
SUI
JNC
RNC

MVI
MVI
CALL
MOV

RET

MOV

MVI
SUB

MOV

ANI

RZ

RZ

MVT

MVI
CALL
M0v
RET

MOV

RRC

MOV

JC
NOP

B'A
A,0c0H
ASSTGN

4, 11H

0000H
CURREN

02A8 E61F

ASSIGN:

CURREN:

LIMIT:

I'ÍULTI:

A,B

lFH

B,A
A'C
2FH
LIMIT

4,00H
4,17H
DELAY
A,E

OFOH

MULTT

4,00H
A, 14H
DELAY
A,E

A,C

,A
,10H

c
A

c
c A

JZ

PUSH D ;SAVE REQD & ACTUAL SPEEDS

,

;START 0F TWO 4-BIT llORD MULTIPLICATION -
;ACHIEVED BY REPEATED ADDITION PROCESS

;I.8. D = BXC

,

MVI ;SET L00P COUNT T0 4
D,00H
E,4H

MVI

C,
M2

A

;DUMMY INSTR

M1:
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606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
655
656
656
657
657

OzDD
O2DF

0282
02Ê2
0283
02E4
0285
0286
0286
0287
02E8
0289
O2EA
O2ED

O2EE
O2EF

02F0
0 2F'1

02F2
02!'lt
02i¡5
02F6
02F7

O2FB
O2FB
02F9
02FC

O2FD
O2FD
O2FF

M2

M3:

DELAY:

INT5:

INT6:

MVI
JMP

RNC

MOV

ADD
M0v

MOV

RLC
MOV

DCR

JNZ
MOV

RRC

nRc

MVI
JMP

3E00
caE602

DO

TA
80
5T

78
07
4T
1D

czD602
7A

OF

OF

E6OF
t+7

D1

7B
c9

3D
czvB02
ca

060 1

c37601

0600
c37601

.1A60584A

4858
4A846862
81 6B
624264?-6
6064

D

A

B

A

B
D

A

A,OOH ;DUMMY INSTR
M3

B'A
E

M1

A'D

8,00H
TOFF

OF

OF

;B-nrr RESULT oF

;MULTIPLICATN
;DIVIDE RESULT BY 16

; S0 THAT ANSI'¡ER IS
; ALIIAYS LESS THAN 1 1H .

RRC

RRC

ANI OFH ; l"fASK OUI' UNWANTBD H-BYTE
MOV B,A ;STORE ADJUSTED SLIP IN B

POP D ;RESTORED&EREGISTERS
MOv A,E
RET

; --------
;SUBROUTINE DELAY

;TOTAL DELAY TS GIVEN BY

iTD=[46 + 14(A-1)] STATES

,

DCR A

JNZ DBLAY
RET

,

;SERVICE ROUTINE FOR RST 5.5

MVI B,1H
JMP TOFF

;SERVICE ROUTINE FOR RST 6.5

0302
0302
o3o4

07D0
07D0
07D4
07D6
OTDA
07DC
07E0

;BIT PATTERN

,
ORG TDOH
DB 1AH , 60H , 58H , 4AIt , 48H , 5BH

DB 4AH ,84H, 68H ,62H , 81tJ, 68H

DB 62H,U2H,64H,26H,6oH,64H
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A
B

CAUSE
CURREN
DECR2

EXIT
GO

INT6
L
M

NEGSL

RDIRN
RIGHT
SLTP
START
TTME

0007
0000
OlBD
O2AB
o12C
0296
00F 1

0302
0005
0006
o27D
2800
026!t
0297
0040
011D

ADDR

BEGIN
CHANGE

D

E

H

LESS
MULTI
MIN
ON

REPEAT
SAME

SMIN
SUBT
TOFF

0242
005E
OODIl
0002
02F8
0003
0004
0294
02D 1

028A
01D7
01 78
o23C
0003
0257
01 76

ADJUST
BITA
CHECK

DECRM

DIRN
FOR!üD

HERE

LIM]T
M1

M3

PSW

RETN
SAVE
SP
TESTOP
l,¡AIT

01 E3
07F0
0226
0208
OOBB

01¡-0
00F6
O2BC
02D6
02E6
0006
o27B
024 1

0006
00E2
0065

71

ASSIGN
c
CONT

DECRl
DONE

FRBQ
ïl'lT5
LOOP

t42
NEGFRE
PTSAV
REV

SHYS
SPA

TEST

0245
000 1

00D4
0126
01 18
0266
O2FD

004 1

0282
02Bc
280?
0214
0010
2900
01 FA

658 o7E2 2690A486
658 o7E6 84Art
659 07EB 86489492
659 0780 4294
660 oTEE 9281981A
660 07F2 g09B
661
TOTAL ERRORS = 0

DB

DB

DB

END

26H, goH, 0A4H, 86H, Bl+H, 0A4H

86t,t, 4BFI, 94H, 92tI, 42u, 94H

92H , 81H , g8H , 1Alt , g0H , g8H

**fiiå*lllßllått?*i(iÊ|il(fi"1Ês**x*rß{.Érú* usER I S SYMBOL TABLE u**tf ***'*rf tÊ***tÉü.t¿**.xtÉtÉ¡rå¡**#

SYI'{BOL: "-VALUE SYMBOL: -VALUE SYMBOL: -VALUE SYMBOL: -VALUE
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DC-30 variable frequency static thyristor inverter circuit
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CHAPTER 5

C0NCLUSIONS on

The PRACTICAL COMMUTATI0N CInCUIT

The basic bhyristor commutation technique presented

in this thesis has proven to be reliable, efficient and vet'saLile.

The co¡¡mutating circuit,ry is simple, producing cÌreap, small and

Ii.ght inverter equipment. Simpì-e circuit nodifications enhance

Lhe basic features, improving output voltage regulation ' operation

f)"equency range and commutating efficiency, as discussed in

Chapter 2.

The versatiÌity and adaptability of, lhe thyriston

turn-off ci-rcuit have been illustnated by the novel a.e. triac

chopper circuit of Chapter 3 and lhe d.c.-three-phase inverter of

Chapter 4.

The unavoidable inherent problem of dynamic

bhyristor voJ-tage stressing can not be eliminated ' but only

reducecl bel-ov¡ the eritical- level. This limitation of high and

uncontrofled circuit re-applied dv,/dt stressing is not critical in

d.c. chopper applicalions, t'¡here a commutation failure may not be

fatal. But in a.c. and inverter circuit appì-ications a turn-off

failure vrilJ- generaiJ-y result in semieonducton device destructi-on,

since a shor"t circuiL across the supply results. In these
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situations proper snubber protection is therefore essential.

The inverber circuit employing t,he above

commutation technique has been shown bo be an iCeal vehicj-e for a

microprocessor-based controlled-slip induction moton drive.




