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Analysis of a Thyristor Chopper Circuit of
Forced Commutation Type

By

Jird Umoro* and Osamu NAkaMURA*

(Received December 23, 1969)

In this paper, we investigate theoretically and experimentally a thyristor chopper
circuit of forced commutation type, which is named the oscillation circuit type chopper.
Considering the power source inductance and the internal resistances of circuit elements,
we analyze the chopper circuit strictly, compare the digital computation results with the
experimental ones and find numerically the optimum circuit conditions.

1. Introduction

As in recent years we can produce the thyristors of good characteristics and
big capacity, chopper circuits with the thyristors are used extensively as variable
d.c. power source, especially for speed control of d.c. motors?.

Thyristor chopper circuits are the ones which control the d.c. power that is
supplied to the load, by interrupting it by means of a thyristor. We can classify
the circuits into the self-commutation- and the forced-commutation-types. The
former is represented by the Morgan circuit®®, and the latter by the Jones circuit
and the oscillation circuit type chopper*®. As the Morgan circuit does not need
an auxiliary commutation thyristor, the trigger circuit can be simplified, but since
the on-time of the main thyristor is determined by the circuit constants, in the case
of the fixed repetition frequency, the on-time control is complicated. The Jones
circuit is stable for load fluctuations, but it has the defect that the saturable auto-
transformer conducts main current and so the optimum operating frequency becomes
low. On the other hand, the oscillation circuit has the advantages that the main
thyristor only conducts the main current, the circuit can operate till the relative
high frequency and it presents stable transient performances.

Now as strict analyses of the oscillation circuit type chopper have not been

does, in which are considered all the modes to appear in the circuit, in this paper

* Department of Electrical Engineering.
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considering the power source inductance and the internal resistance of every element,
etc. with respect to the thyristor chopper, we derive theoretically exact solutions of
the fundamental circuit equations, compare the digital computation results with
the experimental ones and discuss the characteristics of the circuit.

2. Theoretical Analysis
2.1 Working Modes

Fig. 1 shows a chopper circuit, which is called the oscillation circuit type
chopper. In this circuit,

I
Lo The L TH

= i c]

D2 L2

-—

£ —= b2 L
T v, Z\ot

i Tim

Fig. 1. Oscillation circuit type chopper.

Th1l and Th2: main and auxiliary commutation thyristors,
D1 and D2 : diodes,

L, : power source inductance,

L. : inductance,

L, and R : load inductance and resistance,

C : capacitance,

E : d.c. power source voliage,

v, and 7; : load voltage and current,

vc and ic : condenser voltage and current,

ip1 and ip; : currents through D1 and D 2.

Next Fig. 2 (a) to (h) illustrate every circuit mode, which the circuit in Fig. 1
gives. Namely
Mode I : Tk is gated on in the situation that C is charged positively, the
d.c. power is supplied to the load from the source and in this
duration the polarity of uc is reversed.
Mode II : oc is kept negative by D 2, and meanwhile the source is supplying
the power to the load through Tk1.
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Fig. 2. Situation of every circuit mode.

Mode II1 : Th2 is triggered, vc appears as inverse voltage across 74 1, hence
Th1 is turned off and C is charged positively again.

Mode IV : if in mode III u; decreases to zero and D 1 conducts the current,
mode IV comes about while i¢ is flowing. This mode exists in
the case, where the conductive portion in mode III becomes
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Fig. 3. Mode transitions and criteria.
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Mode V

Mode VI

Mode VII :

Mode VIII:
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oscillatory by Lo and C. In transition from mode III to IV,
ic can not drop to zero discontinuously due to L,. In this

interval, vc is higher than E.

: in consequence that vc is higher than E and the circuit oscillatory

by Lo and C, ic flows toward the source inversely. 7h2 turns
off because of its inverse voltage. At the end of this mode, oc

becomes lower than E.

: charging current i¢, which is going to flow once again, is checked

by D 2 and ic circulates through D 1 due to the existence of L.
in the case where Th1 is gated on in mode IV, V or VI, mode
VII presents itself as the transient state before moving to
mode I.

the situation that all thyristors and diodes are off.

Next, we show the mode transitions and the criteria in Fig. 3.

2.2

Fundamental Circuit Equations and Their Solutions

The fundamental differential equations for all circuit modes shown in Fig. 2

become as follows:

for mode I:

for mode I1:

for mode III:

diry

E=(Lo+ L) i +{(R+r1)ir1+76ip21,
AL
di M
vc1=LszD'2L+Tzl.Dzl+TsiL1,
t
tc1+ipa=0,
iD11=0,
dir, .
E=(L0+L1) dt +(R+r;)le,
tc2=0,
dvcs 2
C pr =0,
i012=0,
i022=0,
dirs .
E=(L0+L1) dt +(R+7‘a)lL3+vca,
iLs—iCa=0, (3)
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iD13=0,
1p23=0,
for mode IV :
E=Lo%§“+73ia—hibu+vm,
. di, ®
Rip o+ Ly a ¢ +74p14=0,
t
ipu+tice—i4=0,
1p24=0,
for mode V:
E=—(Ly+ L) dithzs —T4ip1s—Tsipas + Ucs,
iCsz c dz};t:s >
. )
RiLs+L1%+nims=0,
t
iCs+iDzs=0,
iDls—iDzs—iLs=0,
for mode VI:
(R+12)ize+ Ly d;“ =0,
t
iCs=0,
dvcs . (6)
C 7 =0,
iDlG_iL5=0,
1p26=0,
for mode VII:
E=1L, %(im —ion)-l- Tl(iu —iDu) —ridpir+ fsinu,
ier=C- 221
Rip,+ L, d:;t" +7dp17=0, . )]
ic1r+1ip2r=0,
ver=L, d;.‘;“ +TziDz7+Ts(iL7—iDn),

for mode VIII:
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iL5=0,

ics=0,

dvcs
c pr =0, 8

i01s=0,

iDzs = 0,
where
added suffixes 1 to 8: show the mode number,
T1=1Th1+TLo, r2=trhe+7pz+rc+7L2
rs=rrp2+7rLo+rc, T4=7p1,
rs=rp2t+Tiot+rc+7ri2, Ye=fFTh1,

rrm and rraz ;. internal resistance of Thl and Tkh2,

rpr and rp: : internal resistances of D1 and D 2,
rio and rz; : internal resistances of L, and L.,
rc . resistance for measurement of ic,

and after solving i.(¢) with the fundamental equations, the load voltage v.(¢) is
obtained by

di(t)
dt

() =L +RiL(t). | ' 9)

Next applying the Laplace transformation to the fundamental circuit equations
(1) to (8) and considering the mode changes illustrated in Fig.3 and the stage number,
the solutions of voltages and currents are given in the following matrix forms.

[20rn()] = [0, ()] + [Xo(8)] [0rs~], (10)

where

Lra(S)

icrn(s)

[wra(s)] =] vcrals)

1D1ra(S)

" \ip2rals)

[wre~°] ¢ initial value matrix of 1oy
first kind of [w.(f)],

r=1, 2, ...... , 8: mode number,

n=1,2, ... : stage number,

s: Laplace operator.
Then by applying the inverse Laplace transformation to Eq. (10), we have
[wra(8)] = [@A)] + [XA(£)] [wrs~"] 11)
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As it is troublesome to describe [¢,(t)]’s and [X,(t)]’s of all modes, let us show only

the theoretical results for the case of A <1 in mode III.

is given by
125(t) 1157°
ics(t) ics™°
ves(t) | = [@a()] + [Xs(D]] ves™® (12)
ip15(t) ip1a~°
1p23(t) ip23™° /,
where suffix r is omitted and
@15(t)
Pas(t)
[es()] =] @aalt)
0
0 % 12y
Xus(t) 0 Xias(t) 0< 0
X21a(t) 0 Xess(t) 0 O
[X:(8)] =] Xa1s(t) 0 Xsaa(t) 0 0
0 0 0 00
0 0 0 0 0/,
. . . . R+rs C . . e
in which for the case, in which A= ———— <1, namely the circuit is
2 Lo+ L,
oscillatory,
__E & 7
¢13(t)—L0+L1 T sin(wV1—2% £),

@23(t)=@1s(t) ,

¢3a(t)=E[] —6“"”{ , A

Iz

X11s(t) =&~ {cos(w/l —AZ ) —

Xa1s(t)=X115(t) ,
s—lvl
CoVl—2z

1
Lo}-l- L Il\/l —A2

K2as(t)=X133(t) ,

x:-us(t)=

E—ZM

Xxss(t) =—

Xssa(t) =&+ {cos(u\/l —A2 D)+

v=1/NC(L.+ L) .

sin(wVT—AZ £)+cos(VI —a2 t)] ,

sin(wVI—a% t),

sin(wWT—2%¢),

For mode I1I, Eq. (11)

A
JIi—a

—sin(VT—2% ¢) } ,

12y

ﬁsin(v*/l —A? t) } s
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In this connection,
oLs(t)= Li—; dl“(t) + Rizs(2)

LL—e-M{cos(mll—vm 7W+R/L‘sin( = t)}

L0+L1 \/1
. Li(R+rs) } — A
-0g-1v _ LA —2A2 _——
+1.57% t[{R Lt L cos(wV1 H+ Ny

Ll(R-l-fa) - 2L, . T 57
><{-R+ Y }sm(m/l N f)

aw—R/L:
s/lig

In the same way we can get [¢(¢)]’s and [X(£)]’s of the other modes.

sin(wV1 —aZ, t)}

+ 006 I LIL {—COS(V\/I —A? t)+

o+ La

(13)

Next the initial value matrix [w,,~°] can be determined by means of the analyt-

ical method of the periodically interrupted electric circuit of the third genus. Name-
ly from Eq. (11) and Fig. 4, where ¢’s (r=1,2, ...... , 7) express the duration
of the interval of the r-th mode, we can derive the following equations,
T .
)
2 [ ! §
: oo : |
’ | ] : | ! :
E I s :
: b 5 ; !
{ A : |
0 ; TR : :
e L e P e e 7 S JEIE S
t
Fig. 4. Duration of interval of each mode.
[wen= ) =[@r-1,n] + [Xr-1, 0] [@r-2,n] + [Xr-1, 0] [Xr-2, ] [@r-3,s] +......
...... -+ [xr—l, n] [Xr—z, n] creave [Xl, n] [X7, n—!] resana [Xr, n-—l] [wr, n—l—D] E)
[wr, n-—lJ = [¢r—1, n—l] + [Xr—l, n-—l] [¢r—2, n—I] ettt aeaes
...... + [Xn—-l. n-l] [Xr—z, n—l] [Xl, »—1] [X7, n—2] [xr, n-2] [wr, n-Z_D] (14)
[wr,2"°] =[@r-1,2] + [Xr-1,2] [@r-1 2] e rrre e e
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where
[wrT=[@r-1,1] + [Xr=1] [@r-2,1] + ..n... + [Xr-1,1] [Xr-2,1]... .. [X21] [w1:7],
[w1z"°] = [¢71] + [Xn] [(Pe1] + e + [Xu] [xs1] ...... [Xz1] [wu'°] s
[pie] =[oi(t;)],

14Y
[x¢s] = [%5(t0)1, (1

Therefore if we give numerically the initial value matrix of the first stage and the
first mode, we can calculate the numerical values of the voltages and currents at
an arbitary instant by using Eq.s (11) and (14).

3. Numerical Calculations and Experimental Results

As described in Section 2.2, we can numerically calculate the values of the
voltages and currents at an arbitrary time, when we give the numerical values of the
elements of [w:1,~°], namely the starting values of the voltages and currents. But
since the duration of each mode is affected by the magnitudes of voltages and cur-
rents, it is impossible to get theoretically the duration of each mode. So let us use
the iteration method, which is very practical for a digital computer. It is the
method, in which after providing numerically the elements of [w:..7°], at each calcu-
lation time step the criterion of a mode transition are checked, and if the criterion
is satisfied, the final values of every voltage and current in the mode are used as the
initial ones in the next mode, and if such a way is continued and every voltage and
current reach the state, which we can regard as the steady one, the numerical com-
putation is stopped. By this method the circuit in Fig. 1 can be simulated with a
digital computer, and we can numerically obtain the values of the voltages and
currents at an arbitary instant and for an arbitary circuit conditions. Fig. 5
illustrates the digital computer flow-chart.

Now we carry out the numerical calculations with the following combinations
of circuit parameters,

iy C=1~30 uF
Ly=0mH N
L,: parameter,
r.0=0 2,

ii) C=5 uF,
Li=0~40mH,
L,: parameter,
10 : depends on L,
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&

[ Read in initial values and circuit constants—'

t=0

i

Remain initial values of t=0

Criterion of mode

I?ompute VL), i), Veth, igth .etﬂ

Criterion of mode transition

yes

|

compute V(1) , i {!).etc. at transitional point and

substitute them to initial values of next mode

no

VOV AV (T < 0001,
li (0) =i, {(TV/i (T} | <0.001,

Fig. 5. Digital computer flow-chart.

where the values of the following quantities are assumed as constant, namely

E=50V, T=5ms, Ton=2ms,
R=50 2, L,=10mH, rrmn=1.7 0,
rrie=1.24, rc=0.59, ro=1.79

rp2=1.72 and r2=2.0 Q.
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Fig. 6. CQalculated waveforms of iz, v;, ic Fig. 6/. Experimental oscillograms of iy, vy,
and v¢ when C=5 yF, Ly=0mH, L;= ic and v¢c when C=5uF, L,=0mH,
100mH and r; =0 Q. L;=10mH and r;,=02.

Next we show several examples of numerical calculations in Fig.s 6, 7, 8 and
9, where
Fig. 6: C=5uF, Ly=0mH, Li=100mH, 7r.,=0¢,
Fig. 7: C=10xF, L,=0mH, 1=100mH, 7r,=02,
Fig. 8: C=5 uF, Lo=0mH, Li=20mH, rLo=0 2,
Fig. 9: C=5uF, Lo=10mH, L;=100mH, r,=1.9%.

Also in Fig.s 6/, 7, 8, and 9, we present the experimental oscillograms corresponding
to the calculated waveforms shown in Fig.s 6, 7, 8 and 9 respectively.
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Fig. 7. Calculated waveforms of i;, v;, ic Fig. 7. Experimental oscillograms of iy, vy,
and vec when C=10yF, Ly=0mH, L, ic and v¢ when C=10 yF, L,=0mH,
=100 mH and r;,=0 2. L;=100 mH and r;,=02.

4. Discussion

Comparing the waveforms by numerical calculations with onesfrom experimental
results, we see that both correspond very much as shown in Fig.s 6 to 9 and 6’ to 9'.
The results considering the internal resistance of each element present themselves
by the fact that in mode II the value of vc, decreases to about 40V, in modes I
and II v decreases very slightly and in modes IV, V and VI v, becomes negative.

Now in Fig.10 we show the calculated relations between the condenser capacity
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Fig. 8. Calculated waveforms of i;, vy, ic Fig. 8/. Experimental oscillograms of i;, vy,
and vc when C=5uF, Li=0mH, L,= ic and vc when C=5uF, Lo,=0mH,
20 mH and 7r;,=0 2. L;=20mH and r;,=0 2.

C and the duration ¢; of the mode III in the case where Lo=0. As the load voltage
waveform of an ideal chopper circuit should be a complete rectangular wave, we
must make ¢; as short as possible. As mode III is the one in which Tkl is
turned off, the following condition must be satisfied to make turn-off of Tk 1

possible, namely
A=ty (15)

where
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Fig. 9. Calculated waveforms of i;, vr, ic, v¢ Fig. 9’. Experimental oscillograms of i;, v;,
and ip; when C=5uF, Ly=10mH, L, ic, vc and ip; when C=5uF, L,=10
=100 mH and r;,=1.9 2. mH, L;=100mH and r;,=1.9 2.

torr : the turn-off time of 771,

15y
4t : see Fig. 11. (13)

In the figures, vci and vew are the initial and peak values, respectively, of vc in a
stage.
On the other hand, from Fig. 10 we can find that {s increases when C does

and also it varies with L;. From numerical calculation results we arrive at a relation
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Fig. 10. Relations of #; vs. C.
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Fig. 11.

4t
vc-t curve.

that ¢ is about twice 4¢, accordingly by the characteristic curves in Fug. 10 we

can determine the values of L, and C which makes ¢; shortest in the range, in

which Eq. (15) is satisfied.

In this connection, the condition of A <1 must be

satisfied, because in the case of A =1 mode VI doesn’t exist.
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Now we show the calculated relations of the average load voltage V. and cur-
rent I vs. C in Fig.s 12 and 13 respectively. According to those figures, both V.
and I increase when L, and C do, because the larger C is, the larger ¢s and so V.

44

16 ) [ L P | P B | M|
[o} 4 8 12 16 20 24 28 32

C (UF)
Fig. 12. Relations of V vs. C.

0.9(

I (A)

0.3 1 i L i L I L | i 1 L | 1 1 [
4 8 12 16 20 24 28 32

C (NF)
Fig. 13. Relations of I, vs. C.
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and I, become and the larger L, is, the larger vcs*® therefore V. becomes, and if
L, increases, the increment of 75 becomes larger than the decrements of i1, and iz
and therefore I, increases. If the waveform of vz is ideal, it is satisfied theoretically
that V. =20V, where V. is given by the following conventional and simple relation,

Vi=ET,/T. (16)

However the practical values of ¥, and I. must be acquired from Fig. 12 and
Fig. 13.

O
100
|/ Lo=40mH
90
- L 20
=~ 80 '
§ 10
>
70 )
2
60
50 N 1 1 | i 1 " 1 1 |
o] 40 80 120 160 200
Li (mH)
{a) Vem-Li
50
Lo=2mH
40
i 5
>
= 30 )
O
> 15
20
20+
r 40
10k
0 | i i I i | : | { 1
o] 40 80 120 160 200
Li {mH)
{(b) Veci-Li

Fig. 14. Relations of v.,, and z;; vs. L.
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Next, when the source consists of transformer and rectifiers, we can not avoid
containing inductance in the power source, and the waveforms of the voltages and
currents in such a case are shown in Fig. 9 and Fig.9’. According to the figures,
when L, is contained, the initial inclination of z; in mode I is not so sharp
and an oscillatory phenomenon due to L, and C appears upon the waveform of
ve. Then we show the quantitative relations between L, and v.m, and L: and v.;
in Fig.14 (a) and (b) respectively. According to Fig. 14, v. increases and v.:
decreases when Lo increases, and concerning L, the tendency is most remarkable
near about 20mH because of the resonance of L, and C, though the value is a little
changed by the value of C. Moreover the inversed voltage of Th 1 must be higher
than vcm, and as v.; decreases with the increase of Lo, commutating failures may be
sometimes induced unless enough charging voltage is given. In order to prevent
them, we must adopt the means of using a thyristor instead of D 1 or connect large

smoothing condensers to the power source.

5. Conclusion

In this paper, we have performed strict analysis about the oscillation circuit
type chopper, investigated numerically and experimentally under various circuit
conditions, obtained the various useful results of optimum circuit conditions and

others as previously described and given several guides for chopper circuit designs.
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