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Introduction

The digital computer is a very good tool for solving any kind of modelling
problems. With the development of the digital computers and computing
methods, the area of simulation has been extended over a wide range of
sciences. About 10 years, papers have been published on simulating power
semiconductor circuits. Some of these papers deal with the simulation of three-
phase thyristor bridge circuits. In this paper a very simple and systematic
method using the state-space method for the concerned problem is shown.
Some details of the program using this method are mentioned.

1. The circuit to be simulated

The circuit is seen in Fig. 1. The following assumptions are made: the
supply voltages are three-phase symmetrical sinusoidal voltages. The linkage
reactances and the resistances reduced on the secondary winding of the supply-
ing transformer are the same in the three phases. The loading impedance con-
sists of series inductance and resistance and parallel capacitance. The thyristors
(or diodes) are regarded as ideal switches. The firing angle of the thyristors
may be set arbitrarily (certainly under a reasonable limit). It is very important
that the program only simulates the state of the continuous conduction, when
the current is conducted by two or three semiconductors. On the other hand,
the aim of the program is only to simulate the relatively slow power circuit
transients, rather than the fast switching transients. Thus the integrating step
size is constant.
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2. The logic of the simulation and the state equations

Let us suppose that the semiconductors are thyristors with rather small
firing angle and the loading inductance is infinite. Then in quasi stationary
state the loading current is constant. If the transformer impedances are low,
then the course of the direct voltage is as seen in Fig. 2, between the thick
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lines. In the figure the conducting semiconductors are denoted. The (arbitrarily
chosen) numbers of the 12 conducting modes are also denoted. Considering the
conducting modes, it is seen that the state equations of only three circuits
need to be constructed, because in modes 2, 6, 10, in modes 4, 8, 12 and in the
modes numbered by odd numbers the configuration of the circuit is the same.

The state equations for the modes 2, 6 and 10 will be determined con-
sidering the circuit of mode 2 (see Fig. 3). The nonconducting thyristors are
drawn for facilitating the computation of the reverse voltages.
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The Kirchhoff voltage equations are the following:
Uy — Uy -+ RBib + LBﬂ — RBia _LB dla = O (1)
dt dt
. . di di . di
ua—uc_RB(za'i'lb)_LB(d: +_Ef')—'ud RBLa"'LB dta =10 (2)
ug = i,R + LI (3)
de
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The Kirchhoff current equation is:

. . . du

'l«a+lb“7'1,=_gt'd‘9 4
Disregarded the mathematical manipulations, the system of the state equa-
tions will be the following:

x = Ax + Bju (5)
denoting
. dx
= 6
== (6)
and
x = [ig 1y ip ug]” (7
u = {ua Uy uc]T (8)
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The superscript T denotes transposition.

By integrating numerically these state equations, the course of the vol-
tages and currents in mode 2 can be evaluated. The other voltages and currents
are expressed by the state variables as follows:

e = —(ig + 1) (1Y
Iy =it (12)
lg = ig -+ 1, — if (13)
Uy = Uy = U = 0 (14‘)
Upg = Upy = Uy = — Uge (15)
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During simulation, the sign of current i, is to be checked, because in case of
i, < 0 a mode change appears. After that the simulation is to be performed
using the state equations of the next mode (No. 3). In modes 6 and 10, the
same state equation system is valid, but the currents and voltages are to be
changed systematically. The assign of the different variables in modes 6 and
10 to the variables in mode 2 is seen in Table 1. The table allows to find out:
which variables in modes 6 and 10 correspond to the variables of mode 2.

Table 1
[ | Current to
Mode Supply voltages Currents Reverse voltages | be checked
2 u, u, e | i iy ic U U Uy Upg U U i,
Uy Ue a L) 3 ta Uz U3 Upy Urs Urs Yra )
. . . : .
10 U Uy Uy I Tq Iy | U Ur Upra Ug  Upg s I
i

The state equations for the modes 4, 6 and 12 will be determined consid-
ering the circuit of mode 12 (see Fig. 4).
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The non-conducting thyristors are drawn, too. In this case the Kirchhoff
equations need not to be written for constructing the state equations, since
the state equations of mode 12 can be written from the state equations of
mode 2 simply by changing signs and letters, The following changes are to be
made

u, - U, | (16)

yielding the following state equations:

x = A;x + Bau 17
where
x = [iy i ip ug]” -(18)
and
B 0 1
Lg 3Ly
0 - % 0 311;
B B
A, = & 1 (19)
0 0 - — —
L L
2111 0
- C C C R
I~ 1 2 1 7
3Ly 3Lg 3Lg
B L 1 2 20
8 3Lg 3Ly 3Ly -
0 0 0
| 0 0 0 _

The expressions of the other voltages and currents are:

ip = —(i + i) (21)
iy = —( + 1) (22)
iy = —(p + % + 1) (23)
Uy = Uy = U, =0 (24)

Upy = Upg = Ug = — Uy (25)
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During the simulation the sign of i, is to be checked, because in case of i, < 0
a mode change appears. Then the simulation is to be continued by integrating
the state equations of the next mode (No. 1). In modes 4 and 8 the same state
equation system is valid. The assign of the different variables to each other is
the same as in Table 1, except that in mode 4 7, while in mode 8 i_, has to
be checked.

The state equations for the odd-numbered modes will be determined
considering the circuit of mode 1 (see Fig. 5). The non-conducting semicon-
ductors are also drawn. The Kirchhoff equations are:
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di di
- — Lg—2 — Ryi, — uy — Lg—% — Rgi, =0 26
Ug = U By B d B, B (20)
ly = 0 (27)
. diy
ug = Ri;, + L— (28)
d L o
duy
— i, =C—= (29)
T dt
The state equation are:
x = Ax + Bu (30)

8%
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where x is the same as in Eq. (7) and

LS T S S
LB ~~B
0o 0 o0 0
A, = 31
2 0 o R 1 (31)
L L
1
o, X,
L C c B
1, -
2L, 2L,
B,=| 0 o o |. (32)
o 0 0
L0 o o

It is noted that the sizes of matrices A, and B, were not reduced in order
to obtain a simpler computer program. The expressions of the other voltages
and currents are:

ih =0 (33)
i = —i, (34)
i = i (35)
leg = lg — i . (36)
U = g =0 (37)

Upg = Uy = — Uy (38)

Uy = Uy — Uy T LB dla + RBia (39)

dt

ws = ey + Ly 2 + R (40)

t

During the simulation of sign of u,, is to be checked, because if u,, > 0 and
the firing condition is fulfilled, a mode change appears. Then the simulation
is to be continued by integrating the state equations of the next mode (No. 2).
In the other odd-numbered modes the same state equations are valid. The
assign of the variables to each other is seen in Table 2.
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Table 2
Reverse
Mode Supply voltages Currents Reverse voltages v:’;t]‘;%e
checked
1 u, u, U, i, i i, U s Uy Uy Uy Ug u.,
3 L Yrs B Uy Uiy B U Ury
5 u, u, u, |i i, i, Up Uz Uy Uy U Uy U
7 Uy ¥ i I, | ug e Mg Uy By Uy U
9 ¢ a W ic ia ib Ur3 U Yre Urg Yrs Urs Y
11 a [4 Uy ia iC ib Upy U3 Upe Ura Urg Urs Urg

3. Computer algorithm

The program using the concerned logic was prepared for the computer
RAZDAN-3 of the University Computing Centre. The input data of the pro-
gram are the following: the effective value of the supply voltage, the frequency,
the values of Ly, Rg, L, R, C, the phase angles of the supply voltage at zero
time, the firing angles of the thyristors with respect to the zero-crossing (in
case of diodes these are to be set to zero), the initial conducting condition of
the semiconductors, the initial values of the phase currents, of the current
on the loading inductance, of the voltage of the capacitance, finally the time
and the step size of simulation. During the simulation the currents of the semi-
conductors are checked, and if any of them is found to be negative, the pro-
gram gives an error message, because the operation of the circuit does not
correspond to continuous conduction. The integrating method is the fourth-
order Runge-Kutta method.

The advantage of the program is to be much faster, than any general
program simulating semiconductor circuits, e.g. [4]. It is noted that if the
circuit does not contain inductance or capacitance, then L = 0, Ly = 0 or
C = 0 must not be given among the input data, hecause the program will
stop with overflow. In this case L and Lz are to be given with values small enough
to keep the integration stable. Similarly R = 0 must not be given, because
then the integration will be unstable. In this case R has to be given with a
value small enough to keep the integration stable. It is not a very correct
solution, but the results are even so acceptable, because modelling the circuit
anyway involves inaccuracy.

4. Example

The circuit to be simulated has the following element-values: Uy = 220V,
Lg=1mH, R =01Q,L=5mH, R=1¢, C= 1000 pF. The simula-
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tion is started at the positive zero-crossing of the voltage of phase

“a”, and it
is terminated 40 msec later. The step size of integration is 0.1 msec. At start,
the semiconductors No 2 and 5 are assumed to be in conducting condition.
The initial voltage and currents are zeros. The simulation was performed in
two cases, first without any firing angle, and second with a firing angle of 30°
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measured from the natural commutation. The course of voltage u, in both cases
is seen in Fig. 6 in comparison with the course of voltage ud. The course of
current i; in both casesis seen in Fig. 7. The effect of the phase control is
clearly visible.

Summary

This paper deals with the digital computer simulation of three-phase thyristor bridge
circuits. The linkage reactance and the resistance of the supplying transformer are taken
into consideration. The load consists of elements R, L, C. The simulation is performed using
the state equations. Some details of the program using the algorithm are presented, and so
are computer results.
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