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Synopsis

The paper presents the computer aided design
(CAD) method, the program, the design and the experi-
mental results of inverse parallel thyristor phase-
control circuits. The calculated values agree well
with the measured. The CAD program contains the next
two methods which are ihquired carefully by authors,
such as (i) the optimization by SUMT (Sequential
Unconstrained Minimization Technique) method, and
(ii) the combined use of the gradient and the cramp
calculation methods. ‘

1. Introduction

Recently, the ac phase control circuit by phase retard adjustment
of inverse parallel thyristors has been used in various power control
systems or in a variefy of electric circuit configurations such as
series or parallel resonant circuit. Thyristor control circuit with
series RLC elements 1), and with series and parallel load 2) have
been already studied. It is pointed out that their circuit behaviors
are apt to become complicated, since the thyristor switching action is
sometimes influenced by LC resonance 3).

Therefore, the selection of circuit configuration and the decision
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of circuit constant values must be carried out based on the precise
analysis, because the control characteristics of voltage and current
etc., are affected extremely by a little deviation of circuit constant
values. In such design problems, an electronic computer with excellent
abilities of high-speed calculation and processing large data is very
useful for the correct and suitable circuit design.

The authors have tried to apply the Computer Aided Design (CAD)
method to the thyristor phase control circuit design. And the two
points on the application of-the CAD method are studied:

(i) The design of the thyristor phase control circuits is regarded to
be an optimization problem with constraints, and the optimization is
practiced by SUMT (Sequential Unconstrained Minimization Technigue)
method which uses Newton method in calculation.

(ii) As the Newton method can't be Applied to a convexity problem, the
defect is concealed by the combined use of the gradient and the cramp
methods.

In this paper, the CAD software, the design calculation, and the
experimental results of the thyristor phase control circuit are
described. The calculated values agree the experiments, and the use-
fulness of the CAD program is confirmed.

5)

2. Solution of optimization problem

In this chapter, the minimized (or optimized) method of mth
variables and the objective function f(x) are described.

2.1 SUMT method

SUMT (Sequential Unconstrained Minimization Technique) method is
one of the solution method of optimization under given conditions.
This SUMT method is based on the fact that the minimum value of the
new objective function Pk(x, rk) (rk +0), gained from the f(x),
converges to the limit value of fF(x) under the constraints of

gj(x) >0 (§=1,====m=m=m ,1) )

hj (x)
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Where Pk(m, rk) is

l - -
Prles 7p) = 70e) 4 my T Lo ()] Yy sz’i[ha’(;)]z (3)

(k=1, 2, ---, r1>r2>—-- + 0)
and r is a positive number called "perturbation parameter".
This optimization problem can be solved by calculating the minimum
value of Pk(x, rk) with Newton's method to k=1,2,---, in general.

2.2 Newton's method

The Newton's method is a minimizing method of the objective
function P(x), where P(x) is supposed as a convexity function. We put

x as x=(x1, x —-——, xm)t, and expand P(x) into higher power terms

21

Taylor's series near at x Ignoring the cubic term and the expanded

0!
P(xz) is written as follows;

. ez )t Livew 1oy (o
P(x) = Plx,) + (x-x,) "+ grad Plz)) + z(z-x,) U(x-x)) (4)
where
" 9P
a—xl- (11")
grad P(x) = ’
9P
T (z)
B atp 32P
4 2 dx, 2 X, ok
U= (uif) = | g (0| = | 1 S LT (5)
%74 3?p N~ 3%p
- Bxla dx_2 .
m m
If P(x) has minimum value in x=m(1), it is written as follows;
grad P(m(l)) = 0, (6)

(1)

Differentiating Eq.(4), and'setting x=x , the following equation

is obtained.
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-1
& =x,-U sgrad P(mo) . . (7)
Eq.(7) isn't always satisfied with Eq. (6) gained from P(z) approxi-
mated as Eq.(4). Therefore, in such a case, the minimization problem
can be solved till it becomes as follows; '
(n)) =0

grad Pi{x (8)

repeating next procedure;

Lt (%) (n),

- U-l-grad P (s . (9)

But, if P(x) isn't a convexity function in an region, it has not the
minimum value in the region. Where a convexity function must be con-
tent as follows;

Plz+ie) - P(x) > (Ax)° egrad P(z) . (10)

If Ax is very small and Eq. (4) is valid the condition of the convexity
function is written from Eq.(4) and (10) as follows;

(Ax) tu(az) > o . (11)

As this equation means that U=(uZj) is positive, it is necessary
that Di is decided whether plus or not.

N
11 777 Y14
Dp. = det . (12)

u

Y1 77T %51

(i=1,---, m)

When Newton's method can't be applied, (Di;O), other methods, need to
be used. Actually, it is found that the character of Pk(x, rk) is
improved rather in comparison with only f(z) by the effect of the
terms except f(w), that is, the penalty terms (r Z[g (x)] Tt

k- /2 Z[h ()]~ ) in the objective function shown by Eq (3). The action
of the penalty terms is the next two points.

(1) The constraints are added to the objective function.
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(ii) The form of the objective function is _improved to a convexity
form.

Newton's method (the second-order derivative method) has generally
the merit that it is possible to obtain the solution with a fewer
repeat times in comparison to the gradient method (the first-order
derivative method), but has the defect that it can not be minimized
except the convexity function. The defect is. onvercomed by the
action of the penalty terms and the treatment described in 3.2, so
the SUMT method of Newton's method is used in this CAD program.

3. Design program

Here, the outline of the general analytical program and the
design program made according to chap.2 are described, and the
procedure to gain x(n+l) from x(n) is explained.

3.1 Analytical method

This method uses the state variable method. The analytical
circuit is the inverse parallel thyristor phase control circuits with
RLC element in the series and parallel shown in Fig.l and modified
circuit removed any elements from the circuit shown in Fig.l . And,
therefore the 511 kinds of modified circuits removed any element from
the above circuit can be analyzed. It is the generality which the
circuits of 511 kinds can be analyzed. TheAprogram is composed of the
next two parts.

(i) The graphs of the circuits is drawn, and the normal differential
equation; ¥=4Y+Bu by means of the state variable, is induced.

(ii) The equation is solved
with Liocu's method, and Ri L G
the RMS values of voltage,

current and power, the Rz < Rz
power factor, the efficiency SCRz
and the distortion factor SCR, L L3
are given. E 2
; ; A TC  FGCs
In the analysis, Mode I is (25

thyristor conducting period

and Mode I is unconducting.
Fig.l Circuit's form.
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The flow-chart is shown in Fig.2. Where, this program is one of the

subroutine in the design program.

ENTRANCE

decision of 4, B
matrix and £, u«

vector.

search the initial value of
the mode I by the final

value of the mode I.

set the initial values.

_ \3
calculation %,
step 10°.

is the main current
under the holding o)
current?

(Does the wave mode
change?)

\I, YES
reset the initial value.

calculation t, step 17,

f

<:is main current smaller

than holding current?

YES

search the time when
the main current
changes into the
holding current.

Fig.2

calculation &£, step 1°,

is the angle beyond NO
the half cycle?

YES

is the value of £ after

the half cycle steady

compareing with the
initial value of the
mode I?

YES

calculation the
value of =
(instantaneous
value) every 1°
and memorize them.

search the
initial
value of
the mode I
by the
final wvalue
of mode II.

calculation the root-

mean-square value by
the instantaneous
value.

EXIT

General flow-chart for analytical program.
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Improvement of convergent calculation

As mentioned in Sect. 2.2, if Pk(m, rk) is not convex, Newton's

method can be not used. Accordingly, the convergent calcualtion

method is improved with the following treatment.

(1)

(i)

(a)

(b)

The maximum and minimum of the paremeter x, are decided with the
use of the gradient of Pk to xi,BPk/Bxi. This method is based on
the fact that the maximum (zZg<) and the minimum (xlwi) are

obtained from that the sign of aPk/axi(x(n))xapk/axi(x(n+1))

(n)

is negative when the minimum of Pk is hold between z . and

.(n+1)

© . . The flow-chart is shown in Fig.3.

When Di shown in Eqg.(12) is not positive, the next operation is
carried out in order to apply Newton's method.

When the maximum and the minimum described in (i) have been

(n+1)

already decided, x . is searched with the cramp method.

(n+1)

When the maximum and the minimum is not decided, z is

obtained with the gradient BPk/Bxi and asz/BxiZ. This is based

that supposing of xi>0, the solution is smaller than x.(n) in

. (n) . z
BPk/Bxi>0 and bigger than @, in BPk/axi<0'

When Bsz/axiZ;O, the varying ratio of z, is programed to enlarge so

that Pk is not convexity about L. The flow-chart is shown in Fig.4.

Sgi =

Pk . (n-1), %Pk . (1)
8_3:2 (m ) m (‘C )

xi=C”Zwi+xhgi)/2 ri=a x4 xi=xi/b
decision the change the
maximum and the maximum and the
minimum of x; minimum of z; |
a,b;CONST.
a>1 b>1

@)

Fig.3 Decision of maximum Fig.4 Operation when Newton's

and minimum. method can not be applicated.
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In Fig.3 and 4, ICHi=1 shows the decision of the maximum and the

minimum and ICHi#l shows not.
3.3 Numerical differentiation

The differential coefficient 3P,/3x,, BZPk/axiax3 is required
in optimizing. In CAD Pk(m, rk) is not always a integral function
and whether the derivative is gained or not is not made clear. So,
the difference equation is used. About 9P, /3, Bsz/amiz the next
approximate equation well known is used.

oP 1
__k_(w(n)) [Pk(x (n)’___, x.(n)+Am.,-—-, x (n))
dx . 2Ax . 1 v v m
1 1 .
- p e, M e, 2, M ng ey 2 () (13)
%Py 1 (n) (n) (n)
—L @'y = (P, (x, " e 2 Y b, e, 2 )
oz 2 (Ax.)2 K1 z L m
1 1 .
- 2Pk(x1(n),___, xi(n)’___, xm(n))
+ Pk(xl(”),---; xi(")-Axi,---. xm(n))] . (14)

In the both equations, the error is the order of (Ami)z, Bsz/axinj
(i#7) is gained as follows. Setting Cpd as Eq. (15),

Cpd = Pk(xl(n),———, xi(n)+Axi,—~—, xj(”)+ij,---, xﬁ(n))
+ Pk(xl(n),-—-, xi(n)—Axi}——-, xj(”)—ij,--f, xm(”))
- Pk(xl(n),___' xj(n)+Axi'__-' xj(ﬁ)_ij'___' xm(n))
- Pk(xl(n),——-, xi(n)—Axi,—--, xj(ﬁ)+ij,———, xm(”))

(15)

Cpd is expanded up to the third order terms, as Ax=max{[Axi|, Iijl}.

2
3 P]<

dx .ox ,
CE

Cpd = 4 Axiij + 0(Ax*) (16)
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START

read the

input data.

set the initial

NO

is the Pk’ <
convergerice?

NO

n=n+l

g (k)=x

(n+1)

values.
k =1
n =1
9P
n k
Pete™ e, 5ki(x(n)'rk
2
U, = ° Pk (x(n) r,)
iJ 5xi§xj "k
9P aP
_ k k
grad Pk_(sz—l_-_rgz_)
1 m
U=(uij)
(i

{ii)

k=k+1
rk=rk_1/15

n=1
o (1) (nt1)

get the uppe

the lower limit.

r and

decision x(n+1) ”(n+1)=x(n)
(the gradient -~ egrad p
and the cramp (the Newton's
methods) method)

get the Pk(x

(n+1)

Irk)

is the g(k-1Y
*q(k) convergence?

print
the results.

( sTorp )

YEszw

Fig.5 General flow-chart for design program.
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Where O(Az*) is the error of Ax" order. And Ami is as follows ;
Ax, = |xi1/1ooo (17)

Though x . is the value of the parameter, each z . can be changed to
the same order with a suitable transformation. Then, Ami;Amj' and
from Eg. (16)

32p cpd

k. (18)
9x . dx . 4Ax . Ax .
O] )

is gained. The error is about the order of Ax2?. The flow-chart of the

design program by means of the'above—mentioned methods is shown in

Fig.5. This design program can be applied to the circuit forms which

any element are omitted from the circuit shown in Fig.l. The input

data are as follows;

(i) The information which is needed in drawing the graphs of the
circuit.

(il) The initial values of the parameters.

4, Design values and experiment results of trial circuit

The formulation of the objective function when the above design
program is used, is described in this chapter. And the calculated
values are compared with the experimental values and the circuits
obtained from the design is discussed.

. . . . . 6
4.1 Formulation of objective function and design values

As an example of the design, the CAD of the circuit in Fig.6 is
executed satisfying the specification shown in Table 1. This circuit
is the figure that Cz, BZ, L2 and 03 are omitted in Fig.l and, Rg and

LS are loads, L} and C2 are filters. Where the phase control angle o,

L1 and 02 are parameters of optimization, and 7

The constraints are given as follows;

7 is constant 30.

Load power RL:

hl =R~ 265 = 0 . (19)
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g, = 300 - PL 20 (20)
gy = PL - 200 >0 (21)
RMS value EL of load volt:
hg = EL - 100 =0 (22)
gz = 120 - E’L >0 (23)
94.—_EL-70;0 (24)
R L
—ANV T 10° 1
30 X
R | 7
200 < Rs =
- EL
SCR: G Ls 2]
SCRy 50mH
E_ 000
0oV -
~ -
60Hz
1d -
Fig.6 Design circuit.
Table 2 Values of X, . and ng.‘ & : ‘
- repeat number
Khi | 0005 Fi 7 Convergence trace
Kia | 003 ig. onverg
Kg: | 400 of Pk(x, rk).
Kgz | 300
Ka3 60
Ka, 50
Kgs| 100 Table 1 Specifications.
Kgs| 100
Kg7 4
Kgg| 250 output power Pr (W) 265
Kgg| 750 output voltage (r.m.s) Ep (V) 100
Kgo| 500 power factor P.F. (%) | over 85
Kan| 500 efficienc (%) 80
Kan | 400 y n % over
K| 400 distortion factor D.F. less 1.0
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Load power factor =%
, (W)
gs = P.F. - 852> 0 (25) 3007
' EL

Efficiency : S0 o

1004 — - =0
gg=n-80 20 (26) 250 k=2

95.'
Distortion factor D.F.:

-0

901 % k=1
g, = 1.0 -D.F. 20 (27) 2007 o~ PL

854 --o--Fy
Elements <L1 ’ 02: » 1 1 — - — specification

| J
g, =L, 20 (28) 0 5. 10
: repeat number
gg = 200 - Ll 20 (29)
Fig.8 Convergence trace of

g =0, 20 (30) )
10 2 PL and EL.
gd47 = 200 - 02 20 (31)

Where the unit of Ll’ CZ
Phase control angle a{deg):

is mH and uF respectively.

'gyp = 180 = a 20 (32)

913=a-¢;0 (33)

Where o(deg) is the displacement angle of the load.

If these constraints is straightly substituted to Eq.{(3), the
effects of each equation to the objective function are different.
So introduction of the weight constants Khi and X : is need. The
objective function as Eq. (34) is induced with the modification of
Eg.(3). The values of Ky s and Kgi is shown in Table 2.

-1/2 2 s, a2 13 , -1
= AR + .
Py lz, 1) =1 jE]KhJ{ J(x)} rkjglng{ga(m)} - (34)

Where there is no term corresponding to f(x) of Eq.(3), because

0=48 (deg) as the initial value, L1=19(mH), 02=69(uF) and r1=5 are

introduced. The convergence trace to the repeat times of Pk(x, rk),
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PL and EL are shown in Fig.7 and Fig.8. The employed digital computer
was ACOS700 of the Okayama University Computer Center, and the used
CPU time was about 6 minites.

4.2 Experiment results of trial circuit

The experimental values
are shown in Table 3, com-
pared with the design values Table 3 Comparison of design
and characteristics calcu-
lated. It is clear that the

values with experimental values.

design values agree approxi-

3 : design experimental
mately with the experimental et D ltes
values. Though the experimen- Ry (@ 3.0 3.0

. . , o . .

tal value of the distortion Ry (@ 20:0 20.0

Ly (mH) 16.6 16.2

factor is not measured, the I; (mi) 50.0 50.0

distortion factor seems also €z (WF) | 103.7 103.8

b he f h a (deg) 17.0 17.0

agree, because the fact the 7 ) | 264.8 2604

instantanous values of Er, (V) | 100.3 99,7

JF. (2 . .

voltage and current agree, p.r. (%) 33.4 93.8

- n () 89.9 90.1

is confirmed by the general D.F. 0.318 —
analytical program 4) usea

here.

5. Conclusions

The CAD of inverse parallel thyristor phase control circuits and
the experimental results are described. The good agreement between
the design values and the experimental values is confirmed. This
result suggests that the CAD method is useful to the thyristor phase
control circuit with resonance elements.
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