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A COKPLETE IIODELLINC OF TEE SERIES-RESOBAUT COUVERTER IN Z . C . S .  08 MODE 

.Lir" 13-1691W 

P. Kuo-paq, I. CbLron uad B. P i w t .  

b b o r a t o i r e  d 'Electrotechnique et d 'Electronique I n d u s t r i e l l e ,  France. 

I n  most cases, t h e  ser ies-resonant  conver te r  is equipped with 
snubbers t o  reduce swi tch ing  l o s s e s .  These a u x i l i a r y  c i r c u i t s ,  which 
lead  t o  an increase  of t h e  c i r c u i t  order, a l s o  fundanenta l ly  modify t h e  
operat ion and t h e  c h a r a c t e r i s t i c s  of  t h e  ser ies - resonant  converter .  
This  paper p r e s e n t s  a complete model l ing of non-revers ib le  series- 
resonant  conver te rs  opera t ing  i n  t h y r i s t o r  mode (Z.C.S.) equipped with 
snubbers both on t h e  i n v e r t e r  s i d e  (inductors) and on t h e  rectifier s i d e  
( c a p a c i t o r s ) .  Based on t h e  r e p r e s e n t a t i o n  o f  t h e  state plane ,  t h i s  
a n a l y t i c a l  s t u d y  c h a r a c t e r i z e s  t h e  s t e a d y  state o p e r a t i o n  o f  t h e  
conver te r  and determines t h e  main component stresses. The r e s u l t s  of 
t h e s e  a n a l y t i c a l  s t u d i e s  a r e  i n t e g r a t e d  i n t o  a s o f t w a r e  which 
e o n s t i t u t e s  a powerful t o o l  t o  design t h e  converter .  

Itcvwards. Series-resonant converter,  aodel l ing,  snubbers, s ta te -p lane .  

I n  t h e  numerous bibl iography about series- 
resonant  c o n v e r t e r  (1-51, t h e  snubbers  are 
u s u a l l y  neglec ted  or taken i n t o  account i n  an 
incomplete manner ( 6 ) .  After  t h e  presenta t ion  
o f  t h e  complete s tudy  o f  t h i s  conver te r  i n  
Z.V.S. mode (51, t h i s  paper focuses  on t h e  
c o n v e r t e r  o p e r a t i o n  i n  Z.C.S. mode. The 
s t r u c t u r e  of t h i s  converter  is ind ica ted  i n  
Pig.1. It is mainly composed of  a vol tage  
i n v e r t e r  and a d iode  r e c t i f i e r  connected 
through a resonant  c i r c u i t  and a transformer. 
The i n v e r t e r  requires turn-on c o n t r o l l e d  
swi tches  which turn-off  spontaneously a t  t h e  
c u r r e n t  zero-crossing. These switches, which 
can be e f f e c t i v e l y  some t h y r i s t o r s  i n  high 
power and low frequency a p p l i c a t i o n s  are 
represented  by t h y r i s t o r s .  I n  o rder  t o  reduce 
s w i t c h i n g  l o s s e s ,  i n d u c t o r s  a r e  series- 
connected with t h e  switches of  t h e  i n v e r t e r  
and c a p a c i t o r s  are connected i n  p a r a l l e l  
manner a c r o s s  t h e  diodes of t h e  r e c t i f i e r .  
These c a p a c i t o r s  a l s o  can r e p r e s e n t  t h e  
p a r a s i t i c  c a p a c i t a n c e  o f  t h e  secondary  
winding of t h e  transformer. 

4 

I 

Pig.1: s t r u c t u r e  of t h e  converter  

NWATION. N-IZED QUANTITIES 

C resonant  capac i tor ,  
L resonant  inductor,  
1, snubber inductor  of the  inver te r ,  

iZj snubber capac i tor  of t h e  r e c t i f i e r ,  
equiva len t  inductor  represent ing t h e  
snubbers of t h e  inver te r  during its 
commutation, 

snubbers of t h e  r e c t i f i e r  during its 
commutation, 

c i r c u i t ,  

C2 equiva len t  capac i tor  represent ing t h e  

f, n a t u r a l  frequency of t h e  resonant 

f, frequency operat ion,  

0 1993 The European Power Electronics Association 

E, input vol tage.  
E, output  vol tage,  
5 c u r r e n t  i n  the reaonant c i r c u i t ,  
I, DC output  cur ren t ,  
ve vol tage  a c r o s s  t h e  resonant  capaci tor .  : 
k t u r n s  r a t i o  o f  t h e  t ransformer.  

In a d d i t i o n  t o  t h e s e  nota t ions ,  t h e  var ious  
a n a l y t i c  s t u d i e s  o f  t h e  s e r i e s - r e s o n a n t  
c o n v e r t e r  exposed i n  t h i s  p a p e r  u s e  t h e  
following normalised u n i t s  : 

1 normalized c u r r e n t  i n  t h e  
7 resonant  c i r c u i t  

k1z normalized average load 
yavg = 

normalized v o l t a g e  a c r o s s  
t h e  c a p a c i t o r  C ,  

normalized load vol tage,  

x - 5  
E1 

E2 
9 - 6  

t normalized snubber  inductor  
4 c - i  of t h e  i n v e r t e r ,  

k2C2 normalized snubber c a p a c i t o r  
o f  t h e  r e c t i f i e r ,  

normalized frequency of 

a2  - - 
f0 opera t ion .  

with 
fo - - 

2 x f i z F  

This  system o f  b a s e  u n i t s  l e a d s  t o  t h e  
d e r i v a t i o n  of dimens ionless  e q u a t i o n s  t h a t  
c h a r a c t e r i z e  a s t r u c t u r e  i n s t e a d  o f  a 
p a r t i c u l a r  c i r c u i t  - 
In t h i s  paper ,  Funct ion  Atan2(x)  is t h e  
funct ion Arctg(x)  with value l y i n g  between 0 
and x .  

The s tudy  of  t h e  c o n v e r t e r  is c a r r i e d  out  
under t h e  fo l lowing  assumptions : 
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- the transformer is ideal and has a 1:l 
- the switches are ideal in that they 

- the DC voltages is supposed perfect, - the losses in the passive components are 

ratio. 

commutate instantaneously, 

negligible. 

sTIIDmc Icemoo 

Under these assumptions, the study of the 
series-resonant converter reduces to the 
study of the response of a series-resonant 
network connected on one side to a voltage 
source V - f El of frequency f, and on the 
other side to a voltage source v, - f E, in 
phase with the current in the resonant 
circuit. This study is greatly facilitated by 
using the state plane representation (2 and 
3). This analytico-graphical method, based on 
an exact graphical representation for steady 
state as well as transiently, avoids writing 
time equations of the system and allows 
straight deduction of the relations which 
characterize the operation of mode being 
studied. 

However, taking the snubbers of the converter 
into account, specially the snubber of the 
rectifier, leads to characterize three modes 
of operation : - N o r m 1  operation, characterized by the 
fact that the thyristors are turned-on after 
the end of the rectifier commutation. Short- 
circuit operation is a particular case of the 
normal operation. - secondary operation. characterized by 
the fact that the rectifier commutation ends 
after the inverter commutation has been 
completed. No-load operation is a particular 
case of the secondary operation. - criss-cross region of operation in which 
the rectifier commutation ends during the 
commutation of the inverter. 

In that case, the state plane analysis is 
possible, though only the quantities related 
to a single resonant network can be drawn in 
the same state plane. Thus in order to carry 
out this study, several stat- planes should 
be used, one to show the or.eration between 
commutations and the others to represent the 
commutations. Nevertheless, it will be shown 
that it is possible to determine appropriate 
formula allowing the passage from one state 
plane to the other one. 

In this paper, owing to the symmetry of the 
operation of the converter, only the positive 
half-wave of the current is represented in 
the state plane. 

MODELLING THE SERIES-RESONANT CONVERTER IN 
Z.C.S. ldoDE 

The structure of the converter is indicated 
in Fig.1. Let : 

I . r  -- T -  ' a* 
G, c 

c2 + c 

Normal operation 

Representation in the stat. plane. The nonnal 
operation is characterized by the series of 

d e s  indicated in Fig.2. Let : 

node 1, represents the commutation of the 
rectifier. It is initiated by the zero 
crossing of the current in the resonant 
network. This mode takes end when the 
capacitor C, is reverse biased. node 3 
corresponds to the commutation of the 
inverter and it is initiated by the control 
signal. This mode ends at the zero crossing 
of the current in the inverter diodes. 

I 

D 

1 I 
Fig.2: Sequence of modes in normal operation 

According to Thevenin's theorem, equivalent 
circuit representins the commutation of the 
inverter (&des 3) A n  be reduce to a second 
order circuit. 
Taking the previous remarks into account, the 
state plane of the normal operation is shown 
in Fig.3. 

I 

D 

I I 

I I 
Fig.3: Representation in the state plane. 
Normal operation 

81. and 0; are respectively the normalized 
commutation times of the rectifier and of the 
inverter. 
%*,& and 0,' correspond to the conduction 
times of the inverter diodes ; 0; and 04, 
those of the thyristors. 

The transformation rules allowing the passage 
from the state plane (X' ,Y' )  to the state 
plane (Xc,Yc)  are given by the following 
equations: 

before the commutation of the rectifier 
(11) x * =  XL - q 

Y* = kiYC (12) 
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after t h e  commutation of t h e  r e c t i f i e r  
(131 

Y' - kzYe ( 1 4 )  

x' - xc (151 
Y' - keYC (16) 

X.- xt + q 

and those bstueen t h e  a t a t e  plane (x(,Ye) and 
t h e  a t a t e  p lane  (f.Y-1 are given by : 

The diacont inuous  conduction d e  occurs  uhen 
t h e  p o i n t  M1 of t h e  state plane (Fig.31 is 
loca ted  on X-axis. Daring t h i s  mode, vo l tage  
v and c u r r e n t  j are f rozen  u n t i l  t h e  
t h g y e r i n g  o f  the t h y r i s t o r s .  

S t a t e  p l w  m r l y a i a .  The key r e l a t i o n s h i p s  
t h a t  f u l l y  d e t e r r i n e  t h e  s t a t e  p l a n e  
t r a j e c t o r i e s  are : 

(Xs.+l)' - (xl*+l)z+Yl*z (17) 
(XZ+l+ql~+Y2~ - (Xl+l+q)'+Y,' (18) 

(19) t i + q )  z+Y4a - (x;+ql ' + Y P  

(X'-l+q)'+Y'z - (X,-l+ql' (201 

T h e  vo l tage  v a r i a t i o n  acroas  t h e  capac i tor  G2 
d u r i n g  t h e  commutation of  t h e  r e c t i f i e r  is 
given by : 

XI'-Xo* - 2q(l+az) (21) 

R e l a t i o n s  (11) t o  (21) enable  t o  w r i t e  a11 
t h e  coord ina tes  i n  fonct ion of  q, 5. at, ez 
and e; : 

Xo. - -%-q (221 
X1. - q(l+2azl-% (231 

~1.' - 4q(l+a2) txcqaz-1) (241 
X t  - 2qaz-xI (25) 
Yz2 - 4qat(Xm-qaz-11 (26) 
xl-a'- -i-q+(%+q+i)cosez+rz sin82 (27) 
Y3 = - (xt+q+l) s inez  +yZ cotez (28) 
Y; = key1 (29) 
x;- xc - -q+ (a'+q) c ~ ~ e 3 ' + ~ 4 ' ~ i ~ l *  (30) 
Y; - - (xl-+q) sin&.+Y;cos@; (31) 

yr 
kr! (321 

Angle % is incremented u n t i l  t h e  s t e a d y  
s ta te  o p e r a t i o n  is reached  (X, - X.1 . 
Commutation angle  0,' is c a l c u l a t e d  a t  t h e  
c u r r e n t  z e r o - c r o s s i n g  of t h e  i n v e r t e r ' s  
d iodes .  
The f lowchart  ind ica ted  i n  Fig.6a. summarizes 
t h e  c a l c u l a t i o n  method of  a11 the  coordinates  
of t h e  state plane shown i n  Fig.3. 

The normal ized  frequency of  o p e r a t i o n  is 
def ined  by: 

where 

B1*=x-Atan2 &-) 
X l ' + l  

e,= Atan2 (a) x'- l + q  

(33)  

(34) 

(351 

h a n d  0; are n u m e r i c a l l y  c a l c u l a t e d  
according t o  t h e  laethod presented i n  Fig.6a. 

The normalized average load cur ren t  is given 
by : 

(36) 2u (%-qat) 
Y.YP. - 

I 

U o r m a l  o p e n t i o n  l i m i t . .  Mathemat ica l  
r e l a t i o n s  (171 t o  (36) enable us  t o  study t h e  
normal o p e r a t i o n  in s t e a d y  state of  t h e  
conver te r .  However it is necessary t o  d e f i n e  

t h e i r  appl ica t ion  ranges corresponding t o  t h e  
sequence o f  modes shown i n  Fig.4 and def ined 
by t h e  fol lowing r e l a t i o n s  : 

xo- s XI* (371 
(38) Y, 2 0 

x 2 s x 1  (391 
The e q u a l i t y  of r e l a t i o n s  (37) and (38) 
correspond r e s p e c t i v e l y  t o  t h e  s h o r t - c i r c u i t  
o p e r a t i o n  o f  t h e  c o n v e r t e r  and  t o  t h e  
boundaries locus o f  t h e  c r i t i ca l  opera t ion  
( l i m i t  between cont inuous  and d iscont inuous  
conduct ion  modes of o p e r a t i o n  o f  t h e  
converter)  . These r e l a t i o n s  can be  expressed 
as funct ions of  q, X., and a2 t 

a - 0  (401 . .  

( 4 1 )  

The e q u a l i t y  o f  r e l a t i o n  (39) represents  t h e  
boundaries  l o c u s  of t h e  normal opera t ion .  
This c o n s t r a i n t  is c a l c u l a t e d  numerically. 

An exemple o f  t h e  o p e r a t i n g  a r e a  of  t h e  
conver te r  i n  t h e  p l a n e  q(&) is shown i n  
Fig.9. 

R a p r e a e n t a t i o n  in the a t a t .  p l a n e .  The 
secondary o p e r a t i o n  is r e p r e s e n t e d  by t h e  
sequence of  modes i n d i c a t e d  i n  Fig.4. I n  
addi t ion  t o  r e l a t i o n s  (6) t o  (10) let : 

(43) X.. % 
E1 

Mode 2 r e p r e s e n t s  t h e  commutation of  t h e  
i n v e r t e r  and it i a  i n i t i a t e d  by t h e  c o n t r o l  
s i g n a l  which is t r i g g e r e d  b e f o r e  t h e  end of  
t h e  commutation of  t h e  r e c t i f i e r  (modes 1, 2 
and 3).  

I 
Fiq.4: Sequence of modes i n  secondary 
opera t ion  

In t h e  l i g h t  of remarks made i n  t h e  foregoing 
paragraph, t h e  secondary  o p e r a t i o n  can be 
drawn i n  t h e  s t a t e  p lane  (Fig.5). 

81' and ez" are t h e  conduct ion angles  of the  
i n v e r t e r  diodes,  and he, &' and e, those  
of  t h e  t h y r i s t o r s .  81'. @z" and 'b* 
correspond t o  t h e  commutation angles  of t h e  
r e c t i f i e r ,  and &", t h a t  of t h e  inver te r .  

The t ransformation r u l e s  a l lowing t h e  passage 
from t h e  state p l a n e  (X',Y') t o  t h e  s t a t e  
plane (Q,Yc) are given  by t h e  r e l a t i o n s  (11) 
t o  (14) and t h o s e  between t h e  state plane 
(X",Y") and state p lane  (X'.Y') are given by 
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(44 )  x*- - x' 
Y.' - UY' (45 )  

The discontinuous conduction mode occurs when 
the point Mi* (Fig.5) is located on X-axis. 

~ 

ye 'YY-  

w/- . *w* 
I ,  

Fig.5: Representation in the state plane. 
Secondary operation 

Stat- plan. a n a l p i a .  The main relations that 
enable us to determine the whole trajectory 
in the state plane are : 

(xo*+i)' - (x1'+i)'+r1*' (461 

x2-.Z+r2*-2 - xl*"+yld (47) 
(X..-l) 2+Y,'2 - (Xs'-l) ztYs.2 

(Xc-l+q)'+Ys' - (X7-l+q)2 (491 
(48) 

The voltage variation across the capacitor G, 
during the commutation of the rectifier is 
given by : 

XS'-XO' - 2q(l+a2) (50) 

Relations (44) to (501 enable to write all 
the coordinates in fonction of q, h. a,, 81. 
and e," : 

(51) 
X; - x,"- -i+(iq-x.) (52) 

xo- - -&-q 
~1.' - (-l+q+x.) sinel* (53) 

y4*- c (57) 

xs" q(l+Za,) -x. (58) 

Ys*2- (X4*-l)2+y4'Z- (Xs*-l)' (59) 

yr- Lsl 

Y2.. - kCY1. (541 
x;'- x,*- ~2**Co se2.-+rZ.-s in&'- (55) 
~1'- r,"cos82"--x2'hineI'. ( 5 6 )  

kc 

(60) 

(61) 

x p  xs--q 

kz 
81' is incremented until the steady state 
operation is reached (X, - X,,). Commutation 
angle is calculated at the current zero- 
crossing of the inverter's diodes. 

The flowchart indicated in Fig.Cb, summarizes 
the calculation method of all the coordinates 
of the state plane shown in Fig.5. 

The normalized frequency of operation is 
defined by: 

A 
U '  (62) 8"+k&-+g+& 

kz kz kz 
where 

e,= AtanZ (A) Xc-l+q 
81' and e2+ are numerically calculated 
according to the lmthod Presented in Fig.6b. 
The normalized average load current is always 
given by relation (36). 

secondary operation limit.. As for the normal 
operation, the application field of the 
mathematical relations above-stated must be 
defined and therefore, the following 
relations have to be checked : 

(651 xo' s XI. 
(66) rl'T o 
( 6 7 )  4' s XI. 

X6 s x7 (68) 
Relations (65) to (67) respectively mean that 
the thyristors are triggered after the 
current zero crossing in the resonant tank, 
that the converter is in a continuous 
conduction mode, and that the rectifier ends 
its commutation after the inverter one. The 
equality of relation (681 reflects the no 
load-operation of the converter. The limit 
loci associated with Eqs. (65). (66) and ( 6 8 )  
are respectively defined by : 

x. = -kz2q2a~+2q-2 
kz2 (1-q) -2 

(71) & - qaz 
The equality of relation (67) is calculated 
numerically. 

An exemple of the operating area of the 
converter in the plane q(Xm1 is shown in 
Fig.9. 

r 4 . G  I 

t 

a) Normal 
operation 

I.I 
b) Secondary 
operat ion 

Lg.6: Calculation algorithm of the 
>ordinates of the state plane 
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h p r - s m t a t i o n  in the stat- p l w .  The criss- 
c r o s s  reg ion  o f  opcra t ion  is CharacCerized by 
t h e  fact t h a t  t h e  rectifier colmutation ends 
d u r i n g  t h e  i n v e r t e r  one. The equ iva len t  
c i r c u i t s  of each  sequence is i nd ica t ed  i n  
Fig.7. Sequences 1 and 2. correspond t o  t h e  
c o m u t a t i o n  of t h e  rectifier, and sequences 2 
and 3, those  of t h e  inver te r .  

39.7: Sequence of  modes i n  c r i ss -c ross  
ope ra t  ion  

As f o r  t h e  o t h e r  operations,  t h e  c r i ss -c ross  
ope ra t ion  i s  drawn i n  seve ra l  s t a t e  p lanes  
(Fig.8) - 
The transformation r u l e s  allowing t h e  passage 
from t h e  state p lane  (X**,Y**) t o  t h e  s t a t e  
p l a n e  (X',Y') are given  by ( 4 4 )  and (45) .  
those  between t h e  state p lane  (X',Y') and t h e  
state p lane  (x(,Ye) are g iven  by r e l a t i o n s  
(11) t o  (14). those  between t h e  s t a t e  plane 
(Xc,Ye) and t h e  state p lane  (X'.Y') are given 
by (15) and (16) and f i n a l l y ,  those  between 
t h e  state p lane  (X",Y") and t h e  s t a t e  plane 
(X',Y') are s iven  by : 

(72) 
(731 

I 
Fiq.8: Representation i n  t h e  s t a t e  plane. 
Criss-cross opera t ion  

81' ,%* and 0; a r e  t h e  conduction angles  of 
t h e  i n v e r t e r  d iodes ,  and %**, e; and &,  
t h o s e  of t h e  t h y r i s t o r s .  &" and 81' 
correspond t o  t h e  comnutation angle  of t h e  
r e c t i f i e r ,  and ei' and e,' t h o s e  of  t h e  
i n v e r t e r .  

S t a t e  p l a n e  a n a l y s i s .  The t r a j e c t o r y  i n  t h e  
s t a t e  p l ane  is completely determined by t h e  
following main r e l a t i o n s  : 

( X O ' + l ) '  - (X1*+1)2+Yl*z (74)  

(x6-l+q)2+Y" - (x,-l+q)* (77) 

The transformation r u l e s  between state p lanes  
above-s ta ted  and  r e l a t i o n s  (74) t o  (77) 
enable  t o  w r i t e  a l l  t h e  coord ina te s  of t h e  
s t a t e  p lane  i n  func t ion  of x., q, e l* ,  Cc 
and %* i 

xo - -q-q (78) 
xl* - xz0- -I+ cosel' (791 
y1.l - (-l+q+x.) sine1* 1801 

X;-XC - -qt(xl-+q) ws%*tr/sine; (86) 

Y;- - ( i + s )  sin8;+Y4'cos8; (87) 

y'- XL 
kz (88) 

@I' is incremented  u n t i l  t h e  s t e a d y  s t a t e  
opera t ion  is reached (X, = Commutation 
angle  h", is c a l c u l a t e d  when t h e  capac i to r  
cz vo l t age  becontes e q u a l  t o  t h e  OC ou tpu t  
vo l tage  q. e; is c a l c u l a t e d  a t  t h e  cu r ren t  
zero-crossing o f  t h e  i n v e r t e r  diodes.  

The f l o w c h a r t  i n d i c a t e d  i n  F ig .10 ,  
summarizes t h e  c a l c u l a t i o n  lacthod of a l l  t h e  
coord ina te s  of t h e  s t a t e  p l a n e  shown i n  
Fig.8. 

The normal ized  f requency  of  o p e r a t i o n  is 
defined by: 

I, - x 

where 
e,= AtanZ 

Xc-l+q 
(90)  

el', ez" and e; are numer ica l ly  c a l c u l a t e d  
according t o  t h e  method presented  i n  Fig.10. 
The normalized average load  cu r ren t  is always 
given by r e l a t i o n  (36). 

Crisa-cros8 - r a t ion  l i m i t . .  I n  t h e  qW.1 
plane  (Fig.9). t h e  area where t h i s  type  of 
opera t ion  t a k e s  p l a c e  is de termined  on t h e  
one hand by  t h e  prev ious  a n a l y s i s  and on t h e  
o ther  hand by t h e  following r e l a t i o n  : 

This r e l a t i o n  means t h a t  t h e  t h y r i s t o r s  must 
be t r i g g e r e d  after t h e  cu ren t  zero-crossing 
i n  t h e  resonant  tank. 

X1. 2 xo' (91) 

Fig.9: Boundaries of t h e  d i f f e r e n t  modes i n  
t h e  p lane  q(X.1. at - 0.1 and aZ - 0.5 
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PRESENTATION OF TEE SOFTWARE 

The r e s u l t s  of t h e s e  a n a l y t i c a l  s t u d i e s  are 
i n t e g r a t e d  i n t o  a software which is able t o  
p l o t  t h e  c h a r a c t e r i s t i c s  of t h e  c o n v e r t e r  
w i t h  or wi thou t  snubbers  on the i n v e r t e r  
and/or  on t h e  rectifier, as: - DC o u t p u t  v o l t a g e  ve r sus  average l o a d  
c u r r e n t  at  a cons tan t  frequency (Fig.11) or 
a t  a constant  de l ay  angle  between t h e  turn-on 
c o n t r o l  a n d  t h e  c u r r e n t  z e r o - c r o s s i n g  
(F ig .12 ) .  or DC o u t p u t  v o l t a g e  v e r s u s  
f r equency  a t  a c o n s t a n t  l o a d  r e s i s t a n c e  
(Fig.  131, - any electric q u a n t i t y  versus  a second one 
a t  a cons t an t  output  vo l t age  (Fig.16). These 
electric q u a n t i t i e s  can be : 

t h e  frequency o f  operation, 
* t h e  de l ay  ang le  between t h e  turn-on con t ro l  
of t he  t h y r i s t o r s  and t he  c u r r e n t  z e r o  
c r o s s i n g  i n  t h e  resonant tank, 
* t h e  maximun vo l t age  a c r o s s  t h e  resonant  
c a p a c i t o r ,  
* t h e  peak c u r r e n t  i n  t h e  resonant tank, 
* t h e  c u r r e n t  i n  t h e  resonant  c i r c u i t  when 
t h e  t h y r i s t o r  is turned-on, 

t h e  c u r r e n t  i n  t h e  resonant  c i r c u l t  when 
t h e  i n v e r t e r ' s  diode is turned-off, 

d i /dt  i n  t h e  t h y r i s t o r  when it i s  turned- 
on. 

These q u a n t i t i e s  a r e  not  exhaustive, because 
they  are a l l  access ib l e  from t h e  ana lys i s  o f  
t h e  s t a t e  plane.  

The l i m i t  o f  t h e  hatched r eg ion  o f  t h e  
diagram (Fig.11 and 12). i s  t h e  l i m i t  of  t h e  
c o n v e r t e r  o p e r a t i o n  in Z.C.S. mode. The 
d i scon t inuous  conduction mode is represented 
by t h e  d o t t e d  curves. 

CONCLUSION 

The a n a l y t i c a l  s tudy presented in  t h i s  paper 
shows t h a t  t h e  resonant  c o n v e r t e r  i n  t h e  
2.C.S.  mode a l s o  p r e s e n t s  some 
c h a r a c t e r i s t i c s  t h a t  depend s t rong ly  on t h e  
cho ice  of t h e  parameters, when t h e  snubbers 
a r e  no t  neglected.  This  s tudy  is even more 
v a l i d  when t h e  chopped frequency inc rease ,  
because t h e  value of the snubber inductors  of 
t h e  i n v e r t e r  and t h e  snubber c a p a c i t o r s  of 
t h e  rectif ier are no t  n e g l i g i b l e  compared 
w i t h  t h o s e  o f  t h e  r e sonan t  c i r c u i t  LC. 
The reby ,  t h i s  p l o t t i n g  c h a r a c t e r i s t i c s  
s o f t w a r e  a r i s e d  from t h e  a n a l y t i c a l  s tudy  
c o n s t i t u t e s  a good t o o l  i n  ana lys ing  t h e  
conve r t e r  operat ion,  but  a l s o  a powerful t o o l  
t o  d e s i g n  t h e  c o n v e r t e r .  T h i s  s o f t w a r e  
connected with a s imulat ion sof tware such a s  
S.U.C.C.E.S.S.[7 - 81 a l lows  p l o t t i n g  t h e  
conve r t e r  wave-forms i n  s teady state. 
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I q.L I 
C I 

I I 
Fig.10: Ca lcu la t ion  algori thm of t h e  
coordinates  o f  t h e  state plane.  Criss-cross  
operat  ion 

Fig.11: Output vo l t age  ve r sus  average load 
current  a t  a constant  frequency. q - 0.1 and 
a* = 0.5 
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Fig.12: Output voltage versus average load 
currant a t  a conatant delay angle. .c - 0.1 
and a) - 0.5 

Fig.13: Output voltage versus frequency 
control with fixed load. .c - 0.1 and a2 - 
0.5 

A- .- .- 
I '  .- .- .- 
a -  .- 
a -  

0 -  0 ' 4 ' L ' " L ' t " r  * 
Fig.14: Peak current in the resonant tank 
versus average load current a t  a constant 
output voltage. q - 0.1 and a2 - 0 .5  


