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ABSTRACT 

The p resen t  paper d e a l s  with a system c o n s i s t s  of 
three-phase diodes conver ter  connected t o  an i n f i n i t e  
bus through a t ransformer.  The a n a l y s i s  of t h e  s h o r t  

* c i r c u i t  c u r r e n t  produced i n  t h e  conver ter  i s  c a r r i e d  
o u t ,  t h e  a.c. network r e s i s t a n c e  and a l s o  t h e  resist- 

ance of t h e . d . c .  s i d e  are taken i n t o  account.  I n  addi- 
t i o n ,  t h e  vo l t age  drop a c r o s s  t h e  d iodes  i s  considered.  
A simple method t o  determine t h e  i n t e r n a l  r e s i s t a n c e  
corresponding t o  t h e  d iodes  vo l t age  drop h a s  been deve- 
loped. Experimental r e s u l t s  of t h e  s h o r t  c i r c u i t  c u r r e n t  
are obta ined  t o  v e r i f y  t h e  a n a l y t i c a l  r e s u l t s .  

L I S T  OF SYMBOLS 

L AC network inductance 
X Smoothing inductance 

w AC network angular  frequency 

I d  Average d.c c u r r e n t  

"d Average d.c vo l t age  

V, RHS value  o f '  a. c phase vo l t age  

"do Open c i r c u i t  d .c .  vo l t age  

Id0  Maximum s h o r t  c i r c u i t  c u r r e n t  
K = Id/Ido 
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I .  INTRODUCTION 

During r e c e n t  y e a r s ,  t h e  number of semiconductor 

r e c t i f i e r s  i n s t a l l e d  i n  i n d u s t r i a l  p l a n t s  and domestic 

a p p l i c a t i o n s  have inc reased  [ 1 1 . 
The l i m i t a t i o n  of t h e  over  c u r r e n t  produced by t h e  

s h o r t  c i r c u i t  i n  t h e  r e c t i f i e r s  i s  ob ta ined  by t h e  

connec t ion  of a series induc tance  a t  t h e  d . c .  t e r m i n a l s  

[2, 3 1  

The e x t e r n a l  c h a r a c t e r i s t i c  of a  c o n t r o l l e d  recti- 

f i e r  b r i d g e  f e d  by synchronous g e n e r a t o r  can be  ob ta ined  

f o r  d i f f e r e n t  f i r i n g  a n g l e s  [ 4 1 .  I n  t h e  u s u a l  a n a l y s i s  

of s h o r t  c i r c u i t  of a t h r e e  phase b r i d g e  r e c t i f i e r ,  t h e  

source  i s  assumed t o  be  an i n f i n i t e  bus  and t h e  v o l t a g e  

drop  a c r o s s  t h e  d iodes  i s  neg lec t ed .  The s h o r t  c i r c u i t  

c u r r e n t  ob t a ined  expi rementa l ly  i s  d i f f e r e n t  from t h a t  

c a l c u l a t e d  a n a l y t i c a l l y  [ 5 ,  61 . T h i s  d i f f e r e n c e  i s  due 

t o  t h e  i n e x a c t  a n a l y t i c a l  s imu la t ion  of t h e  a . c .  network 

r e s i s t a n c e s  and a l s o  t h e  r e s i s t a n c e s  on the d . c .  s i d e .  

Another parameter  which p r e s e n t s  an e s s e n t i a l  cause  f o r  

t h i s  d i f f e r e n c e  i s  t h e  v o l t a g e  drop  a c r o s s  t h e  d iodes .  

A l l  t h e s e  parameters  must be cons ide red  i n  t h e  a n a l y s i s .  

I n  t h i s  pape r ,  t h e  a n a l y s i s  of s h o r t  c i r c u i t  c u r r e n t  

produced i n  t h e  c o n v e r t e r  t a k i n g  i n t o  account  a l l  p r ev ious  

r e s i s t a n c e s  and t h e  i n t e r n a l  r e s i s t a n c e  cor responding  t o  

t h e  d iodes  v o l t a g e  drop w i l l  be  determined.  Experimental  
% 

r e s u l t s  of t h e  s h o r t  c i r c u i t  c u r r e n t  a r e  ob ta ined  t o  

v e r i f y  t h e  a n a l y t i c a l  r e s u l t s .  

2 .  P R I N C I P L E S  OF OPERATION 

Figure  ( 1 )  shows t h e  connec t ion  diagram of t h e  d iodes-  

r e c t i f i e r  b r i d g e  t o  be  s t u d i e d .  Switch S2 i s  opened when 

t h e  r e s i s t a n c e  r i s  taken i n t o  account .  Switch S1 c l o s e d  

f o r  s h o r t  c i r c u i t  c a l c u l a t i o n s .  



Figure  ( 1 )  : System connec t ion  diagram 

Due t o  commutation phenomena ( n e g l e c t i n g  t h e  v o l t a g e  

drop  a c r o s s  t h e  d iodes )  t h e  d . c .  o u t p u t  v o l t a g e  i s  given 

where u  i s  t h e  commutation angle .  

The e x t e r n a l  c h a r a c t e r i s t i c  shown i n  F igure  ( 2 )  can 

be desc r ibed  by t h e  fo l lowing  t h r e e  modes of o p e r a t i o n  : 

TI 
2 . 1 .  Mode I : u 5 -  3 

Two o r  t h r e e  d iodes  a r e  conduc t ing ,  t h e  c h a r a c t e r i -  

s t i c  of t h i s  mode can be r ep re sen ted  by t h e  fo l lowing  

s t r a i g h t  l i n e  equa t ion  ( p o r t i o n  ab  of F igu re  2 )  : 

where Vdo = 3 /x V / n  , Ido = /z V/wL 

From Equat ions  ( 1  ) and ( 2 )  , t h e  l i m i t s  of t h i s  mode a r e  

de f ined  by : 

4 
/3  -1 < ( V  /V ) < 1 and 0 < (Id/Ido) < 

d do 



Figure  ( 2 )  : R e c t i f i e r  e x t e r n a l  c h a r a c t e r i s t i c  

2.2. Mode 2 : IT u = -  
3 

Three diodes are conducting and t h e  d.c. output  

vo l t age  and t h e  average r e c t i f i e d  c u r r e n t  a r e  determined 

by t h e  fol lowing Equations [4] 

- /3  Id - - 
2 Ida s i n  4 ( 4 )  

where 4 i s  t h e  phase delay ang le  due t o  commutation. From 
6 

Equations ( 3 ,  4 )  , t h e  e x t e r n a l  c h a r a c t e r i s t i c  of this 

mode can be represented  by a circle. I$ may be v a r i e d  from 

r /6  t o  n/3, and t h e  p o r t i o n . o f  the e x t e r n a l  c h a r a c t e r i s -  

t i c  (are bc i n  Figure 2 )  co inc ide  with the c i r c l e  whose 

c e n t e r  is  a t  t h e  o r i g i n ,  with a r a d i u s  /3 /2 .  

The l i m i t s  of t h i s  mode a r e  def ined  by 

/? - i (vd/Vdo) < 7 3 and - 3 
4 4 



2 . 3 .  Mode 3 : 
71 u > -  
3 

T h i s  mode of  o p e r a t i o n  o c c u r s  when t h r e e  o r  f o u r  

d i o d e s  are c o n d u c t i n g .  

The a v e r a g e  d . c .  o u t p u t  v o l t a g e  i s  g i v e n  by 

The e x t e r n a l  c h a r a c t e r i s t i c  of  t h i s  mode i s  r e p r e s e n t e d  

by t h e  l i n e  cd  i n  F i g u r e  ( 2 ) ,  and i t s  l i m i t e  a r e  d e f i n e d  

by 
3 

d  do 
and - < ( I d / T d o )  < I O < ( V / V  < -  4 4 

The c i r c u l a r  p o r t i o n  of  t h e  c h a r a c t e r i s t i c  i s  approximated  

by two s t r a i g h t  l i n e s  ( b e ,  ce) and t h e  e x t e r n a l  c h a r a c t e r -  

i s t i c  becomes t h e  two s t r a i g h t  l i n e s  abe  and e c d .  From 

E q u a t i o n s  ( 2 ,  5 ) ,  p o i n t  e i s  d e f i n e d  by : 

3 .  THEORETICAL A N A L Y S I S  : 

The r e c t i f i e r  c i r c u i t r y  i n t r o d u c e s  n o n l i n e a r i t i e s  

i n  any e x a c t  a n a l y s i s .  However, a n  e x a c t  a n a l y s i s  i s  

t e d i o u s ,  c o n s e q u e n t l y ,  c i r c u i t  a n a l y s i s  can  be  deve loped ,  

u s i n g  t h e  c h a r a c t e r i s t i c  shown i n  F i g u r e  ( 2 ) ,  from which 

a s a t i s f a c t o r y  p r e d i c t i o n  of  t h e  performance  c a n  b e  

o b t a i n e d .  

3 . 1 .  S,hort - Circuit A n a l y s i s  

T h i s  a n a l y s i s  depends e s s e n t i a l l y  on t h e  e x t e r n a l  

c h a r a c t e r i s t i c  of t h e  sys tem ( F i g .  2 ) .  I t  i s  c a r r i e d  o u t  

i n  two main approaches  : 

A.  F i r s t l y ,  when t h e r e  i s  no r e s i s t a n c e  i n  t h e  d . c .  s i d e  

and i t s  t e r m i n a l s  a r e  s h o r t  c i r c u i t e d .  

1 .  F o r  0 < Id / Ido 5 0 . 6 3 4  ( l i n e  a b e )  . 
The r e c t i f i e r  i s  r e p r e s e n t e d  by a  d . c .  s o u r c e  (V ) do 

i n  series w i t h  a  r e s i s t a n c e  ( R ,  = V d O / / T  Ido) and a n  



i nduc t ance  ( A )  , t hen  t h e  i n s t a n t a n e o u s  c u r r e n t  i s  

exp re s sed  as : 

where 

2 .  For  0.634 < I ~ / I ~ ~  < 1 ( l i n e  ecd)  

The r e c t i f i e r  is  r e p r e s e n t e d  by a d . c .  sou rce  ( / 5  

vdo 
i n s e r i e s  w i th  a r e s i s t a n c e  ( R 2  = /5 V /I  and do do 

a n  i nduc t ance  ( A )  , t hen  

where - 

T h i s  c u r r e n t  s tarts wi th  an  i n i t i a l  v a l u e  of 0.634 Ido. 

B .  Secondly ,  when t h e  r e s i s t a n c e  r i n  t h e  d . c .  s i d e  i s  

c o n s i d e r e d ,  t h e  s h o r t  c i r c u i t  c u r r e n t  w i l l  be l i m i t e d  by 

t h i s  r e s i s t a n c e ,  and t h e  maximum s h o r t  c i r c u i t  c u r r e n t  

becomes K Ido i n s t e a d  of  Ido, where 0 < K < 1 .  

The re fo re  

'd 1 .  For  0 < - 5 0.634,  t h e  r e c t i f i e r  i s  then  r e p r e s e n t e d  
Id0  

by a d . c .  sou rce  ( V  i n  series wi th  a r e s i s t a n c e  do 
( R 3  ) and an i nduc t ance  ( A )  . 
whe_re 

and 

a 2 .  For  0.634 < - < 1 ,  t h e  r e c t i f i e r  i s  r e p r e s e n t e d  by 
I d 0  

a d . c .  s o u r c e  (/3 V ) i n  series wi th  a r e s i s t a n c e  do 
( R 4  ) and an i nduc t ance  ( A )  . 



where 

and 
' t / T  

i = Ido d [ K ( 1  - e 4 ,  + 0 . 6 3 4 1  

F i g u r e  ( 3 )  shows t h e  s h o r t  c i r c u i t  

l i m i t e d  by t h e  r e s i s t a n c e  r i n  t h e  d .c .  

c u r r e n t  which i s  

s i d e .  

F igu re  (3) : Shor t  c i r c u i t  c u r r e n t  when r i s  cons idered  

3 . 2 .  I n t e r n a l  Diodes R e s i s t a n c e  

A s  d i s c u s s e d  i n  t h e  prev ious  s e c t i o n ,  t h e  t o t a l  

e q u i v a l e n t  r e s i s t a n c e  of t h e  system can be expressed by : 

R = r + R  d + Rm + Ra + Rc 
where 

r : i s  t h e  e x t e r n a l  r e s i s t a n c e  a t  t h e  d . c .  s i d e ;  

Rd : r e s i s t a n c e  of t h e  smoothing induc tance .  

R~ : r e s i s t a n c e  of t h e  measuring e lements ;  

R~ : r e s i s t a n c e  of t h e  a . c .  s i d e  ; 

Rc : r e s i s t a n c e  corresponding t o  d iodes  v o l t a g e  drop.  



Two c u r v e s  are ob ta ined  f o r  Rc as a f u n c t i o n  of I / L .  

The f i r s t  one,  wi th  r e s i s t a n c e  r neg lec t ed  F igu re  (4-a) . 
and t h e  mean v a l u e  Rcl is  eva lua t ed .  The second cu rve  

shows t h e  r e l a t i o n  when r e s i s t a n c e  r i s  cons ide red  

F igu re  (4-b), and t h e  mean va lue  RcZ i s  eva lua t ed .  I t  

can  be observed t h a t ,  t h e r e  i s  a vary s m a l l  d i f f e r e n c e  

between Rcl and Rc2.  However, any one of t h e s e  t w o  v a l u e s  

can be taken  as t h e  mean v a l u e  of t h e  i n t e r n a l  d iodes  

r e s i s t a n c e .  

F i g u r e  ( 4 )  : Diodes i n t e r n a l  r e s i s t a n c e  a s  a f u n c t i o n  of ( A  ,L) : 



4 .  EXPERIMENTAL RESULTS 

A t h r e e - p h a s e  d i o d e s  b r i d g e  r e c t i f i e r  i s  u s e d  t o  

e x p e r i m e n t a l l y  s t u d y  t h e  s h o r t  c i r c u i t  d . c .  c u r r e n t .  When 

t h e  r e c t i f i e r  s u p p l i e s  its c u r r e n t  t o  t h e  l o a d  r e s i s t a n c e  

F i g u r e  ( 1 )  , s w i t c h  S i s  s u d d e n l y  c l o s e d  a c r o s s  t h e  l o a d  1 
r e s i s t a n c e  t o  p e r m i t  t h e  measurement of  t h e  s h o r t  c i r c u i t  

c u r r e n t .  When X /L  = 4 . 4 ,  t h e  i n i t i a l  o v e r  c u r r e n t  ( o v e r -  

s h o o t )  was v e r y  s m a l l  and  damped v e r y  s l o w l y  F i g u r e ( 5 - a ) .  

When h/L = 9 ,  t h e r e  was n o  o v e r  c u r r e n t  F i g u r e  (5-b) , and 

t h i s  r e s u l t  a p p r o x i m a t e l y  t h e  same a s  t h a t  o b t a i n e d  a n a l y -  

t i c a l l y  i n  F i g u r e  ( 3 )  . When A /L = 1 2 ,  t h e r e  w a s  an i n i t i a l  

o v e r  c u r r e n t  which damped r a p i d l y  F i g u r e  (5-c) . 

( a )  ( b  ( c  

F i g u r e  ( 5 ) :  E x p e r i m e n t a l  s h o r t  c i r c u i t  d . c .  c u r r e n t  

5 .  C O f l C L  USION 

The good c h o i s e  of t h e  r a t i o  between t h e  smoothing 

i n d u c t a n c e  and t h e  e q u i v a l e n t  i n d u c t a n c e  on t h e  a . c .  s i d e  
* 

of  t h e  c o n v e r t e r  s y s t e m ,  w i l l  r e d u c e  t h e  magni tude  of  t h e  

o v e r  c u r r e n t  produced by t h e  s h o r t  c i r c u i t  on t h e  d i o d e  

r e c t i f i e r .  A method f o r  p r e d i c t i n g  t h e  e q u i v a l e n t  i n t e r n a l  

r e s i s t a n c e  of  d i o d e s  i s  p r e s e n t e d .  The o b t a i n e d  r e s u l t s  do 

n o t  d i f f e r  s i g n i f i c a n t l y d ~ e t h e r  an  e x t e r n a l  r e s i s t a n c e  i n  

t h e  d . c .  s i d e  d o e s  e x i s t  o r  n o t .  The method used  i n  t h i s  

p a p e r  c a n  a l s o  b e  a p p l i e d  t o  any  c o n t r o l l e d  r e c t i f i e r  f o r  

p r e d i c t i n g  i t s  i n t e r n a l  r e s i s t a n c e  and a l s o  t o  s t u d y  t h e  

i n f l u e n c e  o f  t h e  f i r i n g  a n g l e  on t h i s  r e s i s t a n c e .  
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