
56    PAK vol. 54, nr 2/2008 
 Sławomir KARYŚ 
KIELCE U N IV ER S IT Y  O F  T ECH N O LO G Y ,  P O W ER  ELECT R O N IC D EP A R T M EN T  
 

Phase-S hi f t  D r i v en  C l ass D  S er i es R eso n an t  I n v er t er   
W i t h T w o  A n t i  Par al l el -C o n n ec t ed  A u x i l i ar y  S w i t c hes 
 
Ph.D. Sławomir KARYŚ 
 
S ł a w o m i r  K a r y ś  w a s  b o r n  i n  K i e l c e ,  P o l a n d ,  i n  1 9 6 6 . 
H e  r e c e i v e d  t h e  M S c  a n d  P h .D . d e g r e e s  f r o m  K i e l c e  
U n i v e r s i t y  o f  T e c h n o l o g y ,  i n  1 9 9 1  a n d  2 0 0 1 ,  
r e s p e c t i v e l y . T h e  m a i n  f i e l d s  o f  h i s  s c i e n t i f i c  i n t e r e s t  
a r e  h i g h  p o w e r  r e s o n a n t  i n v e r t e r s  f o r  e l e c t r i c  o r  h y b r i d  
v e h i c l e s . 
 
 
 
 
 
e-m a i l :  en es k @ t u . k i el c e. p l   

 
 

A b s t r a c t  
 

T h i s  p ap e r p re s e nt s  analy s i s  of  a nove l volt ag e  s ou rc e  c las s  D  i nve rt e r. 
T h e  c las s i c  t op olog y  h as  b e e n e x t e nd e d  of  t h e  t w o au x i li ary  s w i t c h e s , t h at  
are  ant i  p aralle l c onne c t e d  and  e ac h  of  t h e m  h as  i t s  ow n re s onant  i nd u c t or. 
Prop os e d  s olu t i on e nab le s  p h as e -s h i f t  c ont rol of  t h e  i nve rt e r, k e e p i ng  z e ro-
c u rre nt -s w i t c h i ng  f or au x i li ary  t rans i s t ors . T h i s  p ap e r e x p lai ns  t h e  
op e rat i on p ri nc i p le  t h at  i s  i llu s t rat e d  b y  s i m u lat i on, p re s e nt s  g e ne ral 
e q u at i ons , d e s i g n and  s h ow s  e x p e ri m e nt al re s u lt s . 
 
K e y w o r d s :  s of t  s w i t c h i ng , Z C S , p h as e -s h i f t  c ont rol, c las s  D  i nve rt e r. 
 St e rowan y  f az owo p rz e k s z t ałt n ik  re z on an s owy  k l as y  D  z  d woma łą c z n ik ami p ołą c z on y mi od wrot n ie  ró wn ol e g l e  

 
S t r e s z c z e n i e  

 
W  art y k u le  z ap re z e nt ow ano anali z ę  now e g o roz w i ą z ani a p rz e k s z t ał t ni k a 
k las y  D , z as i lane g o z e  ź ró d ł a nap i ę c i a. U k ł ad  k las y c z ne g o p rz e k s z t ał t ni k a 
z os t ał  roz s z e rz ony  o d w a d od at k ow e  k lu c z e , k t ó re  s ą  p oł ą c z one  p rz e c i w  
ró w nole g le  i  p os i ad aj ą  w ł as ne  i nd u k c y j noś c i  s t anow i ą c e  e le m e nt y  ob w od u  
re z onans ow e g o. Z ap rop onow ane  roz w i ą z ani e  u m oż li w i a s t e row ani e  
f az ow e  p rz e k s z t ał t ni k a, p rz y  z ac h ow ani u  w y ł ą c z ani a t ranz y s t oró w  
p om oc ni c z y c h  w  w aru nk ac h  z e row e g o p rą d u  – Z C S . Art y k u ł  p rz e d s t aw i a 
p od s t aw ow e  ró w nani a, b u d ow ę  i  w y ni k i  b ad ań  e k s p e ry m e nt alny c h  
p rz e k s z t ał t ni k a. 
 
S ł o w a  k l u c z o w e :  m i ę k k i e  p rz e ł ą c z ani e , Z C S , s t e row ani e  f az ow e , 
p rz e k s z t ał t ni k  k las y  D . 
 1 .  I n t rod u c t ion  
 
C l a s s  D  r e s o n a n t  i n v e r t e r s  a r e  w i d e l y  u s e d  t o  c o n v e r t  d c  e n e r g y  

i n t o  a c  e n e r g y . T h e  m a i n  f i e l d  o f  t h e  a p p l i c a t i o n s  a r e  e l e c t r o n i c  
b a l l a s t  f o r  f l u o r e s c e n t  l a m p s , i n d u c t i o n -h e a t i n g  p r o c e s s  [ 1 ] . T h e  
c i r c u i t  o f  t h e  m o d i f i e d  c l a s s  D  i n v e r t e r  w i t h  t w o  a n t i  p a r a l l e l  
a u x i l i a r y  s w i t c h e s  i s  s h o w n  i n  F i g . 1 .1 .  
 
 

  
F i g . 1 .1 .  T h e  c l a s s  D  i n v e r t e r  w i t h  t w o  a n t i  p a r a l l e l  a u x i l i a r y  s w i t c h e s   
R y s . 1 .1 .  P r z e k s z t a ł t n i k  K l a s y  D  z  d w o m a  ł ą c z n i k a m i  p o m o c n i c z y m i   

p o ł ą c z o n y m i  p r z e c i w  r ó w n o l e g l e  
 

T h e  t w o  a d d i t i o n a l  t r a n s i s t o r s  T a 1 , T a 2 , d i o d e s  D a 1 , D a 2  a n d  
r e s o n a n t  i n d u c t o r s  L 1 , L 2 , e n a b l e  p h a s e  s h i f t  c o n t r o l  o f  t h e  
i n v e r t e r . I n  t h e  p a s t , t h e  i d e a  w i t h  t w o  s e p a r a t e d  i n d u c t o r s  h a s  
b e e n  u s e d  f o r  p h a s e -c o n t r o l l e d  r e c t i f i e r s  [ 2 , 3 ] . N o w a d a y s  t h i s  
s o l u t i o n  c a n  b e  i n t r o d u c e d  i n  t h e  s o f t  s w i t c h i n g  i n v e r t e r  t o  
s i m p l i f y  o u t p u t  p o w e r  c o n t r o l .  
T h e  p a p e r  e x p l a i n s  t h e  o p e r a t i o n  p r i n c i p l e , t h e n  i t  s h o w s  

s i m u l a t i o n  a n a l y s e s . I n  t h e  e n d  e x p e r i m e n t a l  r e s u l t s  a r e  p r e s e n t e d .  
 2 .  O p e rat ion  P rin c ip l e  of  t h e  I n v e rt e r 

 
T h e  m a i n  t r a n s i s t o r s  T 1  a n d  T 2  a r e  s w i t c h e d  w i t h  c o n s t a n t  d u t y  

c y c l e  5 0 %  a n d  c o n s t a n t  b a s i c  f r e q u e n c y  f  s l i g h t l y  h i g h e r  t h a n  
r e s o n a n t  f r e q u e n c y  

of . L o a d  c u r r e n t  i s  d e l a y e d  i n  r e f e r  t o  t h e  f i r s t  
h a r m o n i c  o f  t h e  o u t p u t  v o l t a g e . T h e  a u x i l i a r y  t r a n s i s t o r s  T a 1 , T a 2  
h a v e  t h e i r  o w n  r e s o n a n t  i n d u c t o r s  L 1  a n d  L 2 . T h e  a u x i l i a r y  
t r a n s i s t o r s  a r e  c o n t r o l l e d  b y  p h a s e  s h i f t  s i g n a l s  t h a t  a r e  r e f e r r e d  t o  
t h e  b a s i c  f r e q u e n c y  f . T h e  i n v e r t e r  c a n  b e  d r i v e n  i n  a  w i d e  r a n g e  
o f  t h e  t u r n  o n  d e l a y  a n g l e  

onϑ  - f r o m  0  t o π . A c c o r d i n g  t o  t h e  
a n g l e  

onϑ  o f  t h e  c o n t r o l  s i g n a l  f o r  a u x i l i a r y  t r a n s i s t o r s , t h e  l o a d  
c u r r e n t  c a n  b e  c o n t i n u o u s  o r  d i s c o n t i n u o u s . T h e  m o s t  c o m p l e x  
w a v e f o r m s  o f  t h e  l o a d  c u r r e n t  a r e  s h o w n  i n  F i g . 2 .1 .  
 
 

  
F i g . 2 .1 .  W a v e f o r m s  o f  t h e  l o a d  c u r r e n t  i  a n d  r e s o n a n t  i n d u c t o r  c u r r e n t  1i ,  2i  
R y s . 2 .1 .  P r ą d  o b c i ą ż e n i a  i  o r a z  p r ą d y  r e z o n a n s o w e  w  i n d u k c y j n o ś c i a c h  1i ,  2i  

 
T h e  a n a l y s i s  i s  c a r r i e d  o u t  u n d e r  f o l l o w i n g  a s s u m p t i o n s :  

- t r a n s i s t o r s  a n d  d i o d e s  a r e  i d e a l  d e v i c e s  ( w i t h  z e r o  o n  r e s i s t a n c e , 
i n f i n i t e  o f f  r e s i s t a n c e , z e r o  t h r e s h o l d  v o l t a g e ) , 

- i n v e r t e r  i s  f e d  b y  a n  i d e a l  d c  v o l t a g e  s o u r c e , 
- e l e m e n t s  o f  t h e  s e r i e s -r e s o n a n t  c i r c u i t  a r e  p a s s i v e , l i n e a r  a n d  
t i m e  i n v a r i a n t . 
I n d u c t o r  c u r r e n t  1i  i s  g i v e n  b y  
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S i m i l a r  e q u a t i o n s  c a n  b e  o b t a i n e d  f o r  t h e  i n d u c t o r  c u r r e n t  2i . 

F o r  )π( −≤< offon ϑϕϑ  t h e  l o a d  c u r r e n t  f l o w s  t h r o u g h  b o t h  
i n d u c t o r s  a n d  i s  g i v e n  b y   
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    (2 .3 )  
 

F r o m  F i g . 2 .1  i t  c a n  b e  s e e n  t h a t  o u t  o f  t h e  r e g i o n s  
)π,( −offon ϑϑ  a n d  ),π( offon ϑϑ+ , t h e  l o a d  c u r r e n t  i s  e q u a l  t o  1i   

o r  2i . 
T h e  o u t p u t  p o w e r  f o r  d i s c o n t i n u o u s  c u r r e n t  r e g i o n  

( π<− onoff ϑϑ )  i s  g i v e n  b y  
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A n d  f o r  c o n t i n u o u s  c u r r e n t  r e g i o n  ( π≥− onoff ϑϑ ) , t h e  o u t p u t  

p o w e r  c a n  b e  d e s c r i b e d  b y  
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B o t h  e q u a t i o n s  (2 .4 )  a n d  (2 .5 )  s h o w  t h a t  o u t p u t  p o w e r  i s   

a  n o n l i n e a r  f u n c t i o n  o f  t h e  t u r n  o n  d e l a y  a n g l e  
onϑ . 

 
3. S i m u l a t i o n s  R e s u l t s  
 
S i m u l a t i o n  a n a l y s i s  h a s  b e e n  m a d e  b y  m e a n s  o f  T C A D  

p r o g r a m . T h e  s i m u l a t i o n  c i r c u i t  i s  s h o w n  i n  F i g . 3 .1  [ 4 ] . T o  
s i m p l i f y  t h e  c o n t r o l  o f  t h e  i n v e r t e r  m o d e l , t h e  a u x i l i a r y  d e v i c e s  
h a v e  b e e n  r e p l a c e d  b y  t h y r i s t o r s . 
 
 

  
F i g . 3 .1 .  S i m u l a t i o n  c i r c u i t  
R y s . 3 .1 .  M o d e l  s y m u l a c y j n y  
 
T h e  w a v e f o r m s  b e l o w  h a v e  b e e n  c o m p u t e d  u n d e r  f o l l o w i n g  

a s s u m p t i o n s :  kHz 360=f , Ω 10=R , µH 921 == LL , nF 47=C , 
kHz 2450 =f . 

 

  
F i g . 3 .2 .  C u r r e n t s :  1i ,  2i ,  i  f o r  0=onϑ       
R y s . 3 .2 .  P r ą d y :  1i ,  2i ,  i  d l a  0=onϑ  
 
 

  
F i g . 3 .3 .  V o l t a g e s :  CU ,  RU  f o r  0=onϑ  
R y s . 3 .3 .  N a p i ę c i a :  CU ,  RU  d l a  0=onϑ  
 
 

  
F i g . 3 .4 .  C u r r e n t s :  1i ,  2i ,  i  f o r  2

π
=onϑ       

R y s . 3 .4 .  P r ą d y :  1i ,  2i ,  i  d l a  
2
π

=onϑ  

 
 

  
F i g . 3 .5 .  V o l t a g e s :  CU ,  RU  f o r  

2
π

=onϑ  
R y s . 3 .5 .  N a p i ę c i a :  CU ,  RU  d l a  

2
π

=onϑ  
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When  t he t u r n  o n  d el a y  a n g l e 
onϑ  i s  l es s  t ha n  π−offϑ ,  t he l o a d  

c u r r en t  i s  c o n t i n u o u s . 
T he o u t p u t  p o w er  p l o t s  f a m i l y  v er s u s  t he a n g l e 

onϑ  ( i n  d eg r ees )  
f o r  t he s i m u l a t ed  i n v er t er  a r e s ho w n  i n  F i g . 3 .6 . 
 
 

  
F i g . 3 .6 .  O u t p u t  p o w e r  i n  f u n c t i o n  o f  t h e  d e l a y  a n g l e  onϑ  
R y s . 3 .6 .  M o c  w y j ś c i o w a  w  f u n k c j i  k ą t a  o p ó ź n i e n i a  w y s t e r o w a n i a  onϑ  
 

 
4. E x p e r i m e n t a l  R e s u l t s  
 
T he 2 0 0  W m o d el  o f  t he r es o n a n t  c o n v er t er  w a s  b u i l d  a n d  

ex p er i m en t a l  i n v es t i g a t i o n s  w er e m a d e. T he c o n v er t er  c o n s i s t  o f  
t he p o w er  u n i t  a n d  c o n t r o l  u n i t . T he m a i n  d ev i c es  i n  p o w er  u n i t  
a r e I R F P E 5 0  P o w er  M o s f et  t r a n s i s t o r s  a n d  H F A 1 6 T B 6 0  f a s t  
d i o d es . T r a n s i s t o r s  a r e d r i v en  f r o m  p ha s e s hi f t  c o n t r o l  u n i t  
t hr o u g h g a t e t r a n s f o r m er s . F i g . 4 .1  s ho w s  d r i v i n g  s i g n a l s  f o r  m a i n  
t r a n s i s t o r  T 1  a n d  c o r r es p o n d i n g  a u x i l i a r y  t r a n s i s t o r  T a 1 .  
 
 
a )  

  
 

b )  

  
F i g . 4 .1 .  D r i v i n g  s i g n a l s   f o r   m a i n   t r a n s i s t o r  T 1  – C H 3  ( u p p e r )  a n d  a u x i l i a r y  

t r a n s i s t o r  T a 1  – C H 4  ( l o w e r ) :  a )  π=onϑ ,  b )  
3
π

=onϑ  R y s . 4 .1 .  S y g n a ł  s t e r u j ą c y  t r a n z y s t o r  g ł ó w n y  T 1  – C H 3  ( g ó r n y )  o r a z  t r a n z y s t o r  
p o m o c n i c z y  T a 1  – C H 4  ( d o l n y ) :  a )  π=onϑ ,  b )  

3
π

=onϑ  

 

F i g . 4 .2  s ho w s  w a v ef o r m s  o f  t he l o a d  c u r r en t  a n d  r es o n a n t  
c a p a c i t o r  v o l t a g e f o r  f o l l o w i n g  p a r a m et er s :  U = 4 0  V ,  kHz 96=f ,  

Ω 56,R = ,  µH 11021 == LL ,  nF 28=C ,  kHz 7900 ,f = . 
 
 
a )  

  
 

b )  

  
 

c )  

  
 

d )  

  
F i g . 4 .2 .  L o a d  c u r r e n t  ( 0 , 5 A / d i v )  a n d  r e s o n a n t  c a p a c i t o r  v o l t a g e  w a v e f o r m s  f o r :  

a )  onϑ =2 π / 3 ,  b )  onϑ =π / 2 ,  c )  onϑ =0 ,  d )  onϑ =- π / 6  
R y s . 4 .2 .  P r ą d  o b c i ą ż e n i a  ( 0 , 5 A / d i v )  o r a z  n a p i ę c i e  n a  k o n d e n s a t o r z e  r e z o n a n s o w y m  

d l a :  a )  onϑ =2 π / 3 ,  b )  onϑ =π / 2 ,  c )  onϑ =0 ,  d )  onϑ =- π / 6  
 

I t  c a n  b e s een  f r o m  a b o v e w a v ef o r m s ,  t ha t  t he c u r r en t  a n d  
t her ef o r e t he o u t p u t  p o w er  i s  c o n t r o l l ed  b y  d el a y  a n g l e 

onϑ .  
F i g . 4 .2  d )  s ho w s  w ha t  ha p p en s ,  w hen  t he c o n t r o l  s y s t em  p r o d u c es  
t he a n g l e 

onϑ  l es s  t ha n  z er o  - t he a u x i l i a r y  t r a n s i s t o r s  a r e ha r d  
s w i t c hed . When ev er  m a i n  t r a n s i s t o r s  a r e s w i t c hed  t her e a r e 
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transient spikes appearing in the current waveforms. This 
ad d itional  current fol l ows through the parasitic capacitors of the 
main and  aux il iary  power el ements that are serial l y  connected .  
 
 
a) 

  
 

b ) 

  
 

c ) 

  
 

d ) 

  
F i g . 4 .3 .  L o ad  c u r r e n t  ( 2 A / d i v ) an d  r e s o n an t  c ap ac i t o r  v o l t ag e  w av e f o r m s  f o r :   

a) onϑ =2 π / 3 , b ) onϑ =π / 2 , c ) onϑ =0 . d ) C u r r e n t  s p i k e s  ( 0 ,2 A / d i v )  
an d  d r i v i n g  s i g n al  onϑ =π,  

R y s . 4 .3 .  P r ą d  o b c i ą ż e n i a ( 2 A / d i v ) o r az  n ap i ę c i e  n a k o n d e n s at o r z e  r e z o n an s o w y m  
d l a:  a) onϑ =2 π / 3 , b ) onϑ =π / 2 , c ) onϑ =0 . d ) I m p u l s y  p r ą d o w e  ( 0 ,2 A / d i v ) 
o r az  s y g n ał  s t e r u j ą c y  d l a onϑ =π 

 

F ig. 4 .3  shows the l oad  current and  resonant capacitor vol tage 
for nominal  suppl y  vol tage U = 2 4 0  V  and  kHz 67=f ,  

Ω 525,R = ,  µH 11021 == LL ,  nF 58=C ,  kHz 630 =f . 
I t can b e seen from F ig. 4 .3  d ) ,  that when the main transistor T1  

is switched  on or off,  current spikes eq ual  to 0 , 1 5 A  appear in the 
output current. A t higher output power rates,  this interferences can 
b e negl ected . 
 
5. Co n c l u s i o n s  
 
This paper presents a novel  phase shift d riven cl ass D  inverter. 

The shown sol ution is far d ifferent from the wel l  known ful l  
b rid ge phase shift cl ass D  inverters [ 5 ] . The introd uced  innovation 
is b ased  on two separated  resonant ind uctors,  which enab l e simpl e 
phase shift control  of the inverter. O utput power is easy  regul ated  
b y  turn on d el ay  angl e 

onϑ . C l assic control  method  - simpl e [ 6 ]  or 
mod ified  [ 7 ]  pul se d ensity  mod ul ation has l imited  range of the 
output power regul ation and  wid e E M I  noise spectrum. I n the 
d evel oped  inverter the l oad  current is continuous when the turn on 
d el ay  angl e π-offon ϑϑ ≤ . C onsid ering the simul ation and  
ex perimental  resul ts,  the l oad  current is continuous if 4

π
≤onϑ . 

S impl e and  l ow cost control  sy stem b ased  on phase shift 
waveforms has b een used . Timing req uirements for control  signal s 
are not critical . A ux il iary  transistors are switched  at Z C S  
cond itions. The inverter has l ow switching l oses at d el ay  angl e 
onϑ  near z ero. A t high angl e 

onϑ ,  the main transistors are hard  
switched . Therefore this converter shoul d  b e turned  on with angl e 
onϑ  eq ual  to π  ( z ero output power)  and  smoothl y  go to angl e near 

to z ero ( ful l  power) . P ower semicond uctors for this converter must 
have very  smal l  parasitic capacitance. 
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