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ABSTRACT 

Under some c o n s t r a i n t s ,  t h e  SMC 
is s u c c e s s f u l l y  app l i ed  t o  Cuk s w i -  
t c h i n g  conve r t e r  t o  ge t  a fast r e s -  
ponse and f i r s t - o r d e r  dynamic chara- 
c t e r i s t i c ,  with extremely l a r g e  ab i -  
l i t y  t o  dep res s  l i n e  vo l t age  and load  
c u r r e n t  v a r i a t i o n s ,  as we l l  as non- 
p u l s a t i n g  i n p u t  and ou tpu t  c u r r e n t s .  
The t h e o r e t i c a l  ana lyses  a r e  i n  exce- 
l l e n t  agreement wi th  experiments. 

I. INTRODUCTION 

I n  a d d i t i o n  t o  t h e  well-known out- 
s t and ing  p r o p e r t i e s ,  an opt imal  switch- 
i n g  r e g u l a t o r  should meet t h e  fo l lowing  
demands: ( a )  non-pulsat ing i n p u t  and out- 
pu t  c u r r e n t s ;  ( b )  extremely s t r o n g  a b i l i -  
t y  t o  suppress  t h e  l i n e  v o l t a g e  d i s t u r -  
bance; and ( c )  extremely s t r o n g  a b i l i t y  
t o  suppress  t h e  load  c u r r e n t  dis turbance.  

a r e  a l l  baaed on t h e  m a l l - s i g n a l  con- 
cep t ,  t hue  t h e i r  conclusions a r e  no t  va- 
l i d  for large-signal v a r i a t i o n s .  

sliding-mode contnol(SJUC) technique has  
been app l i ed  t o  t h e  Buck, Boost and Buck- 
Boost c o n v e r t e r s  and obtained h igh ly  per- 
formanced swi t ch ing  r e g u l a t o r s  with f i r -  
s t -o rde r  response and l a r g e  a b i l i t y  t o  
suppres s  disturbances[3].  But i t  h a s  n o t  
been in t roduced  t o  t a c k l e  t h e  Cuk con- 
verter. 

Cuk conver t e r ,  as shown i n  Fig. 1, 
is  s u p e r i o r  t o  o t h e r  c o n v e r t e r s  on i t s  
non-pulsat ing i n p u t  and ou tpu t  c u r r e n t s ,  
e i t h e r  step-up and step-down vo l t age  
gain,  and so on [4 ] .  Nevertheless ,  i t  i s  
a fouth-order  system wi th  poor open-loop 
dynamic c h a r a c t e r i s t i c  because o f  t he  
r ight-half-plane ze roes .  

s t r u c t  a swi t ch ing  r e g u l a t o r  which keeps 
t h e  m e r i t s  of  bo th  SMC and Cuk converter ,  
while  e leminate  t h e i r  demeri ts .  

With i t s  p e c u l i a r  p r o p e r t i e s ,  t h e  

It i s  t h e r e f o r e  b e n i f i c i a l  t o  con- 

Several  papers  [l, 2 ] have been made 
t o  g e t  an optimal swi t ch ing  r e g u l a t o r .  I 
The current-programmed c o n t r o l  h a s  been 
developed t o  overcome t h e  drawbacks of 
t h e  widely used du ty - ra t io  c o n t r o l  and 
by properly feeding-forward t h e  l i n e  vol- 
t age  and load c u r r e n t ,  t h e  current-pro- 
grammed c o n t r o l l e d  Buck, Boost and Buck- 
Boost switching r e g u l a t o r s  can e l imina te  
t h e  impacts caused by d i s t u r b a n c e s  of 
bo th  l i n e  v o l t a g e  and load  c u r r e n t [ l . .  
But t h e  ana lyses  and s y n t h e s i s  a r e  very  
complicatedand i t s  implementation of con- 
t r o l  c i r c u i t  i s  complicated,  too. The 
f u n c t i o n  c o n t r o l [ g  h a s  been app l i ed  t o  
DC-DC switching c o n v e r t e r s  and t h e s e  s w i -  
t c h i n g  r e g u l a t o r s  s a t i s f y  demands ( a )  and t o  Or O *  
( b ) ,  however demand ( c )  can n o t  be met, 
y e t .  I n  a d d i t i o n ,  t h e  e x i s t i n g  c o n t r o l s  

Fig.  1 Cuk conver t e r  w i t h  

I n  t h e  Fig. 1, U i s  a discont inuous 

L1 L2 coupled 
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After reviewing the principle of SMC 
in section I1,in section I11 the sliding- 
mode controlled Cuk switching regulator 
is analysed. The predicted first-order 
and fast response characteristics are 
verified in section IV. 

11. PRINCIPLE OF SLIDING-MODE CONTROL 

The theory of variable structure 
system and sliding-mode control are time- 
domain analysis- and synthsis-technique. 
It can be used to characterize the system 
under both small- and large-signal condi- 
tions. The theory has been described in 
detail in [33. A brief review is made 
here. 

Consider a single-input and single- 
output non-linear system represented in 
the following form: 

where Y represents the system output vol- 
tage error and its successive derivative 
matrix, P the firet-order derivative of 
Y. A, B and C are system parameter matri- 
ces, U is a discontinuous control variable 
U = 1 or U = 0. 

According to eq.(l), a new function 
or a new equation can be constructed as 
follows: 

The new function@= CY is the weighted 
m m  of the output error y and its succe- 
ssive derivatives. The elgments of matrix 
G are the feedback gains of yoand its 
derivatives. In geometry, the new equation 
r =  0 denotes a hyperplane in the n-di- 
mensional space whose axes are the out- 
put error and its successive derivatives 

The principle of sliding-mode con- 
trol can be expressed as that, by the 
discontinuous control variable U, the 
operating point of the system ( yo, 

on the hyperplane described by eq.( 2). 
Therefore, the dynamic behaviour under 
SdC is solely determined by eq.(2). In 
other words, 8q.(p) expresses the dynamic 
characteristics of the system. 

To complete the sliding-mode oontrol, 
the "reaching condition" and the "existing 
condition" must be satisfied. The reaching 
condition le that the system is able to 
reach the sliding plane 0- = CY = 0. from 
ang arbitrary initial operatine point 
under the input control U. This condi- 
tion will be interpreted by phase graph. 
!The "existing condition" refers to that 
once arriving at the hyperplane, the op- 
erating point is able to be kept on the 
sliding surface. 

Mathematically, the "existing con- 
dition" can be expressed as 

AV lim = 0. < 0 when P > O  
At-0 

lim A@ - & >  0 when fF<O 

If we assume that: 

( 3 )  

A t - O T  - 

U = U+ - when 0- > O  ( 4 )  
U = U when @ < O  

Combining eqs.(l), (21, ( 3 1 ,  (41 ,  
the following relation can be deduced to 
meet the existing condition: 

GAY + GBU++GC<O<GAY + GB~-+GC ( 5 )  

This is the so-called " control strategy". 
If the input control U is pro erly chosen 
to be 1 or 0 according to eq.prj), the 
dynamic characteristics of the system 
are described by 0 = 0, or by the feed- 
backgains G, being independent on other 
parameters of the system. St is one merit 
of the sliding-mode controlled system 
and is called "robustness". 

Another merit of SMC is the order 
reduction of the system. By SMC, the dy- 
namic behaviour of a n-order system with 
m (men) input controls can be described 
by 8 (n-m)-order differential equation. 
For example, the DC-DC switching conver- 
ter is usually a second-order system 
with a input control, the duty ratio,fts 
closed-loop dynamic behaviour by SMC 1 s  
a first-order system with inherent stabi- 
lity, no overshoot and first-order res- 
ponse [3,5] . 
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The t h i r d  m e r i t  of  SMC i s  t h a t  t h e  
dynamic equat ion  ( 2 )  o f  t h e  system i s  a 
l i n e a r  d i f f e r e n t i a l  equat ion  recons t ruc ted  
out  from t h e  n o n l i n e a r  equat ion  of  t h e  
swi tch ing  c o n v e r t e r  without  t h e  use  of  
l i n e a r  i z e d  technique.  

111. SLIDING-MODE CONTROLLED 
CUR SWITCHING REGULATOR 

The Cuk c o n v e r t e r  shown i n  Fig. 1 
can be descr ibed  by t h e  fo l lowing  equa- 
t i o n s :  

(Gal 
1 + v0 = 0 when U = 1 
I 

d4v L~ . a3v, 

a t  a t  L2C2(1-k + r ( 1 - k  1 7  

where k i s  t h e  coupled-coef f ic ien t  be- 
tween L1 and L 2 ,  k = M / ! . 2  , U i s  t h e  
d iscont inuous  i n p u t  c o n t r o l ,  U = 1 cor- 
responds t o  t h e  conduction o f  t r a n s i s t o r  
and U = 0 t o  t h a t  o f  diode. 

I t  can be seen t h a t  t h e  Cuk conver- 
t e r  i s  a fourth-order  c i r c u i t  with one 
i n p u t  c o n t r o l .  I f  t h e  SMC technique i s  
d i r e c t l y  a p p l i e d  t o  i t ,  a th i rd-order  
c losed-loop system i s  obtained,  w i t h  poor 
Lynamic proper ty  d i f f i c u l t  t o  grasp.  

The r i g h t  h a l f  p a r t  o f  Cuk c o n v e r t e r  
shown i n  t h e  dot ted  block i n  Fig.3 can be 
regarded as a Buck topology w i t h  i t s  equi- 
v a l e n t  i n p u t  v o l t a g e  vcl. From t h e  poin t  
of  view, i f  t h e  va lue  of  C1 i s  chosen t o  
be much l a r g e r  than  t h a t  o f  C 2 ,  i . e . ,  
C1% C 2 ,  t h e  v a r i a t i o n  o f  t h e  v o l t a g e  ac- 

rosa  C1 i s  much smal le r  than  t h a t  a c r o e s  
C 2 ,  so  t h a t  t h e  vol tage  vcl can be consi-  
dered c o n s t a n t  w i t h i n  one swi tch ing  per- 
i o d ,  i . e .  vel= cons t .  The fo l lowing  equ- 
a t i o n s  can be deduced: 

2 
2 L 2  2 dvo 

L2C2(1-k )+ d t  + r ( 1 - k  + vo = 

Eq.(7) shows t h a t  under the  c o n s t r a i n t  
o f  C1>>C2, Cuk c o n v e r t e r  can be descr ibed 
by a s e t  o f  second-order d i f f e r e n t i a l  
equat ions .  

The reaching  c o n d i t l o n  and t h e  ex- 
i s t i n g  c o n d i t i o n  of SMC w i l l  be analysed 
i n  t h e  circumstances o f  k = 0,  O <  k <  1, 
and k = 1. 

1 If k = 0 ,  from eq . (7) :  

2 d vo L2 dvo 
L 2 C 2 z  + R dt + vo = vcl when u = l  

- _  
d 2 vo L2 dvo ( 8 )  

L 2 C 2 z  + dt + v = 0 when u=O 

Fig.  2 g i v e s  t h e  phase- r lmp l e s -  
c r i p t i o n  o f  Cuk conver te r  where 
vcl-V:>O, V z  i s  the  re ference  vol tage .  

dvO 
a77 

* v  -v* 
0 0  0 

-VZ \ vcl- v:, 

Fig. 2 The phase-plane d e s c r i p t i o n  
when k = 0 
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I t  can be seen t h a t  from any i n i t i a l  
s t a t e  of  t h e  system, t h e  o p e r a t i n g  poin t  
can reach i t s  s t e a d y - s t a t e  vcl-VE 0r-V; 
when U = 1 or U = 3, a s  shown by t h e  
s o l i d  curve and t h e  d o t t e d  one, respec- 
t i v e l y .  According t o  t h e  theory  o f  VSS 
wi th  SMC, t h e  new equat ion  d e s c r i b i n g  
t h e  dynamic behaviour can be deduced 
as fol lows:  

o r  
*I dvo 

o =  go(vo- vo)+  g l r  = 0 

Ea.(lO) i s  t h e  s l i d i n g  l i n e  i n  t h e  
phase-plane. The p h a s e - t r a j e t o r i e s  of  
of  ea . (8)  w i l l  always h i t  t h e  s l i d i n g  
l i n e  , whenever U = 1 o r  U = 0. Thus, 
s a t i s f i e d  i s  t h e  reaching  c o n d i t i o n  
o f  sliding-mode c o n t r o l .  The e x i s t i n g  
c o n d i t i o n  can e a s i l y  be met by choosing 
t h e  i n n u t  c o n t r o l  U as: 

U = U+= 0 when P > O  

U = U-= 1 whenQ<O 

2 I f  O <  k < l  
M 

( a )  If  ~ 2 1 ,  with  fo l lowing  con- 
1 

s t r a i n t  s: 

The phase-plane d e s c r i p t i o n  o f  eq . ( 7 )  
i s  given i n  Fig.  31Q). 

L\< 1, with  fo l lowing  con- M 
( b )  I f  

1 
s t r a i n  t s:. 

(13)  

"he phase-Dlane d e s c r i p t i o n  of  eq.(7)  
i s  drawn i n  Fig. 3 ( b ) ,  

From Fig.  3 , when O < k < l ,  i n  

t h e  c a s e s  of  both  -21 and -<1, 

t h e  reaching  c o n d i t i o n  of SMC i s  met, 

M m 
L1 L1 

v - v* 
0 0  

vo- v," 

v,' 

F i g .  3 The phaae-plane d e s c r i p t i o n s  
when O<k<l, ( a )  MAl 21 , 
( b )  MA1< 1 

While t h e  c o n t r o l  s t r a t e g y  t o  meet t h e  
e x i s t i n g  c o n d i t i o n  should be chosen as 
follows: 

M (a) i n  t h e  case  of  - 21 
L 1  

U = U+= 1 when p > O  

U = U-= 0 when U K O  

M and 
( b )  i n  t h e  case  of  -<l 

L1 

(14) 

( 1 5 )  U = U+= 0 whenP>O 
U = U-= 1 when Q<O 

Therefore ,  when O <  k <  1, the  SMC 
can a l s o  be used t o  handle the  Cuk con- 
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v e r t e r  f o r  o b t a i n i n g  a f i r s t - o r d e r  dy- 
nami c response,  however, t h e  c o n s t r a i n t s  
a r e  more c r i t i c a l .  

3 I f  k = l , e q . ( 7 )  is s i m p l i f i e d  as: 

M when u=1 vo = vcl- vg 
(16) 

v0 = M (vcl- vg) when u=O 

I t  i s  obvious t h a t  t h e  output  o f  
t h e  system i s  f i x e d  on t h e  two s teady  
s t a t e  p o i n t s ,  and t h e r e  a r e  no phase 
t r a j e t o r i e s .  Therefore  i t  can n o t  be 
appl ied  t h e  SMC t o  t h i s  case.  

i n  Table 1. 
The a n a l y s e s  above a r e  summarized 

I V .  IMPLEMENTATION OF SMC CUK REGU- 
LATOR AND EXPERIMENTAL RESULTS 

F o r  s i m p l i c i t y ,  Cuk c o n v e r t e r  w i -  
t h o u t  t h e  coupl ing,  as shown i n  Fig.4 
w a s  breadboarded. "he d e r i v a t i v e  o f  T~ 

i s  obtained by s e n s i n g  t h e  c u r r e n t  i n  
C accord ing  t o  t h e  equat ion  ic2 = 

C2( dvo/dt) .  Therefore  t h e  s l i d i n g  l i n e  
is: 

2 

Table 1, 
coupled 

o e f f i c i  e n t  
f L and L: 

1 

k = O  

o < k < l  

k = l  

dvO (17) c 
Q- = K ( v  - Vo) + K2Rs C2 = 0 

1 0  

where R1 i s  t h e  e r r o r  vo l tage  feedback 
gain,  K2 i s  t h e  feedback g a i n  of  c u r r e n t  
ic2 and RS i s  t h e  c u r r e n t  s e n s i n g  r e s i s -  
tance.  

In Pig.4 t h e  s l i d i n g  l i n e  formation 
network c o n s i s t s  o f  adding, s u b s t r a c t i n g  
Op. Amp. whi le  t h e  d r i v e r  c o n s i s t s  of 
t h e  Schmitt  t r i g g e r  and t h e  pulsed amp. 

s l i d i n g  l i n e  form- " 
I driver a t i o n  network 

Fig. 4 Block diagram o f  SMC 
h k  r e g u l a t o r  

5% 
\ i 1 

I 
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The s t e a d y - s t a t e  and dynamic cha- 
r a c t e r i s t i c s  of t h e  s l i d i n  mode con- 
t r o l l e d  Cuk r e g u l a t o r  a r e  fz termined 
s o l e l y  by t h e  l i n e a r  d i f f e r e n t i a l  eq. 
(17) - 

From t h e  a n a l y s e s  i n  t h e  l as t  sec- 
t ion,when t h e  o p e r a t i n g  poin t  has  h i t  t h e  
s l i d i n g  l i n e ,  i t  w i l l  be c o n s t r a i n t e d  a t  
t h e  s l i d i n g  l i n e .  I n  o t h e r  words, eq .( 17)  
g i v e s  a t o t a l  d e s c r i p t i o n  o f  s l i d i n g -  
mode c o n t r o l l e d  Cuk r e g u l a t o r .  I t  i s  
v a l i d  f o r  bo th  s m a l l -  and l a r g e - s i g n a l  
dis turbances.The output  v o l t a g e  does n o t  
v a r y  wi th  t h e  d i s t u r b a n c e s  o f  b o t h  l i n e  
v o l t a g e  and l o a d  c u r r e n t .  I n  a d d i t i o n  
i t  i s  a f i r s t - o r d e r  system w i t h  i t s  t ime 
cons tan t  ( R2 RSC2/K1) chosen by t h e  de- 
s i g n e r  t o  g e t  t h e  f a s t  response.  

Experiments show e x c e l l e n t  per for -  
mances o f  Cuk r e g u l a t o r  by SMC. When 
t h e  l i n e  v o l t a g e  s t e a s  up, t h e  v a r i a t i o n  
o f  ou tput  v o l t a g e  i s  g iven  i n  Fig.  5 
while  F i g .  6 shows i t s  response t o  a 
s t e a  change o f  l o a d  c u r r e n t .  

I n  t h e  p r a c t i c a l  system, due t o  t h e  
h y s t e r i s t i c  i n  t h e  Schmitt  t r i g g e r ,  t h e  
s t e a d y - s t a t e  v o l t a g e  h a s  an e r r o r .  Besides ,  
t h e  r i p p l e  v o l t a g e  i s  high.  

The photographs i l l u s t r a t e  t h a t  t h e  
output  v o l t a g e  v i s  very i n s e n s i v e  t o  
d i s t u r b a n c e s  and i t  r e t u r n s  t o  i t s  o r i -  
g i n a l  va lue  very  quick ly .  

V. CONCLUSIONS 

According t o  t h e  f e a t u r e s  of  Cuk 
c o n v e r t e r  and t h e  b a s i c  p r i n c i p l e  of  t h e  
sliding-mode c o n t r o l ,  t h e  SMC is success-  
f u l l y  a p p l i e d  t o  Cuk conver te r .  I t  i s  a 
highly-performanced swi tch ing  r e g u l a t o r  
wi th  fast  response and f i r s t - o r d e r  dyna- 
mic c h a r a c t e r i s t i c  and with extremely 
s t r o n g  a b i l i t y  t o  suppress  both t h e  l i n e  
v o l t a g e  and t h e  l o a d  c u r r e n t  d i s t u r b a n c e s  
o f  bo th  small- and l a r g e - s i g n a l s ,  as 
w e l l  as wi th  non-pulsat ing i n p u t  and 
o u t p u t  c u r r e n t s .  The performance of SMC 
Cuk r e g u l a t o r  i s  determined by feedback 
ga ins .  

I n  t h e  l i g h t  o f  t h e  new concept o f  
c o n t r o l ,  o t h e r  high-order  power s t a g e s ,  
such as t h e  augmented Boost and augmented 
Buck conver te rs [63  and t h e  Buck c o n v e r t e r  
wi th  i n p u t  f i l t e r ,  can a l s o  be handled 
by SMC t o  g e t  a highly-performanced 
c l o  s e  d-loo p system. 

Fig.  5 Response t o  l i n e  v o l t a g e  
s t e p  chan e ,  
ver .  O.lV$div. 
h o r  . 0.5ms/div 

Fig. 6 Response t o  l o a d  c u r r e n t  
s t e p  chan e 
v e r .  0 .lV$div. 
hor. 0.5ms/div. 
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