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A b s t r a c t .  Based on a short summary of the theoretical basics of the zero- 
ripple current, phenomenon a special zero input current ripple boost converter 
topology as presented in the literature is investigated. It is shown tha t  the 
complrte suppression of the input current ripple of the system is only given 
in a theoretical extreme case. For a practical realization only such a ripple 
reduction of the input current of the basic converter structure is obtained 
as corresponds t o  a simple low-pass input filter. This is proven by a detai- 
led analysis also for a zero-ripple Cuk and for a zero-ripple SEPIC converter 
structure. Furthermore, it is shown tha t  the realization of a zero-ripple Cuk 
or zero-ripple SEPIC converter is not linked to a magnetic coupling of the 
input. and output inductors, but can also be achieved by a simple rearran- 
gernmt of the elements of the basic converter structures. There one can see 
that. thc operating behavior of a zero input current ripple SEPIC converter is 
equivalent to the operating behavior of a buck-boost converter stage with LC 
input filter Finally, the advantages and disadvantages of the different reali- 
zation approaches of zero-ripple topologies are compared. Also, an outlook 
towards the planned further treatment of the topic is given. 

1 Introduction 

'4. ~ I I I I \ Y I I  i n  Fig 1 3  of [ I ] .  ideally identical voltages U L ,  = U L ~  are present 
a r r o w  t.ht. i n p u t  and outpnt inductors L1 and LZ of a basic DC-to-DC Cuk 
coiivcrt.cr striict.rire This allows to realize Lt and Lz by windings which 
arc. htt,uatrd on a common magnetic core (cf. Fig.l(a)) .  Then ,  according to 
[ 2 ]  ( c f  Fig.10). a proper choice of the leakage of the magnetically coupled 
windings and/or  a proper choice of the turns ratio 2 - & can lead to 
suppression of a ripple in the input current i l  or in the output current i?. 
According t.o [3] and [4], in equal manner a suppression of the input current 
ripi,lr can he  achieved also for a SEPIC converter (cf. Fig.l(b)).  

Air appliration of t,his concept ( t o  be called in general a z e r o - n p p l e  t e c h n z q u e )  
to a buck and a boost converter structure is described in [5] (besides other 
zero-ripple converter topologies). Because buck and boost converters have 
(basically) only one inductive component, the basic converter structure is 
extknded ( c f .  Fig.3) by a coupling capacitor and by an inductor which is 
coupled in a defined manner with the inductor on the input side (boost 
converter) or output side (buck converter). A closer analysis of the converter 
topologies resulting thereby is given in [6], [7] and [8]. 

For a basic consideration it seems to be strange tha t  only by extending a 
basic DC-to-DC converter structure by passive components or by a defined 
magnetic coupling of the input and output inductors of a converter a com- 
plet,e elimination of the input or output current ripple can be obtained (as 
being implied by the designation z e r o - r i p p l e  converier) and not only a reduc- 
tion of the ripple as, e.g. ,  for conventional filtering. This  motivates a closer 
investigation of the zero-ripple converter topologies as being the topic of this 
paper. 

In s e c t i o n  2 of this paper the basics of the zero-ripple technique are dis- 
cussed briefly for the example of a DC-to-DC Cuk converter For a clear 
Pxp lana t ion  of the phenomenon an equivalent circuit of a transformer is use4 
for t h e  rnagnet,ically coupled input and output inductors L I  and L z .  Alter- 
nat ivr ly .  t he  superposition principle is applied. Based on these introductory 
considerations in s e c t i o n  3 a zero input current ripple boost converter is in-  
vestigated It is shown tha t  the system is equivalent to a conventional hoost 
converter stage with an LC-filter connected in series a t  the input.  There- 
fore, the ripple of the input current is not completely eliminated. It is only 
reduced according to a passive LC-filtering. This is checked in the second 
part of this paper also for a zero-ripple Cuk and a zero-ripple SEPIC con- 
verter structure (cf. s e c t i o n s  4 and 5 ) .  There, zero-ripple Cuk and S E P I r  

converters show an advantage insofar, however, as the filter to be provided 
additionally for the zero-ripple buck and boost convert,ers is alrrady a nat,ural 
part of the basic converter structures. Furthermore. it is shown that. t.hc roa- 
lization of a zero-ripple Cuk or zero-ripple SEPIC convert,er is not l i n k p d  t,o 
a magnetic coupling of the input and output, inductors. It can also bc ohtai- 
ned by rearranging of the circuit elements of t,hp basic convert,rr striictiires 
by not coupled inductors. Thereby, new converter topologies result which 
have inherently very low ripple of the input or output, currents. In conclusion 
(cf. s e c t i o n  6 ) ,  the advantages and disadvantages of the different realization 
forms of zero-ripple converter topologies are summarized. Furthermore, an 
outlook towards the planned further treatment of the topic is given. 

2 Basic Considerations 

In order to clearly explain the effect called z e r o - r i p p l e  p h e n o m e n o n  in 151, in 
the following we want to consider briefly the relationships given for magnetic 
coupling of the input and output inductors of a Cuk converter (cf. Fig.1). 
I t  is shown tha t  the suppression of a ripple of the inpnt, or orit,put current. is 
linked to a defined ratio of t.he induc.tive volt,age divider formrd by the main 
ani1 s t r a y  indiict,anrrs of thr coiipled indiictors ( c f  srctiorr 2 I i Fiir! h6mt i iore~  
a n  allrriiative analysis of t , t i<~ zrrc)-rtpplc l ) l ic i ior i imiot i  I?  ~ i v < ' n  l>a.w<i < > t i  t,tie 

application of the suprrposithon principle ( c f .  scct.ion 2 . 2 )  

2.1 Zero-Ripple Phenomenon as Result of the Balancing 
of an Inductive Voltage Divider 

By the magnetic coupling of t,hr inpnt inductor and out,piil, induct,or Lz 
of a Cuk converter (arrangement of t,he windings 011 a common magnetic 
core) a transformer wit,h t.wo windings .NI and N2 is formed (cf  Fig. 2 ( a ) ) .  
Contrary to the familiar operation of a transformer (wit.ti imprrsscd primary 
voltage and with passively terminated secondary side, i.e. by a load resistor) 
the primary voltage ' U L )  and  the secondary voltage = U L ,  ( c f  Fig 13 in 
[l]) are impressed thereby, however. (Furthermore, the magnetizing current 
is determined by the sum of the primary and secondary amperewindings 

L21'" i2 

I " I 
0 I I 0 ( b )  

Fig.1: Basic structure of the power circuit of a DC-to-DC Cuk Converter (cf  
( a ) )  and of a DC-to-DC SEPIC converter (cf. ( b ) ) .  
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il NI and izN2 and not by their difference, as fix a conventional transformer 
oprration ) 

Thc winding arrangement shown in Fig.S(a) can be described mathematically 
by 

d i  di  
U L ,  = L 1 ' + M L  

dt dt 

(thp ohmic losses occurring in N I  and N2 and the hysteresis losses of the 
magnet,ic core are neglected). M is the mutual inductance and k the coup- 
ling roeficient of the windings. From Eq. ( l ) ,  there follows immediately the 
eqiiivalent, circuit given in Fig.Z(b) (cf. [l], p .  339). It shows according t6  

d i l  d i  d i  
dt  dt dt U L l  = ( L 1 -  M)- + M(' + 2) 
diz di  di2 

U L ,  = (L2  - M ) -  + M(' + -) dt d f  dt (3) 

rqiiiil hchavior at th r  terminals as the circuit shown in Fig.P(a). As the 
f i i r t l i i . r  ronsidrrations show, isolation of the input and output circuits given 
for Fig 2(a) has no influence on the zero-ripple phenomenon and , therefore, 
IS  i i o t  roiisiderrd in  t,hr following. 

R e m a r k :  The  equivalent circuit (shown in Fig.:l(b)) replaces 2 coupled coils 
by 3 riot roiipled inductors. The  order of the system (number of indepen- 
dent rnergy storage elements) remains unchanged, however, because the sum 
i, + ? ?  of the state variables il and iz flows through M .  Therefore, M does 
not rrpresrnt an independent energy storage device. Furthermore, one has to 
point out bhat, the inductors L1 -A4 and L2-M in general may not be linked 
to a division of the stray flux of the transformer into a primary and secon- 
dary part, (Splitting up the stray flux of a general transformer is basically 
impossible based on an analysis of the terminal behavior of the transformer. 
For the sake of brevity, this shall not be treated in more detail here, howe- 
ver.) Therefore. Fig.Z(b) serves exclusively for a clear representation of the 
mathematical relations given by Eq.(l). 

If we have now 

U L ,  = U L Z  (4) 

(cf. Eq (43) in [ I ] )  as already mentioned in section 1 the possibility becomes 
clear by a simple consideration to obtain, e.g., an ideally constant shape of 
the input current i l  for this operation of the winding arrangement, according 
to 

dil - = o  
dt ( 5 )  

(cf [2], p .  353). Eq.(5) is ideally fulfilled in the case where the voltage 
orciirring across Ll  - M becomes 0. Therefore, if one wants to avoid a ripple 
of t l i ~  i n p i i t  current one has to guarantee 

UM = U l  (6)  

for thc  voltage occurring across M (cf. Fig.2(b)). This can be obtained by 
proprr choicp of the division ratio of the inductive voltage divider formed by 
M and I,? - M (being open-circuited dynamically for 9 = 0; cf. also p .  353 
and 334 in [2j or Fig.2 in [Si). By considering 

(7) 
M 

M + (L2 - M ) U 2  ' U M  = 

therr follows as balancing condition of the inductive voltage divider for ripple- 
frw input current 

L2 = M ( 8 )  

newpage (this relation can be gained also immediately from Fig.a(b)). Con- 
sidering Eq.(2) one can see tha t  9 = 0 is obtained for given inductances L1 

Fig.2: Transformrr result,ing from coupling 
of t,hr inpiit. ancl oi i tp i i t  inditrtnrs of ii ( ' i l k  i ir  

SEl'i(' r'onvrrtrr ( c f  ( a ) ) :  U / , ,  aiicl I{,,, = U,,, 
arc to he considrrrd impressrd ;rcr'nr(ling to 
the (idral) coiivrrter funrt.ion; ( b ) :  eqiiivalrnt 
circuit of the winding arrangement, shown in  

and Lz for k=g. ( 9 )  

The reduction (caused by k < 1) of the voltage coupled from the secondary 
Lz into the primary L1 is then exactly compensated by the t,urns ration e N 
LL > 1. This results in an equilibrium between inner voltage (coupled into 

NI) and voltage 211 lying on the outside; this does not admit a current change 
in the primary (cf. Eq.(2) in [lo]). 

In analogy to the considerations related to the input current il (as given so 
far) one also can derive a condition for the suppression of the ripple of the 
output current (according to 9 I 0). For a ripple-free output current, we 
have to set 

L 

L1 = M (10) 

and/or  k=g 
In summary one has to note tha t  

the ripple suppression can be aclrievrcl only oil the inpnt  side o r  on the 
oiitpnt, sidr.  ( A  suppression of t h c  i n p i i t  n n d o i i t p u t  ripplr, I S  rliily possi- 
ble i f  a further t.ransforinr:r IS insertrrl int,o t.hr ( : i lk  rorivcrlrr st riiriiirr 
and/or  for an isolat.ion of the inpnt and ont,piit, ( c f  if i n  [ I  I ] ) .  
This shall be not treated in more drbail here, however. 

Fig 

e the (ideal) supression of the input or output current ripple is not linked 
to a specific time behavior of U L ,  and/or u ~ , ~  bnt only 1.0 U/,, = U L ?  
and vanishing DC component of the voltages; 

e the inductance being in effect on the output side for vanishing current 
ripple is equal to the open-circuit, induct,ance and/or  self-indnctance 
L 2  of the output circuit because 9 = 0 acts dynamically equally to 
an  open-circuit on the primary side. R.emark:  The  rrdiiction of the 
amplitude of the current ripple to Ai, - 0 is no t  detrrminrd hy thr  
inductance L1 -A4 lying on the input side (as one could possibly assume 
for a superficial consideration of the circuit) but by a n  effectively a c t h g  
inductance L I , ~ R  + 03. For vanishing output, current ripple we have, 
in analogy, Lz, ,R -+ cu (cf. Eq.(18) in [l]); 

due to the physical limitation k < 1 we have to guarantee for the 
realizability of $ = 0 L1  > Lz (cf. Eq.(9) and L1 < L2 for the 
realizability of 9 = 0 (cf. Eq.( 1 1 ) ) .  

2.2 Explanation of the  Zero-Ripple Phenomenon Based 
on the Principle of Superposition 

An explanation of the ripple compensation being equally clear, but alternate 
to the considerations of the previous section, can be gained by applying the 
principle of superposition. There, the elirnination of the ripplr of t.he input 
or output, current is represented as a mnt.ual cancrllation of 2 firt.irioiis ripple 
compoiients (superposition of rippl? c o ~ ~ i p o i i ~ n t ~ s  of rqi ial  ariililit i i r l r  lliit of 
opposite phase) E.g., the  inpiit r i i r r p n t  r ipple  rTrciirring for not coi ip l rd 
inductors is t.hought to be comprnsatkd hy a furthm ripple cornponciit Iicing 
coupled by a transformer action v ia  N2 ( c f .  [12], p .  241) 'This roncrpl.ion 
shall be substantiated also briefly mathematically i n  [,he following. 

If one assumes U?  = 0 for the first superposition step there follows under 
consideration of Eq. ( l )  for the change of the input current (after a short 
calculation) 

i 12) dil , t  - L2 -- 
di L I  I,? - M 2  " 

On the other hand, due to u 2  there results an input current change for u1 = 0 
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'Thc climination of the ripple of the total input current i l  

IS. thrrrfore. givrn for equal absolute value of the current changes % 
and '2 ( w i t , h  opposite phases) and/or  (under consideration of Eq.(4)) for 
L 2  = M 'l'lrerrhy. one obtains once more Eq.(8) as condition for ripple-frer 
operation 

By an appropriate consideration (related to the output side) also the condi- 
tion Eq.( I O )  to be met  for ripple-free output current is checked. 

3 Zero Input Current Ripple Boost 
Converter 

3.1 Analysis of the Circuit 

The initially analyzed basic principle of ripple elimination can now (as des- 
cribed in [5] (cf. p .  282, Fig.12-14)) also be applied to a simple DC-to-DC 
boost, converter structure (cf. F ig . J (a ) ) .  Because a boost converter has only 
one induct,ivr element L1, the basic converter structure has to be extended by 
a winding i v ~  being magnetically coupled to N I  (the windings NI and Nz are 
arranged on a common magnetic core). Furthermore, a coupling capacitor 
Cc has to be provided in order to suppress the occurrence of a D C  voltage 
component across L z  

As o n e  car  consider easily, the voltage across Cc will be in the stationary 
c a w  siich t.hat ibs average value balances the (constant) input voltage U] 
If the capacitance Cc is selected sufficiently large, identical voltages across 
LI aiid I,? will result, therefore. Therefore, the assumptions mentioned in 
sect.ioii I arc' present for suppressing the ripple of the input current i l  by 
proprr choice of the coupling k between Ll and Lz (cf. Eq.(S)). 

For a closer analysis of the circuit one can replace (analogous to the considera- 
tions i n  srction I )  the coupled inductors L i  and Lz by a T-equivalent-circuit 
(cf This results in Fig.3(b). If one considers here the conditioii 
of I-q (8)  w h i c h  h a s  to be met for vanishing ripple of i l  then the inductance 
1.2 - .M (resulting for the general coupling k in series to the filter capacitor 
Cc) heromes 0 (This represents also clearly a condition being sensible for 
lowrst possihie ripple of the input current.) Thereby, as somewhat surprising 
result. this leads to the converter structure shown in Fig.3(c). 

Fig 2(h) )  

According to Fig.3, a zero-ripple boost converter represents (concerning its 
operational behavior) only an alternate realization of a conventional boost 
conwrt,er sthge with input filter! Therefore, the designation 'zero-rzpple' 
boost converter (used in the literature) which suggests a complete suppres- 
sion of the input current ripple seems to be not correct, because a complete 
elimination of the input current ripple cannot be obtained thereby. On the 
contrary, there will always remain an input current ripple due to the ripple 
of th r  coupling capacitor voltage resulting across Ll - M for ideally constant 
input voltage. $$ = 0 will be obtained (for proper coupling k) only for the 
theoretical limiting case Cc -+ 00. 

For a practical system realization a capacity value Cc as small as possible 
is desired (cf. 6-3 in [4]) in order t o  minimize size and weight of the 
convrrter and due to controls-oriented considerations; therefore, the system 
shown in Fig.3(a) should be labeled better lowripple boost converter and 
not :cr*ripple boost converter For the sake of clearness, the designation 
- r r o - r z p p / r  convr r t e r  is maintained in the following, and only ' ze ro ' i s  put in 
quo! ,it ion marks 

p. 

Thr. iiiipossihility of a complete suppression (independent of duty cycle, mode 
of oprration, load condition, switching frequency, etc.)  of the input current 
ripplc of the converter according to Fig.3(a) becomes clearly understandable 
also by the following: a circuit consisting of passive elements L1, L z  and Cc 
caiiiiol have an infinitely high effective input inductance for all frequencies 
( w h i c t i  would be required for 9 = 0). 

Aiialogoiis considerations for a 'zero' output current ripple buck converter 
(cf  Fig 12-13 i n  [5]) shall he omitted here for the sake of brevity. We only 
wan t  to point out tha t  also in this case the 'zero'-ripple extension corresponds 
to a simple low-pass filter (connected in series on the output side).. 

3.2 Advantages and Disadvantages of the Realization 
Variants of a 'Zero' Input Current Ripple Boost 
Convert er 

~ 
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Fig.3: Basic structure of the power circuit of a 'zero' input current ripple 
boost converter according to [SI (cf. (a)); (b): circuit structure resulting for 
replacing the coupling of L1 and L2 by thr  T-eqiiivalpnt-circiiit, as given in 
Fig 2(b) ,  ( c ) :  converter structure resulting for meeting t.he condition L2 = M 
(cf Eq.(8)) required for (ideally) zero input, cnrrrnt ripple. 

This section treats the question as how the application of a 'zero'(or low). 
ripple current technique for a simple boost (or buck) converter can be judged 
in comparison to a conventional passive filtering of the converter input. cu r -  
rent 

Advantages of the converter struct,ure according t,o Fig.J(a) are as follows: 

+ only one magnetic core is required for the realization of the filtrr in- 
ductor and of the input inductor of the converter 

+ only a current ripple flows through inductor Lz and not,  as for con- 
ventional filtering (cf. Fig.3(c)), the full load current; this results in 
a relatively small rated power of the magnetic core and in low ohmic 
losses in the winding. Therefore, for equal losses a smaller wire gauge 
can be chosen (cf. p. 491 in [ l l ] ) .  

Overall, a relatively small realization effort and a relatively high power den- 
sity (W/in3) are given. 

On the other hand, the following disadvantages have to be mentioned: 

a defined, reproducible value of the coupling between L I  and L Z  can 
he guaranteed regarding manufacturing possibly only by an external 
balancing inductor lying in series to Lz (cf. p .  282, Fig.12-14 in [5] 
and/or section 7 in [13]). Then ,  the advantage of having only one 
inductive device wi l l  be lost Also, !.he balancing of the winding t.iirns 
ratio 2 being possible alt,ernatively t.o balancing of k is connrct,ed wit.h 
a relatively high manufactoring effort ( c f .  p 6-17 i n  [19]) 'Thrrc, also 
a basic limitation is given (callrd r n l r g r r  nurrihrr prohlrni in  [ I O ] .  cf. 
p.  266 i n  [ I O ] )  which only c a n  he  avoided by a special geonirtry of t,hr 
magnetic circuit (cf. Fig.l(c) in [ IO]) ;  

- as compared to aseries connection of independent inductors L ,  - M  and 
M (cf .  Fig.J(e))  the magnetic int,egration of L1 and Lz lrads possibly 
to a higher parasitic coupling capacitance of the windings (and ,  the- 
refore .  to a less efficient suppression of high-frequrncy electromagnetic 
influences). The arrangement of L i  and Lz has to be realized. thrre- 
fore. such tha t  the capacitive coupling from t h P  output to t h e  converter 
input is kept as small as possible. 

Furthermore (as Fig.3 shows clearly) a 'zero'-ripple boost converter does not 
have advantages from a controls point-of-view as compared to a convent,ional 
filtering of the input current. 

In summary, one has to point out that  the decision between differenr reali- 



zation variants of a 'zero'-ripple boost converter h a s  to be made especially 
on IIIC hasis of manufactnring points of view. It is not predetermined by 
has i ra l l y  rliffrrrnt. operating behavior. 

4 Novel 'Zero'-RippIe Cuk-Type Converter 
Topologies Comprising No Coupled Induc- 
tors 

Zero-ripplp C h k  converter topologies are realized in the literature (cf. [3], 
151, [6], [ I Z ] ,  [14]) always (as proposed in [I]) based on a magnetic coupling 
of t,hr input and output inductors. By extending the considerations given so 
far,  t hr following questions arise, however: 

e can a zero-ripple Cuk converter structure be realized also without ma-  
gnetically coupled inductors according to the description of the coupling 
of the input and output inductors Ll and L2 by an equivalent circuit, 
formed by independent inductors? 

does there result also for a zero-ripple ICuk converter only a limited 
suppression of the input current or output current ripple? 

These questions will be discussed in more detail in the  following sections. 

4.1 Derivation of Novel Zero-Ripple Cuk Converter'To- 
pologies 

I f  t l i r -  t i n s i c  st.riicture of a Cuk converter is modiified according to F ig .4(b)  in 
siirli a way t,hat L ,  and L? branch from the sa.me circuit node (which does 
not iiifliienrr thr basic function), one can introduce the equivalent circuit 
according t,o Fig.2(b) in place of the coupling of the windings. This leads 
to the  circuit structure as shown in Fig.4(c). If now a suppression of the 
input current ripple is required (and/or L2 = M is set according to Eq.(8)), 
thrrr  follows with Fig.4(d) a new zero input current ripple Cuk-type conver- 
ter topology On the other hand, (ideally) ripple fre'e output current shape 
is h n g  obtained by the circuit according to Fig.l(e) (which also has not, 
hef-ir rlrscrihrd in  t,he literature so far). The  realization of a zero-ripple Cuk 
roriwrter therefore is basically not linked to a magnetic coupling between the 
inpiit and output inductors! Alternative forms of realization of the circuits 
arcording t.0 Figs.4(d) and (e) are shown in Fig.!j(a)-(d) and/or  Fig.5(e)-(h). 

Remark: For the sake of scientific exactness one has  to point out tha t  for 
a modeling of the magnetic coupling of L1 and L2 by realiziation of the 
equivalent circuit given in Fig.Z(b) only values of the mutual inductance 
hi/ 5 /,I and/or M 5 L2 can be represented. This is the case because for 
M > L1 and/or  M > L z  not realizable values L1 - M < 0 and/or  Lz - 
M < 0 (using passive components) of the inductances result. For the further 
considerations this limitation is of no consequence, however. On the contrary, 
the model of the magnetic coupling of the inductors of a conventional Cuk 
converter structure by discrete inductors as shown here could be applied iri 
ful ly  analogous manner also to a step-down coupled inductor Cuk convertrr 
i c f  Fig 2 ( h )  in  114)) and to further converter structures as given in in Fig.; 
of [ 141 

A l l  zcro input current ripple Cuk converters shown in Figs.S(a)-(d) have 
idmt,ical o p e r d n g  behavior. The  same is true f ix  the zero output current 
ripplr converter structures as shown in Figs.5(e)-(h). A digital simulation of 
the stationary shapes of the converter input and output currents is shown 
in Figs.G(a) and (b) .  The comparison t o  the conditions (cf. Fig.G(c)) gi- 
ven for a conventional Cuk converter structure (cf. Fig.l(a))  shows clearly 
t,hc improvement of the system behavior obtained by an only small circuit, 
riiodification 

4 .2  Analysis of the Effect of a Coupling Capacitor Vol- 
tage Ripple on the Zero Ripple Condition 

Considering the results of an analysis of a 'zero'-iipple boost converter (cf. 
section 3.1) also for a zero-ripple Cuk converter t,he supposition is obvious 
tha t  for a finite capacitance Cc only a limited suppression of the input and/or  

One h a s  t,o point out that  (ideal) vanishing of the input or output current 
ripple constitutes a property being immanent to the new converter topologies. 
Therefore, this property is independent (such as the suppression of the ripple 
by magnetic coupling of L1 and L2) especially of the mode of operation of 
the converter (discontinuous or continuous inductor current mode). 
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Fig.4: Derivation of the basic structure of a zero input current ripple and of 
a zero output current ripple Cuk-type converter topology based on a conven- 
tional zero ripple Cuk converter structure (cf. (a)); (d): convert,er structure 
for L2 = M and/or  (ideally) vanishing ripple of the input current. ( e ) :  con- 
verter structure for 151 = M and/or  (ideally) vanishing ripple of the output 
current. 

outpiit current ripple is possihlr. corresponding to a passivr filtrring 

For an analysis of the influence of C(-. on the current ripplr reri~aining 011 the 
input or output side we have to  reronsidrr onrr mor? t ,hr  ronclit,ion Til,, = I / / , 2  

(cf. Eq.(4)) which has been assumed so far as being met exactly a n d / o r  we 
have to observe the ripple Au,, of the voltage of t,he coupling capacitor C'c 
(and the voltage drops of the valves). 

The average value Uc,  of the voltage of the coupling capacitor 

uc;c = UGC + h u c c  (15) 

IS equal to t.he sum of input, and o u t p u t  voltages 

Cl& = U1 i 112 116) 

in the stationary case. Then,  there follows (e.g., for the converter structure 
shown in Fig.4(d) and/or for the conventional zero input current ripple Cuk 
converter structure according to Fig.4(a)) for the voltage across Li = L I  - M 

= nucc , (17) 
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independently of the switching state of the converter (and ,  t,hereforr. inde- 
pendently of the on-state voltage drops across the valves). Therefore. as 
shown in F ig .7 .  a finite ripple of the input cnrrent, 

results. There,  f p  denotes the pulse frequency of the converter. The  siipposi- 
tion formulated a t  the beginning of this paper is checked t,hereby. An analysis 
of a zero output current ripple Cuk converter leads to an analogous result. 
Therefore, for a zero input or zero outpiit current ripple Ciik converkr I.here 
is in reality R O  ideal elimination of the input or outpnt current ripple! 

Remark: Similarly to h u c ,  also a ripple of 711 and/or  of 7 1 2  as well as voltage 
drops across the winding resistances etc. lead to a finlte ripple of the input. or 
output current of a 'zero'-ripple Cuk converter. Because the consideration of 
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Fig.6: Digital simulation of t h e  input and output currents of the converter 
circuits shown in Figs.4(d) and (e) and/or Figs.S(a)-(d) and Figs.S(c)-(h). 
(a): zero input current ripple Cuk-type converter: (h):  zero output current 
ripple Cuk-type converter; also shown: conditions for a conventional Cuk 
converter according to Fig.l(a) (cf. ( e ) ) .  Simulation parameters. U ]  = 1 2 V  
(impressed by a voltage source), u2 = 2 4 V ,  RL = 5 Cl (load resistance), L i  = 
60,uH. L2 = 50pH (for the circuits according to Figs.5(e)-(h) Lz = 6 0 p H  
and Li  = 50 pH are chosen), Cc = 400 p F <  CZ = 1 mF,  J p  = 20 kHz (system 

Fig.5: Zero-ripple Cuk-type converter topologies obtained by rearran. operation in continuous conduction mode). Scales: 10 A/div,  100 p l d i v .  
genient of the elements of the circuits shown in Figs.4(c) and (d);  (a)-(d): Current shapes identical to (a )  and (b)  are aiso obtained for the convent,lonal 
zrro-input current ripple converters, (e)-(h): zero-output current ripple con. zero-ripple Cuk converter structure shown in F1g.4(a); there, one h a s  10 set 
verters for coupling k = 0.91287 (= 6 or A). 
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Fig.7: Digital simulation of the shape of the voltage ripple Aucc across 
thr coupling capacitor Cc of a 'zero' input current ripple Cuk converter and 
of the input current ripple Ai, caused thereby; furthermore shown: ripple 
of the out,put current Ai1. Simulation parameters: Cc = 400pF (cf. (a)) 
and C,' = 4 0 p F  (cf. (b)), remaining simulation parameters equal as for Fig.6. 
Aucc has a triangular shape due to the (in a first approximation) rectangular 
shape of ice; the quasi-sinusoidal shape of Ai, corlresponds t o  the integration 
of this voltage ripple by L i  = L1 - M .  Scales: 10A/div, 10V/div, 100fis/div. 
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Fig.8: Basic structure of a continuous inputdcoutput current buck (cf. (a)) 
and of a continuous input&output current boost (converter (cf. (b)) accor- 
ding to Fig.:! in [15]. The input current of the buck converter shown is not 
interrupted with pulse frequency contrary t o  a conventional buck converter 
topology The  same is valid for the output current of the boost converter 
according to (b) .  For a more detailed description of the boost converter 
strnct,ure we want to refer the reader also to 1171 a.nd [18]. 

t,hr, ripple contributions Aul and Auz does not lead to basically new results 
we' will not treat this matter here in more detai.1 for the sake of brevity, 
howevrr. 

According to Eq.(18) L: and Cc act (with respect, t,o forming the ripple 
Ail of the input current) like a low-pass fi1t.m lying at the convert,rr input, 
However, contrary to a 'zero' input, current ripplr boost, convert.rr t,opology 
the input filter is already an integral part  of the basic converter structure. 
Therefore, i t  does not have to be realized by additional power components. 
One has to point ou t ,  however, tha t  Cc for the Cuk converter acts (besides 
as filter capacitor) also as an essential element of the energy transfer between 
the input and output sides. Therefore, the current stress on Cc is basically 
different from tha t  of a conventional filter capacitor. 

The  considerations made so far are being checked also clearly by a close 
topological relationship between tbe circuits (shown in  Fig.5(c) and (g)) with 
the topologies (given in [15]) of a rontinnons inpiit,Rroiit~prit. ciirrerit hi ick-  a n d  
a continuous input&output, current boost. converkr (cf Fig.8) A s  heing 
described very clearly in  [16] (cf. Figs.1 and  3 i n  [16]), the  r irri i i t ,~ given 
in Fig.8 can be developed by systematic redrawing of t,he series conihinat~on 
of an LC-filter on the input and/or  output, side and of the basic convrrtw 
structures. Therefore, bhe circuits finally represent a huck-converter with 
integrated input filter and/or a boost converter with integrated oubpirt, filt,er 

Remark: In [I51 also t,he possihility is described t,hat for the continuorrs in- 
p u t h u t p u t  current boost converter the oiitput current ripple (and/or for the 
contiririoiis input& output current, h i i c k  ronvert,er t h e  inpiit riirrrnt ripple) 
can be reduced by coupling of the inductors L I  a n d  1 , ~  J'zpro'-rippIr halan- 
cing of the coupling). If now the inductors L I  and L2 uf the converter are 
magnetically coupled in order to eliminate the ripple of the i n p u t ,  or out- 
put current, then it becomes clear by introducing an equivalent circuit. of 
the winding arrangement tha t  thereby the continuous input&output current 
ripple converter topologies are finally again converted back into discrete se- 
ries connections of the basic converter structure and an LGfilter! These have 
been the starting point for the considerations in [16]. Therefore. hy the coup- 
ling between I,, and Lz again only an implicitely different representation of 
the converter topologies is obtained. The  ripple of the input, or of t h e  oiit,put 
current is still suppressed according to a passive filtering, however. 

4.3 Experimental Analysis 

In order to verify the theoretical considerations of sections 4.1 and 4.2 an 
experimental analysis of the 'zero' input current ripple Cuk converter struc- 
ture [shown in Fig.5(a)) has been carried out a t  the University of Minnesota. 
There,  the realization of the laboratory model of t,he converter h a s  been based 
on the following operating parameters. 

U ,  = 2 5 v  U 2  = 35 V ?() = 12ow 
L; = 13pH 1.2 = 63 L I H  f p  = 2 2  k H z  

Furthermore, filter capacitors Cl = Cz = 1 n F  have been provided at t,he 
input and output sides. For investigatlng the influence of t,he capacidance 
value of the coupling capacitor on the ripple of the input. current i~ capacity 
values Cc = 10 pF and CC z 420 p F  have been used. 

The  rrsriltk of the experimental analysis of thp system are shown in Fig.9. 
They havr a very good consistency w ~ t h  thc signal shapes oht,ained for digital 
simulation (cf. Fig.7). This checks clearly the correctness of the  resiiI1.s of 
the theoretical analysis. This is also valid for the current and voltage shapes 
measured on a further laboratory model of a conventional 'zero' input current, 
ripple Cuk converter (cf. Fig.4(a)). (There, for the balancing of the coupling 
factor an external balancing inductor in series with L1 h a s  been applied.) 
Therefore, a more detailed discussion of this (well known) converter structure 
shall he omitted here. 

4.4 Advantages and Disadvantages of the New Zero- 
Ripple Cuk Converter Topologies 

In the following the advantages and disadvantages of the new 'zero'-ripple 
Cuk-type converter topologies (as shown in Fig.5) are summarized in brief. 

Advantages: 

i As compared to a conventional Ciik converter topology (without cou- 
pled inductors, cf. Fig. l(a)) the circuits have a subst~antially smal- 
ler ripple of the i n p u t  or o u t . p ~ t  c i i r r ~ n t  for eqi ia l  c i r c u i t  rornplrxity 
Thereby the filtering effort a n d l o r  t h e  stress on the in i l l i t  or out.pilt 
capacitor are reduced Fiirthermore. for a 'zero' i n p n t  cu r ren t  ripple 
ronvrrter only a relatively low i n d u c t , a n c p  value I,, - :M for t h e  input 
inductor (as compared t,o L 1 )  has to be provided Similarly. for a 'zrro 
output current ripple converter only a relat,ively low inductance value 
L1 - M (as compared to L z )  for the output inductor has t,o he provl- 
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Fig .9 :  Expcvimental analysis of a 'zero' input current ripple Cuk converter 
~ t r i i i ' t  lire accordiiig t,o Fig.5(a),  upper trace. coupling capacitor voltage u c c  
( t h e  small signal spikes are caused by the stray inductance of Cc and/or by 
parasiic Irad indiictances lying in series to Cc in connection with the step 
changrs of the current in CC in the switching instants); middle trace: current 
I ( , >  i i i  L z ,  Iowrr trace: input current i l ;  (a): Cc = 420pF,  (b): Cc = 1 0 p F -  
scales 40V/div .  SA/div ,  20ps/div.  

ded 
i t i  comparison to the circuit shown in F ig . l (a ) ;  

Altogether, thereby the realization effort is substantially reduced 

i contrary t,o a conventional 'zero'-ripple Cuk converter structure no ba- 
lancing of t.he coupling (and/or no  special forming of the magnetic cir- 
cuit [ I O ] )  and/or no balancing of a turns ratio of the converter inductors 
is required. This  results in a better (and easier) realizability; 

+ the circuits have (in afirst approximation) equal power density as corre- 
sponding conventional 'zero'-ripple Cuk converters. This is valid for the 
case where external inductors (cf. Le, ,  in Fig.12.12 of [5]) are provided 
for guaranteeing a defined value of the  coupling coefficient. 

Disadvantages: 

I f  a common reference potential of the input and  output  is required 
(direct connection of one input and one output  terminal), the control 
of t h r  power transistor h a s  to  be realized potential free with respect to 
the potential reference (cf. Figs.S(b) and (c) and Figs.5(f) and (g)). 

t hrri, does not exist a simple possibility of a pot.ential separation of thc  
i n p i i t  and output circii i t ,s:  especially. one cannot obtain at. the same 
t i t i i t ,  a 5iippression of the input current ripple a n d  of the output cur- 
r m t  ripplc (contrary to  the extended conventional 'zero' ripple ( 'uk 
c o n v c r t r r  striictiire as described. e g , in [ i l l  (cf p 495)) 

5 'Zero' Input Current Ripple SEPIC. Con- 
verter Topology 

T h r  devrlopnient of alternate 'zero'-ripple converter topologies as described 
in si'ction 4.1 for the example of a Cuk converter can be performed equally 
also for a SEPIC converter structure. Then ,  the circuit of a zero input cur- 

8( 

rent ripple SEPIC converter results as shown in Fig.lO(c). ( A  zero output 
current, ripple SEPIC converter st,riictiire cannot be givrn due t,o t h r  basically 
discontinuous output  current shape of a SEPlC converter.) 

Fig l O ( c )  does not. represent, a new converter t.opo1ogy 111 any way, howrver' 
On t lie contrary, this c i rc i i i t  is itlciiiical 1 0  i~ l)iick-l)nnst corrvrrtcr wit  11 i n p i i t  

filter rnncrrning t.he oprral.ing h r h a v i n r  RR nnr rail w r  lhy r<*r l rawi i la  t hc 
circuit (cf Fig I O ( t l ) )  

Accordingly. also for a zero input current ripple SEPI( '  convertrr (as for a 
'zero' input current ripple boost, or Ciik c o n v d e r  t,opology) only a rrtluction 
of thf input current ripple and not an ideal supprcssion of the input. current 
ripple is ohtained 

T h e  advantage of the 'zero'-ripple S E P l r  convertrr s t r i i c t i i r r  arcorcling t,o 
Fig 10(a) consists, therefore, primarily in the fact. t.hat t ,hP filt,er indiictm 
and the inductor of the buck-boost converter are realized by using only one 
magnetic circuit. Also, the measurement, of the output  voltage dors not, havp 
to be potential free 

t t 

1 

1 0 

Fig.10: Proof of the equivalence of a 'zero' input current ripple SEPIC 
conLerter and of a buck-boost converter with LC input filter 

Remark: Figure 8 ( d )  also inakes clearly iinderstkmdahle the prohlrm mcii- 
tioned in [4] consisting of a resonance Iwtwcrri t .h r  st.ray i nd i i c ta i i c f~  nf t he  
coupled inductors L ,  and L Z  and the coupling capacitor C'I- (cf. p 6 - 3  in 
[4]) of a 'zero' input current ripple S E P I r  converter ThP filter formrrl by 
the stray inductance L I  - M and Cc of Lhe 'zero'-ripple convert.er is only 
lightly damped.  Therefore, step ioad changes or disturbances superimposed 
on the input voltage lead to the occurrence of only slowly decaying current 
and voltage oscillations 

6 Conclusions 

In the literature the analysis of 'zero'-ripple converter structures is based on 
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C ' r ,  - r*, in mast cases. A priori, this excludes the possibility of a deeper 
insight into the system behavior; the 'zero'-ripple phenomenon is then seen 
w scientific curiosity [5] in most cases. 

In  this paper it is shown that the 'zero'-ripple buck, boost, Cuk and SEPIC 
convertkr st~riirtures correspond to the integration of a (passive) LC-filter into 
the rmpect,ive basic converter structure, regading  the operating hehavior. 
Thr input current, ripple or the output current ripple of this converters is 
subst.antially reduced. therefore. in comparison to a conventional realization. 
However. t h e  ripples are not completely suppressed, as one could possibly 
presiirrrr 111 v i ~ w  of t,he designation zero-ripple converters. Therefore, tlie 
application of a zero-ripple converter seems to be advantageous especially 
due 1.0 the relat,ivrly high power density (related to the separate arrangement 
of filtrr antl converter). 

Fiirtherrnore, it i s  shown that the 'zero'-ripplme phenomenon is not linked 
necessarily 1.0 a defined magnetic coupling and/or  to a defined turns ratio 
between t ,hr  input and output inductors of a Cuk converter. On the contrary 
it can he obtained also by a simple rearrangement of the elements of the 
bwir  ronverter structure, Thereby a new class of 'zero' ripple current Cuk 
ronvrrtrr topologies results having a very low input or output current ripple 
alrrady heing due to the structure. 

At prrsent,. t ,hr  topic of further research in this area is a detailed compari- 
son of I hr rpalization effort of the newly introduced converter topologies with 
ronvrnt,ional 'zero' ripple current converter topologies. Furthermore, the con- 
trols hehavior of the new 'zero' ripple converter tstructures shall be  compared 
to t,he conventional converters. Also, the possibility of realizing the switching 
stage of a Switch-Mode Assisted Linear Amplifier [I91 by a 'zero'-ripple Cuk 
converter sbructure shall be investigated. 
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