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Abstract — A CUK converter featuring clamping action,
PWM modulation and soft-switching (ZVS) commutation is
proposed to overcome the limitations of conventional CUK
converter. Asthe resonant circuits absorb almost all parasitic
reactances of switches, including transistor output
capacitances, that converter is aiitable for high-frequency
operation.

Principle of operation, theoretical analysis, and simulation
results are presented in this paper. Experimental results,
taken from a laboratory prototype rated at 400V, input
voltage of 150V, output voltage of 200V, and operating at
10kHz, are presented too. The dficiency obtained at full
load of power stage was 93%.

|. INTRODUCTION

The CUK converter is a good choice when it is
necessary to control, in non isolated dc-to-dc converters,
the output voltage in a large range of value [1]. It means
that, the output voltage aan be lower or higher than input
voltage. Espedally in high power factor applicdions [2],
when a nverter with an inductor at the front end is
frequently desirable, the CUK converter is useful because
the output voltage level can be lower than dc input voltage.

The high frequency operation in CUK converter, as in
al dc-to-dc oonverters, is desirable becaise of the
reduction of readive cmponent size and cost. As in any
power application, high efficiency is essntial, and hence
the increasing of frequency can be problematic because of
the dired dependence of switching losses on freguency.
The use of soft-switching techniques, ZVS and ZCS, is an
attempt to substantially reduce switching losses, and hence
attain high efficiency at increased frequency.

Different techniques have been propased to operate dc-
dc oconverters in high frequency. The Active Clamping
technique [3] has the alvantages of PWM moduation,
soft-commutation (ZV S) on main switches and low voltage
streses due to the damping adion. Besides operating at
constant frequency and with reduced commutation 1osses
there is no significant increasing on circulating readive
energy that would cause large conduction losses.

Thus, this paper presents a CUK converter feauring
clamping adion, PWM modulation and soft-switching
(ZVY9) in both adive switches. In this converter the major
parasitic readances are asorbed, including transistor
output cgpadtance and tradk inductance, resulting in high
efficiency at high frequency operation without significant
increasing in voltage and current stresses on switches. The
proposed circuit is shown in Figure 1.
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Fig. 1. The ZVS-PWM Active-Clamping CUK Converter.

Il . OPERATION AND ANALYSISOF THE CUK CONVERTER

In order to smplify the anaysis, the input filter
inductance is assumed large enouch to be mnsidered as a
current source (Is). The cgadtor Cc is ®leded to have a
large cgadtance so that the voltage Vc, aaoss the
cgpadtor Cc, could be mnsidered as a constant one. The
six topdogicd stages and key waveforms, of the propased
CUK converter, to one switching cycle, are shown in
Figures 2 and 3 respedively. In those Figures it can be
seen that the two switches are switched in a
complementary way and soft-switching is achieved for all
switches. The main switch S1 is turned off at t=to, when
the switching cycle starts.
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Fig. 2. Topological stages of CUK converter.
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Fig. 3. Theoretical waveforms of CUK converter.

Stage 1 [to, t1]; linear stage Fig. 2a.

Prior to to, the main switch S1 ison, the auxili ary switch
is off and the diode Dfw is off. When S1 is turned df, at
t=to, the first stage has garted, as shown in Fig. 2.a. The
cgpadtor Cr is charged under constant current. When ver(t)
readies Vca=Vo+Vs, the output diode (Dfw) bemmes
diredly biased and starts conducting.

Stage 2 [t1, t2]; first resonant stage, Fig. 2b.

In this dage, current through Lr and voltage acoss Cr
rings in a resonant way. Voltage vcr(t) increases until it
reades (VstVot+Vc). When ver(t)=(VstVo+Vc) the
antiparallel diode of S2 starts conducting and this gage
ends up.

Stage 3 [t2, t3]; linear stage, Fig. 2c.
The Lr current ramps down, becaise Cc is considered
as a mnstant voltage source, urtil it reades zero, when it

changes its diredion and rises again. In this dage, voltage
aqoss Cr is clamped a (VstVo+Vc). When the
antiparall el diode of S2 is conducting, the auxiliary switch
S2 should be switched on to achieve aloss-less turn-on.
This gage ends when S2 isturned off at t=t4.

Stage 4 [t3, t4]; resonant stage, Fig. 2d.

The voltage acoss Cr fals, due to the resonance
between Lr and Cr, until it reades zero at t=t4. This dage
ends when vcr(t) becomes null and the antiparall el diode of
S1 begins conducting.

Stage 5 [t4, t5]; linear stage, Fig. 2e.

In stage 5, S1 isturned on withou switching losses, in
a ZVS way, becaise vcr(t) became zeo. The airrent
through Lr changes its polarity and ramps up to read Is at
t=t5. Then the diode Dfw becomes reversibly biased and
turns off.

Stage 6 [t5, t6]; linear stage, Fig. 2.f.

In this gage S1 is conducting a aurrent equal to (Is+lo)
and the auxiliary switch is off. The diode Dfw is off and
the stage ends when Sl isturned off at the end of period.

Il . Low FREQUENCY BEHAVIOR

In order to oltain the low frequency behavior some
simplificdions are neaessary becaise in the other hand it
could be an imposgble or extremely hard task. So, as the
resonant time intervals are so small when compared to the
duration of stages 3, 5 and 6, it is possble to oltain the dc
voltage gain from this smplified analysis. So, to proceed
this approach we have to consider that:

-al switches are ided and are switched in a
complementary way, without dead time;

- the cgadtances Ca and Cc ae represented by dc
voltages urces,

- the input voltage source and Li, and the output cgpadtor
and Lo are omnsidered as corrent sources;

Therefore, in this way, the onverter operation is
simplified by threestages asit can be seenin Figure 4.
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Fig. 4. Topological stagesto simplified operation.

S2 DT (1-A)T

S1

(IB=Is+lo)
dt ~ Lr /
\7 ‘
(IA=Is+lo)

Fig. 5. Main waveforms to simplified operation.
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Aslsisequal to the average aurrent throughLr , we have:

lo(D-A)T =li(l-D +A)T (1)
0 Vs 1-D+a @)

In order to keep, in stationary stage, a stable operation,
IA must be equal 1B, because the average arrent through
Cc must be zeo. Thus, from Figure 5, we have:
_2[MrQlo+Is) 3)
TVs+Vo)
So, if we mnsider:
_Lro

Ln=
Vs[T

(4)

It will result:
A=2[n (5)
And, equating (5) in (2), it has:
D-2[n
q 1-D+20n ©)
Equation (6) represents the dc voltage gain of the
converter and D is the duty cycle and Ln is the normalized
load current.
Another important parameter to consider is the voltage
aaossthe damping capadtor. So, as the average current
aaossCc must be zeo in a switching cycle, we have:
a-D)T

1 OV 0
ICmed =T ! E?Ctﬂsﬂo%dt:o @)

By solving (7), it results:
2[Lr
Ve=(Is+lo) 3——— (8)
@-D)r

Or,
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_ 2[n

B=py @+ 9 )
Where,
_Ve
B=Vs (10
Thus, equating (6) in (9), it results:
B= 20n O 1 (11)

(1-D) @A-D+20n)
The dc voltage gain and the normalized clamping voltage,
as a function of normalized load current are shown in Fig.
6. Aswe can seethe simulated results are very close to the
analiti cd results.
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Fig. 6: (a) DC voltage gain; (b) Normalized clamping
voltage.

V. COMMUTATION ANALYSIS

Due to the cgadtance Cr, S1 and S2 are turned off
with no losses, in a ZVS way. However, S1 and S2 will
turn on with no losses, only if there were enough energy
stored in Lr to achieve soft commutation. At t=tl, it is
necessary to charge Cr from Vo+Vs to Vo+Vst+Vc. At
t=t3, it is necessary to discharge Cr from Vc+VstVo to
zeo. The latter is more difficult because it needs more
energy. Thus, if enough energy is guaranteed to achieve
soft commutation for S1, then S2 will adiieve soft
commutation too. Therefore, from energy relationships in
Lr and Cr, at t=t3, we have:

%Lr {is +10)? 2%Cr[(Vc+Vs+V0)2 (12



T ) E (13)
H1-D)T two - 21
Where,
fo 1
f=—and wg = (14
fs 0 JLrCr

As that result was achieved on a model with imposed
current, then, at t=t3, the current through Lr is equal to the
average input current. But, in the red prototype, thereis an
input inductor that has maximum current greaer then
average current, so there is more energy stored to
commutation. Thus, equation (13) must have a @rredion
fador, which isrepresented in equation (15).
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Where, (r) isthe percentage input current ripple,
r= % (_‘]_6)
Is

From the anaysis before, it is clea that soft-
commutation, when S1 turns on, will be adieved
depending on lo and Lr. And, as lo depend on the
processed power, then that commutation will occur with no
loses, only in a range of load that will be established
through equation (15). But athough that commutation is
not completely without losses, the wnverter will till
operate with high efficiency in light load situations,
because there will always be enough energy stored in Lr to
help the commutation process and the lost energy never
will be so high, asin a completely hard commutation.

As the aiticd commutation is when S1 turns on, it is
important to determine the time interval between the
turning on of S1 and turning off of S2. Thistimeinterval is
necessary for the existence of soft commutation. Then:

tdZ(Vc+|\go) [(Cr 17
td<(Vc+Vo)EﬂI:r+ IsCLr
- Is (Vo +Vs)

(18

V. VOLTAGE AND CURRENT STRESSESON SWITCHES

Below, are presented the voltage and current stresses
on switches. All current and voltages are normalized.
Which means:

r=t (19)
lo
and v=" (20)
Vs
Switch S1:
Vel =t (21)
P (1-D
[ (22)
PK T 1-D+2Ln
< (D-2Ln) 23

ave = [1- (D -2Ln)]

a _ 1 3D -4Ln (24)
RMS  [Ln—-(D-2Ln)] 3
Switch S2:
= 1
Vs2py = 1D (29
[ (26)
PK_ 1-D+2Ln
Is2, . = (27)
12 _ 1 4(1-D)+16Ln 29)
rRMs " [1—(D-2Ln)] 3
Diode Dfw:
= 1
VDfw = 29
PK il— D i+ 2Ln 29
Dfw_ =2 (30
PK 1-D+2Ln
IDfw =1 (31)
IDfw = 4d-D)+8Ln (32)
RMS V1 3(1-D +2Ln)?

IV. SIMULATION RESULTS OF THE PROPOSAL CuUK
CONVERTER

The new CUK converter was smulated with the
following spedfications:
- output power Po=400W;

- input voltage Vs=150V;,

- output voltage Vo=200V;

- switching frequency fs=10kHz.

The power stage mnsists of the foll owing parameters:
D =0.63 3 =0.557 Ln=0.048
Lr =40uH Cr=212nF Cc=1pF

Simulation obtained waveforms of the switches current
and voltages can be seen in Fig. 5.a aad 5.b. The resonant
inductor current and voltage acossthe resonant cgpaator
are shown in Fig. 6 a. The voltage acoss diode Dfw and
the aurrent through this diode ae shown in Fig. 6 b. These
waveforms agreewith those predicted theoreticdly, and as
it can be noted from the waveforms shown in Fig. 5, the
main switches (S1 and S2) present ZV S commutation with
clamped voltages.
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o 1 f | | 10 - Inductor Lo: 100QuH, core (E-55).
‘ ‘ ‘ ‘ ‘ 8 Experimentally obtained main waveforms of the
prototype ae shown in Figures 7,8, 9 and 10.
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Fig. 5. a) Voltage across Sl and current through S1; b) =
Voltage across 2 and current through 2. :
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Fig. 7. Drain-to-source voltage across main switch SL and
its current (voltage: 100V/div; current: 2A/div; time scale:
2.5ud/div).
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Fig. 6. a) Voltage across Cr and current through Lr ; b) B
Voltage across Dfw and current through Dfw. .

V. EXPERIMENTAL RESULTS

The new CUK converter was implemented, with the
following spedfications. output power Po=400W; input
voltage Vs=150V; output voltage Vo=200V; switching
frequency fs=100kHz. The power stage, shown in Figure 1,
consists of the foll owing parameters:

- switches S1 and S2: Power MOSFET's BUZ334
diode Dfw: RURP156Q
extern resonant cgpadtor Crayi: 2000-1.6kV;

- cgpadtor Cc: 1.0uF/630V; TR T00V & TORY M I SES CRT T S0V © ot 2001

- cgpadtor Ca: 47QuF/400v ) 18:29719

- output filter capadtor Co: 470UF/400V; Fig. 9. Voltage across Cr and current through Lr (voltage:
- resonant inductor Lr: 40uH, core (E-30/14)-Thornton; 100V/div; current: 2A/div; time scale: 2.5us/div).

input inductor Li: 100QuH, core (E-65/26) Thornton;
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Fig. 10. Voltage across Dfw and current through Dfw
(voltage: 100V/div; current: 2A/div; time scale: 2.5ud/div).

These waveforms agree with those predicted
theoreticdly, and as it can be noted from the waveforms
shown in Figures 7 and 8, the main switches (S1 and S2)
present ZV S commutation with clamped voltages.

In Fig. 11, the DC voltage gain, as a function of output
current, is sown, for different duty cycles can be noted.
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Fig. 11. DC voltage gain with different load conditions and
duty cycle.
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Fig. 12. Experimental efficiency curve with constant output
and input voltage.

The experimental efficiency curve of the new converter
and the hard-switching counterpart are shown in Fig. 12.
The @nverter presented high efficiency (up to 90%) from
32% to 100% of full load. At full 1oad, the efficiency was

93%. The duty cycle necessary to keep voltages Vs and Vo
constant is shown in Figure 13.
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Fig. 13. Experimental duty cycle curve with constant
output and input voltage.

V1. CONCLUSION

A CUK corverter feduring clamping adion, PWM
modulation and soft-switching (ZVS) commutation is
proposed to avercome the limitations of the @nventional
CUK converter. As the resonant circuits absorb amost all
parasiti c reatances, including transistor output cgpadtance
and dode junction capadtance, the new converter operate
with favorable switching conditions in al switching
devices. Theoreticd studies and experimental results allow
us to draw the cmnclusion that the mnverter is suitable for
high frequency operation with high efficiency.
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