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A Three-Phase Current-Fed Push—Pull DC-DC
Converter With Active Clamp for Fuel
Cell Applications
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Abstract—In this paper, a new active-clamped three-phase
current-fed push—pull de—dc converter is proposed for high-power
applications where low-voltage high-current input sources such
as fuel cells are used. The proposed converter has the following
features: active clamping of the transient surge voltage caused
by transformer leakage inductances, natural zero-voltage switch-
ing turn-on of main switches using energy stored in transformer
leakage inductor, small current rating and zero-voltage and zero-
current switching of clamp switches, no additional start-up cir-
cuitry for soft starting due to the operating duty cycle range be-
tween 0 and 1, and zero-current switching turn-off of rectifier
diodes leading to negligible voltage surge associated with the diode
reverse recovery. A comparative study along with loss analysis is
performed. Experimental results from 5-kW laboratory prototypes
of the proposed active-clamped converter and the passive-clamped
converter [14] are provided.

Index Terms—Active clamp, current-fed, fuel cells, push—pull,
three-phase dc—dc converter, three-phase transformer, zero voltage
switching (ZVS).

I. INTRODUCTION

HE step-up dc—dc converter with high-frequency trans-

former has increasingly been used in high-power appli-
cations such as fuel cell systems, photovoltaic systems, hybrid
electric vehicles, and UPS where voltage step-up and galvanic
isolation are required. The step-up dc—dc converter with high-
frequency transformer could be either voltage-fed or current-fed
type. The advantages and disadvantages of the two types are de-
tailed in [1]. The voltage-fed converter has low switch voltage
rating that is the same as input voltage, and therefore, MOSFETSs
with low Rys(on) can be used, which is a significant advantage in
the high step-up application where conduction losses associated
with primary switches are dominant. In the high step-up ap-
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plication, however, the voltage-fed converter suffers from high
transformer turns ratio, leading to many disadvantages associ-
ated with large leakage inductance. Compared to the voltage-fed
topology, in general, the current-fed topology exhibits smaller
input current ripple, lower diode voltage rating, lower trans-
former turns ratio, and negligible reverse recovery problem at
the rectifier side [2]. Especially, lower transformer turns ratio
leads to smaller duty cycle loss and transformer copper loss,
which are important for efficient operation at high power levels.
Direct and precise control of the input current is also possible
with the current-fed topology. Therefore, the current-fed dc—
dc converter is better suited to low-voltage high-current input
application such as a front-end converter for fuel cell power con-
version systems where high-voltage step-up ratio is required [1].

The three-phase dc—dc converter has firstly been introduced
in [3]. The three-phase dc—dc converter has presented good
performance in the high-power applications where high device
stresses are faced when implemented with the single-phase
dc—dc converter. Generally, the three-phase dc—dc converter
has several advantages over its single-phase counterpart: easy
MOSFETs selection due to reduced current rating, reduction of
the input and output filters’ volume due to increased effective
switching frequency by a factor of 3, and reduction in trans-
former size due to better transformer utilization. There are two
types of three-phase voltage-fed converters according to primary
configuration: a three-phase bridge [3]-[6] and three single-
phase bridges [7]. The three-phase voltage-fed converter with
open A—Y [7] or A—Y [6] transformer connection can reduce
the transformer turns ratio to half, which makes the voltage-
converter viable for high step-up application. The converter
proposed in [4] has the simplest structure, yet main switches
are turned on with ZVS. The V6 converter [7] is also soft-
switched and suitable for higherpower applications since it has
more switch legs. The active clamp employed in [6] not only
clamps surge voltage at the high-voltage secondary side but also
reduces the circulating current at the high-current primary side.

The three-phase current-fed converters proposed so far can be
classified by primary-side configuration into three basic topolo-
gies: full bridge [10], L-type half bridge [11]-[13], and push—
pull [14]. A simple active-clamp circuit [10] was introduced
into the three-phase current-fed converter in order to alleviate
voltage spikes as well as achieve ZVS of switches, but switching
frequency of the active-clamp switch is six times higher than
that of main switches, which limits the switching frequency
of the overall system. The three-phase current-fed converter
based on L-type half-bridge topology was introduced in [11].

0885-8993/$26.00 © 2011 IEEE
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Fig. 1. Proposed three-phase push—pull dc-dc converter with active clamp.

Active-clamp circuits were applied to the three-phase L-type
half-bridge converter in [12] and [13]. Besides reduced total
number of switches compared to the three-phase full-bridge
converter proposed in [10], a major advantage of the three-phase
L-type half-bridge converter is that the switching frequency of
clamp switches is the same as that of main switches, and there-
fore, higher power density can be achieved by further increasing
the switching frequency of the overall system. A three-phase
current-fed push—pull converter was introduced in [14]. The
three-phase push—pull converter has the simplest structure in
its power and gate drive circuits, leading to increased system
reliability.

In this paper, an active-clamping technique is proposed for the
three-phase current-fed push—pull converter. With the proposed
active clamping, the current-fed push—pull converter is able to
achieve higher efficiency and higher power density in the high
step-up application such as fuel cells owing to the following
features.

1) Active clamping of the transient surge voltage caused by

transformer leakage inductances.

2) Natural zero voltage switching (ZVS) turn-on of main
switches using energy stored in the transformer leakage
inductor.

3) Small current rating and zero voltage and zero current
switching (ZVZCS) of clamp switches.

4) No additional start-up circuitry required for soft starting
due to the operating duty cycle range between 0 and 1.

5) Zero-current switching (ZCS) turn-off of rectifier diodes
leading to negligible voltage surge associated with the
diode reverse recovery.

II. OPERATING PRINCIPLES

The circuit topology of the proposed converter is basically
a three-phase, current-fed, push—pull converter with an active-
clamp circuit, as shown in Fig. 1. The proposed converter in-
cludes an input filter inductor, three main switches Syi1, Sae,
and Syr3, and a clamp circuit consisting of three clamp switches
Sc1, Sca, and Sc3 and a clamp capacitor C¢ at the low-voltage
primary side, and a three-phase diode bridge at the high-voltage
secondary side. Note that a three-leg core must be used for
proper operation of the proposed converter. The three-phase
windings are configured in Y-Y connection. The neutral point
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TABLE I
OPERATION MODES BASED ON THE DUTY CYCLE
No. of main switches No. of clamp switches
Duty cycle . .
simultaneously on simultaneously on

D<0.33 up to 1 upto3
0.33 <D< 0.66 up to 2 up to 2
D > 0.66 upto3 up to 1

of the three-phase primary winding is connected to the in-
put source through the input inductor. The proposed active-
clamping method not only limits the transient-surge voltage
caused by transformer leakage inductances, but also helps im-
prove the efficiency by enabling soft switching of the main
switches.

Output voltage control is achieved by applying the asymmet-
rical pulse width modulation (PWM) switching to each main
and clamp switch pair. The three switch pairs are interleaved
with 120° phase shift, which leads to an increased effective
switching frequency resulting in smaller input-current ripple.
The duty cycle of each main switch is in the whole range be-
tween 0 and 1. The ideal voltage ratio of the proposed converter
can be expressed as

V, n

Vi 1-D

(0<D<1) (1)
where n = Ng/Np. Also, the voltage across the clamp capacitor
C¢ can be obtained by

1

Vo=——"V.

=15 @

In order to simplify the analysis of the steady-state operation,
several assumptions are made as follows.
1) Input inductance L; is sufficiently large so that it can be
considered as a constant current source.
2) Output capacitance C, is sufficiently large so that it can
be considered as a constant voltage source.
3) Dead time between main and clamp switch pair is ignored.
4) Magnetizing inductance is assumed to be infinite.
5) Total leakage inductances reflected to the primary of each
phase are equal (Lyx; = Lyo = Lis = Ly).

A. Principle of Operation

The proposed converter operates under three different regions
according to the duty cycle: D > 0.66, 0.33 < D < 0.66, and
D < 0.33. The number of switches that simultaneously turn
on is shown in Table I. The operating modes of the proposed
converter are analyzed based on the three regions. In any case,
the total number of switches that simultaneously turns on is 3.

1) Operation in D > 0.66: Fig. 2 shows key waveforms of
the proposed converter in the case of D > 0.66. The converter
has five operating modes within each third of an operating cycle,
and the operation states of the five operating modes are shown
in Fig. 3.

Mode I [1y, t; ]: At time 1y, all the diode currents become zero,
and therefore, the winding voltages become zero. Each of the
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Fig. 2. Key waveforms of the proposed converter (D > 0.66).

primary winding current becomes identical:

. . . 1
Tpril = Tpri2 = Tpri3 = -1

3 3

The output capacitor supplies the load during this mode.

Mode Il [t1, t5 ] At time t;, main switch Syo is turned off and
the current i},,i> is commutated to the body diode of the clamp
switch S¢o. This causes the current i},,i» to decrease and currents
ipri1 and ip,,43 to increase, leading to the conduction of the upper
diode Dy and lower diodes Dy,; and Dy 3, respectively, at the
secondary. The voltages of the windings become

1 1 2
Upri2 = — *VUsec2 = — * 5
n

. 4
7L3V0 @

Then, the voltages across Ljo can then be obtained by

2 Vo
VLsz - g . <VC - n) .

The current i}, is decreasing with the slope determined by
Vix,n/Ly. It is seen that the clamp switch S is turned on with
ZVS when the gate signal for Sc» is applied during this mode.
Mode IlI [, t3]: The current iy,i» reverses its direction of
flow at #, and increases its magnitude while currents ij,;; and
ipriz keep increasing linearly. Since the average current through

&)
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Fig. 3. Operation states of the proposed converter (D > 0.66).

each clamp switch is zero, I;,,i5(3) Which is the magnitude of
the current i, at the end of Mode III can be obtained by

1
IpriQ(tB) = _glz (6)
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Fig. 4. Key waveforms of the proposed converter (0.33 < D < 0.66).

Then, current magnitudes I,:(t3) and Ii3(t3) at f3 can be
obtained by

2

I pri3(t3) — gL (7

pril(t3) —

Mode IV [t3, ty]: At time t3, the clamp switch Sco is turned
off, and the current i,,;o is commutated to the body diode of
the main switch Sy;2. This causes all primary currents i1,
ipri2, and i3 to decrease. The voltages across Lyo can then be
obtained by

2V,
3n

Vikp = ®)
The decreasing rate of the current i,,2 is determined by
Vi p/Li;. It should be noted that the main switch Syo can be
turned on with ZVS at this mode.

Mode V [t4, t5 ]: The current i},,;5 reverses its direction of flow
at time 7, and increases its magnitude while currents ipi; and
inriz keep decreasing linearly until each of the primary winding
current becomes identical, as shown in (1). It is also noted that
the rectifier diodes Dy, Dy,1, and Dy, 3 are turned off with ZCS.
This is the end of one third of the cycle. The other parts of the
cycle are repeated in the same fashion.

2) Operation in 0.33 < D < 0.66: Fig. 4 shows key wave-
forms of the proposed converter in the case of 0.33 < D < 0.66.
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Fig. 5. Operation states of the proposed converter (0.33 < D < 0.66).

The converter has four operating modes within each third of an
operating cycle, and the operating states of each mode are shown
in Fig. 5. At Mode I, two main switches Sy;; and Syr2 and one
clamp switch Sc3 are conducting. At time #;, the main switch
Sy 1s turned off, and the current that was flowing through the
main channel of Syr; is commutated to the body diode of Sc¢y
as we can see in Mode II. When the gating signal is applied to
Sc1, the current that was flowing through body diode of Sci
is commutated to its main channel, resulting in ZVS turn-on
of Sc1. At time f3, the clamp switch Sc3 is turned off, and the
current that was flowing through Sc3 is commutated to the body
diode of the main switch Sy;3 resulting in ZVS turn-on of Sys.
Both main switch Syr; clamp and switch Sc3 are turned off with
hard switching. Instead, all the switches are turned on with ZVS
in this mode.
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Fig. 6. Key waveforms of the proposed converter (D < 0.33).

3) Operation in D < 0.33: Fig. 6 shows key waveforms of
the proposed converter in the case of D < 0.33. The converter
has five operating modes within each third of an operating cycle,
and the operating states of each mode are shown in Fig. 7.

At Mode I, all the main switches are being turned off, and all
the clamp switches are conducting. At time #;, the clamp switch
Sc2 is turned off, and the current that was flowing through main
channel of Sc¢2 is commutated to its body diode as we can see in
Mode II. When the gating signal is applied to the main switch
Sye, the current that was flowing through the body diode of
Sco 1s commutated to the main channel of the main switch Syio,
resulting in hard switching of the main switch Sy;o. Instead, the
clamp switch Sc3 is turned off with ZCS.

Owing to the operation of clamp switches, the proposed
converter can be operated with duty cycle less than 0.33, and
therefore, no additional start-up circuit is necessary. In addition,
this could improve dynamic characteristics of the closed-loop
control system. Table IT summarizes the soft switching condition
for the proposed converter.

B. Voltage Conversion Ratio

The actual voltage conversion ratio of the proposed converter
is derived for D > 0.66 case, considering the effect of voltage
drop across the leakage inductor of the transformer. Applying
the voltage-second balance principle to leakage inductor Lj,
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Fig. 7.  Operation states of the proposed converter (D < 0.33).

from Mode I to Mode V, the following equation can be obtained
(see waveforms of vy o and i, in Fig. 2):

Vikn - (1=D) T = Vi, Dy - T. )
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TABLE II
SUMMARY OF THE SOFT SWITCHING CONDITION
Switching Main Clamp
Duty cycle . . .
condition Switches Switches
D > 0.66 Turn On ZNS ZNS
0.33 <D < 0.66 Turn Off None None
Turn On None ZVS
D <033
Turn Off None ZCS

From the waveforms of vy s and ij,i2, it can be seen

Vi, 1 (1
Lkp = DT <3Iz - Ipri2(t3)> .

Using (2), (5), (6), and (8)—(10), the voltage conversion ratio for
the D > 0.66 case can be obtained by

V. — ( V; . Po'Lk'fs )
="\ 0-D) " V,-(1-D)g

(10)

Y

where 7 is the converter efficiency, and - I, - V; = P,. In a
similar way, the voltage conversion ratios for the D < 0.33 case
can be derived. Applying the voltage-second balance principle
to the leakage inductor Ly, (see waveforms of vy and 2 in

Fig. 6), the following equation can be obtained:
Vikp - DT =Vixy, Dy - T. (12)

From the waveforms of vy s and ij,» in Fig. 6, it can be seen

VLk,n 1 1
Li = ﬁ (Ipriz(ts) - sz') .

Using (2), (12), and (13) and values Vipx , VL p, and I0(¢3)
obtained from Fig. 6, the voltage conversion ratio for D < 0.33
case can be obtained by

V;
%=n<

13)

(14)

(1-D)-P,- Ly - f,
1-D )

Vi-D? -

The voltage conversion ratios for 0.33 < D < 0.66 cases can be
derived by, using (11) and (14),

Vo= Vi 2-D-P,- Ly - fs
"_n(lD_W(D(?/f)))'n)

From (11), (14), and (15), the actual voltage conversion ratio of
the proposed converter is drawn in Fig. 8 as a function of the
duty ratio D with different leakage inductances.

It is shown in Fig. 8 that at low duty cycle range the duty
loss caused by leakage inductance of the transformer is signif-
icant, but as the duty cycle increases the effect of the leakage
inductance is reduced. In fact, the higher the leakage inductance,
switching frequency, and/or output power, the higher the duty
loss.

15)

C. ZVS Current and Range

As shown in Fig. 2, the ZVS current of the main switch
Isni zvs 1s the clamp switch current at turning off that is com-
mutated to the main switch and used to discharge the output
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ZVS region

Fig. 9. ZVS current and ZVS region of switches: (a) main switch and (b)
clamp switch.

capacitance of the main switch and is determined by

1

Ismzvs = Ipriages) = 31

To ensure the ZVS turn-on of the main switch, the following
condition should be satisfied:

1 1
3 Ly By zvs > 5 (Cosar + Cos.c) - VE

where Cos 3y and Cy4 ¢ are the output capacitances of the main
switch and clamp switch, respectively.

The ZVS current of the clamp switch Isc zvs is the main
switch current at turning off that is commutated to the clamp
switch and used to discharge the output capacitance of the clamp
switch and is determined by

(16)

a7

1
Isc zvs = $1;. (18)

3

To ensure the ZVS turn-on of clamp switch Scs, the following
condition should be satisfied:

1 1
B - Ly, - I3y gvs > B (Cos.ar + Cos.0) - V&

Using (16)—(19), the ZVS currents and ZVS ranges of main
and clamp switches as the function of duty cycle and output
power are plotted, respectively, as shown in Fig. 9. As shown in

19)
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COMPARISON OF CHARACTERISTICS OF THE PROPOSED AND CONVENTIONAL CONVERTERS (P, = 5kW, V; = 60-110V, V, =380V, f; = 50kHz, L; = 1.1 uH)
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TABLE III

Proposed Converter

PCPP Converter''*!

Half-bridge Converter

[12]

V6 Converter”!

Topology

3-phase Current-fed

3-phase Current-fed

3-phase Current-fed

3 single phase Voltage-fed

Clamping method

Active clamping

Passive clamping

Active clamping

Passive clamping

Switching method

Soft switching

Hard switching

Soft switching

Soft switching

Duty cycle range 0<D<1 0.33<D<1 0<D<1 0<D<0.33
(Operating duty cycle) (0.42<D<0.71) (0.37<D<0.7) (0.43<D<0.7) (0.07<D<0.32)
Start up circuit None Required None None
Additional clamp or snubber Not required Required at the primary Not required Required at the secondary
Diode Reverse recovery loss Negligible Not negligible Negligible Not negligible
Input filter Not required Not required Not required Required
Circuit complexity Relatively complicated Simple Relatively Complicated Most complicated
Main 200V, 34A, 3EA 250V, 37A, 3EA 200V, 38A, 3EA 110V, 29A, 12EA
switches Clamp 200V, 9A, 3EA - 200V, 18A, 3EA -
BRI 0.112 0.138 0.065 0.066
utilization
Diodes 380V, 4.4A, 6EA 380V, 4.4A, 6EA 380V, 4.4A, 6EA 414V, 4.4A, 6EA
Turn ratio 1:2 152 1:2 1:4
Transformer
KVA rating 7.7kVA 7.4kVA 10.8kVA 5.3kVA

Fig. 9(a), the ZVS current of the main switch tends to increase
as the output power increases and/or as the duty cycle increases.
This means that the ZVS turn-on of the main switch can be more
easily achieved under the condition of higher output power and
duty cycle. It is noted that the ZVS range of the main switch
becomes broader for smaller total output capacitance Cyg ot =
Cos,m + Cos,c of MOSFETs. For example, if MOSFETs with
total output capacitance Cog ot Of 5.1 nF are selected in this
example, the ZVS turn-on of the main switch can be achieved
with output power which is greater than 3800 W at duty cycle
of 0.5 [see Fig. 9(a)]. The ZVS current of the clamp switch
tends to increase as the output power decreases and duty cycle
increases. It should be noted from Fig. 9(b) that the ZV'S turn-on
of the clamp switch can be achieved in the overall duty cycle
and output power ranges.

D. Comparative Analysis

In this section, main characteristics and device ratings of the
proposed converter are compared to the conventional converters
including two three-phase current-fed converters (the passive-
clamped push—pull converter (PCPP converter) [14] and the
L-type half-bridge converter [12]) and a three-phase voltage-
fed converter (V6 converter) [7]. The comparison results are
summarized in Table III. Owing to the active clamping, the duty
cycle of the proposed converter and the L-type half-bridge con-
verter ranges from O to 1, which may result in better dynamic
response in transient state. The current-fed push—pull converter
requires an additional start-up circuit at the primary since the
duty cycle less than 0.33 is not allowed without it. A clamp

or snubber may be required for the V6 converter to suppress
the voltage spike and ringing that is generated between trans-
former leakage inductance and diode junction capacitance at
the secondary. The losses associated with the passive clamp
circuit in the PCPP converter [14] are more significant. The
proposed converter and the half-bridge converter [12] do not
require start-up and clamp circuits. The input current ripple of
all the current-fed converters is much smaller than that of the
voltage-fed converter [7] in which an input filter is required.
The PCPP converter [14] has the smallest number of switches
while the V6 converter [7] has the largest number of switches.
Even if the number of switch of the proposed converter is twice
that of the PCPP converter [14], the switch utilization ratios of
the both converters are similar and much higher than those of
the half-bridge [12] and V6 converters. The V6 converter has
the lowest kVA rating of the transformer. The kVA rating of the
transformer of the proposed converter is 30% smaller than that
of the half-bridge converter. The losses associated with diode
reverse recovery of the proposed converter are negligible since
diodes are turned off with ZCS unlike the PCPP [14] and V6
converters. In summary, the features of the proposed converter
such as soft switching of both main and clamp switches, loss-
less clamping at the primary, and negligible losses associated
with diode reverse recovery result in an improvement of overall
efficiency and power density.

E. Design Example

In this section, a design example of the proposed converter as
afront-end dc—dc converter for fuel cell application is presented,
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considering the following system parameters:

P, =5kW, V; = 60-110 V, V, = 380 V, f, = 50 kHz,
Ly = 1.1 pH.

Then, the average value of the rated input current I; (=P,/V;)
becomes 83.3 A. Since the converter is operated with maximum
duty cycle at rated load for fuel cell application, it is preferred
that the maximum duty to be greater than 0.66. Therefore, using
(11), the operating range of the duty cycle can be calculated as,
when n = 2,

042 <D <0.71 (20)
where efficiency of 95% is assumed. Duty cycle D; is calculated
to be 0.02 using (10).
1) Switches: Since the voltage rating of both main and clamp
switches is the same as the voltage across clamp C,, it is
calculated by

Vimin 9069 v,

—_— 21
1- Dmax ( )

From Fig. 2, the current ratings of the main and clamp
switches in rms value can be calculated to be 34.4 and
8.7 A, respectively.

2) Diodes: The voltage rating of rectifier diodes is the same
as the output voltage which is 380 V. It can be seen from
Fig. 1 that the average values of upper and lower diode
currents are the same and can be obtained by

~

L =433 A.
(22)

IDU,avg - IDL‘avg = (]- - D+ Dl) .

>|

3) Transformer: In this example, an off-the-shelf EI core of
the ferrite material (Bg, = 0.3 T, p; = 2500) is used for
the three-phase transformer. The required area product of
the core can be obtained by

_ 2 vari . Ipri,rms . (1 - D+ Dl) — 451 cm4
By, 'J'Kf fs
(23)
where maximum flux density By, .x = 0.7Bg,¢ T, current
density J = 3 A/mm?, and winding fill factor k; = 0.2.
Considering some margins, an EI core with Ap = 203 cm*
has been chosen from a manufacture, as shown in Fig. 10.
The parameters of the chosen core are as follows:
a) core window area: W, = 16.56 cm?;
b) core cross-sectional area: A, = 12.27 cm?.
Since the cross-sectional area of the center leg of the
core is twice them of the both side legs, the center
leg is cut out so as to have equal width, as shown in
Fig. 10. Then, the parameter of the modified core
is changed as follows:
¢) core window area: W, = 22.6 cm?;
d) core cross sectional area: A, = 8.5 cm?.

Ap

2273

118

17.5 17.5

86.5

17.5

Fig. 10. Dimension of the three-phase core (mm).

From the modified core of Fig. 10, range of the number of
primary winding turns can be obtained by
Vori 1 =D+ Dy 1 We-J- Ky

- N —.
Ac 2Bm : fs <A s 4 I])l‘i,rrrls

(24)

That is, 2.22 < N, < 11.94. Then, the desired number of
primary turns is chosen to be 11 so that current through magne-
tizing inductance is minimized. Even though widths of all three
legs are equal, magnetizing inductance of the center leg is still
larger than them of the both side legs since magnetic path length
of the center leg is longer than them of the both side legs. This
may cause more than 20% of unbalance in magnetizing induc-
tances of the three legs [16]. In order to decrease the unbalance
in magnetizing inductances, a small air gap of 0.04 mm was
added at the center leg of the transformer.

III. EXPERIMENTAL RESULTS

In order to verify the effectiveness of the proposed converter,
5-kW laboratory prototypes of both the PCPP converter [14] and
the proposed active-clamped converter have been constructed,
and the experimental results along with loss analysis are pre-
sented in this section. The system specifications used in the
experiment are the same as ones used in Section II-D. Same
switches, diodes, and transformers except clamping circuit have
been used for prototypes of both converters. The residual-current
device (RCD) clamp circuit (R = 300 €2, C =9 uF, FRD 600 V
30 A) was employed for the PCPP converter. The implemented
circuit diagram of the proposed converter is shown in Fig. 11.
Switching devices were selected from the manufactures accord-
ing to the component ratings calculated in Section II-E. The
transformer was built using the core in Fig. 10 as well. The
measured magnetizing inductances of each phase of the trans-
former are 690, 701, and 716 pH, respectively, which means
less than 3% of unbalance.

The proposed converter is considered as a front-end dc—
dc converter for fuel cell application. All experimental wave-
forms and loss analysis in this section are obtained from a pro-
grammable power source that emulates a fuel cell V-I charac-
teristic (60 V at full load and 110 V at no load). Experimental
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fiecro leCro "
‘ C/amp DiodeVioltage {140V/div] Dy, Voltage [200V/div]
‘ forit Current [25A/div] /
| w»w«i»»w- e jﬁ
(i v —V«-—
J f/ e yn‘\\.__J 3 ‘
T—.' - { 3w X h e v
| Su vmrage/mt/dfv/ Clarmp Diode Currént [25A/div] ~ 28R R
1 Bus/div Sus/div | Isedt Current [7A/div] Sus/div
(a) (b) (©
Fig. 12. Experimental waveforms of the PCPP converter [14] at P, = 5 kW (D = 0.7). (a) Main switch. (b) Clamp diode. (c) Rectifier diode.

waveforms obtained from the PCPP converter [14] at full load
are provide in Fig. 12. It is seen that the voltage surge and
ringing across the main switch are significant, which results in
increased turn-on switching losses of main switches. The volt-
age surge can be reduced by reducing a resistance value in RCD
snubber, but this will in turn increase the loss in the resistor.
Note that the volume of the resistor in the RCD snubber is con-
siderable since approximately 317 W is consumed in the resistor
at full load. Experimental waveforms of the proposed converter
at two different operating duty cycles D =0.71 (V; =60 V) and
D = 0.6 (V; =80 V) are shown in Figs. 13 and 14, respectively.
Fig. 13(a) shows the full-load input current and three primary
transformer currents of the proposed converter. It can be seen
that the input current ripple has been greatly reduced due to
the interleaving effect. It should also be noted from Fig. 13(a)
that three transformer primary currents have less than 5% of
unbalance in their rms values. It is seen from Fig. 13(b) and (c)
that both the main and clamp switches are being turned on with
ZVS. Fig. 13(d) shows that the rectifier diode is turned off with
ZCS. The ZVS turn-on of the main switch of the proposed con-
verter for this fuel cell application is achieved only for the duty
cycle range D > 0.66 (P, > 4 kW or V; < 70 V). Therefore,

the main switch is hard switched at 3.2 kW (D = 0.6), as shown
in Fig. 15(a). This is not a problem in the fuel cell application
where full-load efficiency should be optimized since the system
is operated at full load during most of time. If this is not for fuel
cell application, and therefore, more power could be drawn at
duty cycle range 0.33 < D < 0.66 so that Isy;, 7vs is sufficient
to satisfy (17), the main switch could be turned on with ZVS,
as shown in Fig. 4.

The measured using Yokogawa’s power analyzer WT3000
and calculated efficiencies of both proposed and PCPP con-
verters are shown in Fig. 15. Efficiency improvement of the
proposed converter is mostly resulting from reduced losses as-
sociated with clamp circuit. The peak measured efficiency of the
proposed converter is 97.1% at 2 kW and the measured full-load
efficiency is 94.6% at 5 kW. The peak measured efficiency of the
PCPP converter is 91.8% at 2.3 kW and the measured full-load
efficiency is 88.1% at 5 kW.

Fig. 16 shows a calculated loss comparison of the proposed
and PCPP converters at full load. In the PCPP converter, the
losses associated with the RCD clamp circuit are considered as
a major part of the total converter power loss, and at full load
the loss occupies larger than 50% of the total power loss. The
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losses associated with clamp circuit of the proposed converter
are greatly reduced since resistive loss in the active-clamp cir-
cuit is negligible, and the clamp switch is turned on with ZVS,
resulting in significant improvement of efficiency at full load.
Also, rectifier diode loss of the proposed converter is mostly
diode conduction loss since the diode is turned off with ZCS
whereas the rectifier diode of the PCPP converter has the diode
conduction loss as well as turn-off losses associated with diode
reverse recovery. The two converters have little difference in

magnetic loss. Fig. 17 shows comparison of loss distribution
according to three different operating modes (or load power) of
the proposed converter. As the load increases, the conduction
losses of main switches are sharply increased and the portion
in the total converter power loss is also increased. At full load
of 5 kW, the losses associated with main switches occupy 53%
(46% of conduction loss and 7% of turn-off loss) of the total
power loss, as shown in Fig. 17 (a). Since the proposed con-
verter was optimized at full load for fuel cell applications, the
leakage inductance was minimized in the design, and therefore,
ZVS of main switches are not achieved for 0.33 < D < 0.66.
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Fig. 17. Power loss distribution of the proposed converter for (a) full load
(D=0.71, P, = 5 kW), (b) medium load (D = 0.6, P, = 3.2 kW, and (c) light
load (D = 0.5, P, = 500 W).

Fig. 18.  Photograph of the proposed converter.

However, if the converter is not for fuel cell application and thus
full load may occur at any duty cycle, the proposed converter
could be designed to achieve ZVS turn-on of main switches for
0.33 < D < 0.66. Even though the main switch in this appli-
cation is hard switched for D = 0.6 (P, = 3.2 kW), as shown
in Fig. 14(a), turn-on loss of main switches is only 7% of the
total power loss, as shown in Fig. 17(b) since most of the loss
still come from conduction losses of main switches and diodes.
The transformer loss occupies 19-27% of the total power loss
for all cases, and the difference in absolute loss value is the
copper loss since the core loss does not change much accord-
ing to load variation. As the load decreases, the turn-on loss of
main switches is sharply increased and the portion in the total
power loss is also increased. At light load of 500 W, the most
dominant loss is the switching losses of main switches including
turn-on loss that occupies 33% of the total power loss whereas
the conduction loss of main switches is negligible. Fig. 18
shows the photograph of the 5-kW prototype of the proposed
converter.
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IV. CONCLUSION

A new three-phase current-fed push—pull dc—dc converter
with active clamping is proposed in this paper. The proposed
converter features active clamping of the transient surge voltage,
natural ZVS turn-on of main switches and clamp switches, full
operating duty cycle range between 0 and 1, and ZCS turn-off
of rectifier diodes. Comparative evaluation shows effectiveness
of the proposed converter in overall performances. Experimen-
tal results from 5-kW laboratory prototypes of the proposed
and PCPP converters demonstrate that the proposed converter
could be a viable solution for high-power application such as
fuel cells in that high efficiency and high power density can be
achieved.
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