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Abstract—A novel zero-current-switching (ZCS) current-fed
half-bridge isolated dc/dc converter has been proposed in this
paper. The proposed converter has potential applications such as
front-end dc/dc power conversion for fuel cell and photovoltaic
inverters, bidirectional converters for fuel cell vehicles, energy
storage, etc. This proposed converter provides a simple solution
to the switch turn-off voltage spike problem without any addi-
tional components or snubber. It leads to reduced size, lower cost,
compactness, and higher conversion efficiency. In addition, the
proposed converter has reduced peak current through the compo-
nents (semiconductor devices and transformer) that reduces their
volt-ampere rating and size compared to active-clamped zero-
voltage-switching (ZVS) current-fed converters. Voltage across the
primary switches is naturally clamped without an additional ac-
tive clamp or snubber circuit. In addition, voltage across the switch
is independent of the duty cycle. ZCS of the primary switches, nat-
ural commutation of secondary diodes, and zero-current turn-on
of secondary switches are achieved. Therefore, switching transi-
tion losses are significantly reduced. Steady-state analysis, oper-
ation with the proposed novel ZCS concept, and design of the
converter are reported. A 200-W laboratory converter prototype
has been built. Experimental results as well as simulation results
are presented to validate the analysis and design. A comparison
with existing active-clamped ZVS current-fed half-bridge convert-
ers has been discussed. The effect of device parasitic is investigated
and explained by simulation and experimental results.

Index Terms—Bidirectional converter, current fed, dc/dc
converter, fuel cells, renewable energy sources, soft switching.

I. INTRODUCTION

REEN ENERGY and clean transportation has potentially
attracted the attention of researchers, industries, and com-
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mon men in recent years. With the concept of smart grid, smart
metering, smart buildings, alternative energy sources, trans-
portation electrification, hybrid microgrid, etc., efficient, eco-
nomical, and compact power conversion is getting increasing
importance, and power electronics industries are revoking. Al-
ternative energy sources (photovoltaic (PV), wind, etc.) cannot
be used as such since their output is unregulated and discon-
tinuous in nature. Therefore, a power condition link is needed
to convert their output into regulated and usable form for given
application. Maximum power from these sources is extracted
and supplied to low-voltage dc grid for local loads as well as
interfaced to standard ac grid (utility) with a point of common
coupling with local ac loads. A typical smart grid has hybrid
microgrid (low-voltage dc and standard ac grid), and zero-
emission vehicles are part of it. Fuel cells have been accepted as
an important part because their output is continuous and secure
as long as the fuel supply is maintained unlike PV and wind.
In addition, fuel cell vehicles are assumed to be taking over
once commercialized as they are true zero-emission vehicles.
Energy storage in gas (Hz and O2) form relieves from issues
like disposal, lifetime, leakage, deep discharging, overcharging,
and capacity variations with season in case of battery storage.
Therefore, fuel cell systems will dominate in future smart grid.

To improve the fuel utilization and efficiency or, in other
words, for the energy-efficient operation of fuel cells, the
current ripple of the fuel cell stack must be minimized [1]. This
is applicable to any fuel cell applications and true for any kind
of source.

Front-end dc/dc conversion is important in fuel cell/PV
inverters because its efficiency dominates the overall system
efficiency. Since it is directly interfaced to the source, its func-
tionality decides the performance of the source [1], source/fuel
utilization for example. Hence, selection of efficient and high-
performance converters is important.

Several converter topologies have been reported [2]-[24]. A
comparison of soft-switching converters has been studied in
[18] and [19] and has justified current-fed half-bridge topol-
ogy as a suitable topology for fuel cell applications [2]-[4],
[16]-[20]. The same is true for applications of low voltage
high current, higher voltage conversion ratio, and wide source
voltage and power transfer capacity variations. It draws a low
ripple dc current from fuel cell stack and has been widely re-
ported recently [2]-[4], [15]-[17], [22]-[24]. An active-clamp
helps in achieving soft switching of devices and absorbs the
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Fig. 3. Proposed ZCS current-fed half-bridge dc/dc converter with full bridge
on secondary.

turn-off voltage spike across the switches. However, an active
clamp dissipates around 1% of the output power. In addition,
it increases the current stresses across the components and
introduces circulating current that leads to higher switch rms
current. Moreover, it requires two additional active switches,
two snubber capacitors, and one high-frequency (HF) capacitor
of large value, which increases the component count and con-
verter complexity.

A novel and simple zero-current-switching (ZCS) current-
fed half-bridge dc/dc converter is proposed by the authors [25].
Voltage across the switches is clamped without an active clamp
or passive snubber. It makes a reduction in size and cost. It
improves the converter efficiency by ZCS of primary devices,
zero-current turn-on of all devices, and natural commutation of
secondary diodes and body diodes of primary devices. Switch-
ing transition losses are significantly reduced. It has negligible
circulating current and lower conduction losses and, therefore,
is expected to show better light load efficiency than hard switch-
ing (Fig. 1) and active-clamped circuits (Fig. 2). The proposed
converter, as shown in Fig. 3, has bidirectional ability and
can be used for battery storage, fuel cell vehicles, and hybrid
electric vehicles. This paper demonstrates experimental results
and presents complete design and effect of device parasitics on
converter operation.

The layout of this paper is as follows. Steady-state operation
and analysis of the proposed converter have been explained
in Section II. Section III presents a detailed converter de-
sign. Effect of parasitics, i.e., device capacitance, has been
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described in Section IV. The proposed converter analysis
and design are verified by simulation results using PSIM 9.0
in Section V. Comparison with active-clamped zero-voltage-
switching (ZVS) topology has been reported. Experimental re-
sults for a 200-W laboratory prototype have been demonstrated
in Section V.

II. STEADY-STATE OPERATION AND ANALYSIS

In this section, steady-state operation and analysis with
the ZCS concept have been explained. In the instant before
removing the gating signal of the primary-side switch, two
diagonal switches on the secondary side are turned on, and the
reflected output voltage V,/n appears across the transformer
primary. This diverts the current from the primary switch into
the transformer, causing the transformer current to increase and
the primary switch current to decrease to zero. Once current
decreases below zero, the body diode across the switch starts
conducting, and the gating signal is removed, causing its ZCS
turn-off. Fixed-frequency duty-cycle modulation is used for
control of power transfer and output voltage regulation.

The following assumptions are made for converter analysis:
1) Inductors L; and Lo are large enough to maintain constant
current through them; 2) the magnetizing inductance of the
transformer is infinitely large; 3) all the components are ideal;
and 4) L, is the leakage inductance of the transformer or a se-
ries inductor that includes the transformer leakage inductance.

The steady-state operating waveforms are shown in Fig. 4.
The primary-side switches (S7 and S5) are operated with gating
signals which are phase shifted by 180° with an overlap.
The overlap varies with duty cycle that depends on the input
voltage and load conditions. The duty cycles of the primary
and secondary switches are denoted by d and d,., respectively.
Here, d is always greater than 50%, while d,. is always less than
50%. Switches S3 and Sg are operated with a duty ratio of d,
and switched off in synchronous with the switch S5, as shown
in Fig. 4. Similarly, the turn-off of S; and S5 is synchronized
with the turn-off of switch .S;. The converter operation during
different intervals in a half HF cycle is explained using the
equivalent circuits shown in Fig. 5.

Interval 1 (Fig. 5(a); to <t < t1): During this interval,
both the primary-side switches S; and Sy are conducting and
sharing 50% each of the input current. Power is fed to the load
by the output capacitor. iy = ifs = is1 = ig2 = Iin/2.

Interval 2 (Fig. 5(b); t1 <t <tz): In this interval,
secondary-side switches S; and S5 are turned on at ¢t = ¢;.
It causes voltage V,/n to appear across the primary of the
transformer, and its current i, starts building up; hence, the
inductor current ¢7,1, which was earlier flowing through switch
S1, is diverted to the transformer primary. Therefore, current
ig1 through switch Sy starts decreasing linearly, and current i,
starts increasing. The currents through the several components
are given by

V,
s = t—t 1
iLs = (t=h) (1)
. Iin Vo
= — - — — 2
's1 2 n-LS(t t1) @)
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Fig. 4. Operating waveforms of proposed ZCS two-inductor current-fed
half-bridge isolated dc/dc converter shown in Fig. 3.

. Iin Vo
252—7+n_LS(t—t1) (3)
: . Vo
is4 =1is5 = m(t —t1). “)

At the end of this interval, switch S; current reduces to
zero, causing its ZCS turn-off since the gating signal has not
been removed yet. Currents iy and igo reach [;, /2 and [y,
respectively.

Interval 3 (Fig. 5(c); ta < t < tg): In this interval, antipar-
allel diode D, of the switch S; starts conducting at ¢ = ¢5. The
currents through the transformer and the switches S5, Sy, and
S5 are increasing with the same slope. At the end of this interval
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Fig. 5. Equivalent circuits during different intervals of the operation of the
proposed converter (Fig. 4) for the steady-state operating waveforms illus-
trated in Fig. 4. (a) Interval 1. (b) Interval 2. (c) Interval 3. (d) Interval 4.
(e) Interval 5. (f) Interval 6. (g) Interval 7. (h) Interval 8.
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att = t3, currents I s and ¢ g5 reach their peak values. The peak
value depends upon the pulsewidth of the gating signal (G4 and
G5 shown in Fig. 5) applied to secondary switches.

Interval 4 (Fig. 5(d); ts <t < tg): Secondary switches Sy
and S are turned off at t = 3. The current on the secondary
side is taken over by antiparallel diodes D3 and Dg across
secondary switches S5 and Sg, respectively. A negative voltage
of —V,/n appears across the transformer primary, and its
current i 5 starts decreasing from its peak value

. Vo
s = ILs,pcak - m(t - t3) (5)

Vo
(t —t3). (6)

152 = 152 peak —
pea. n- LS

At t = 14, the current through diode D; naturally reaches zero.
Currents i, and igo reach I;,,/2 and I, respectively.

Interval 5 (Fig. 5(e); t4 <t < t5): During this interval,
the snubber capacitor across the primary switch S7 charges
to voltage V,/n. This interval is very short. Series snubber
resistance controls the charging rate.

Interval 6 (Fig. 5(f); ts < t < tg): In this interval, the trans-
former primary voltage is zero; therefore, a constant current
I;n /2 flows through its primary. Switch S5 conducts full input
current [;,,. Output capacitor C, is charged by constant current
I;n, /2n through the antiparallel diodes D3 and Dg. G1—Gg are
the gating signals for the switches S1—Sg, respectively.

Interval 7 (Fig. 5(g);, te <t <t7): At t =tg, primary
switch S7 is turned on. The snubber capacitor across it dis-
charges through the series snubber resistance, and switch volt-
age reduces to zero at the end of this interval. This interval is
very short.

Interval 8 (Fig. 5(h); t7 <t < tg): During this interval, a
negative voltage —V,,/n appears across the transformer pri-
mary, and its primary current starts falling from [, /2.

Switch S7 current starts increasing, i.e., current iy ¢ is trans-
ferred to switch Sy. It is the zero-current turn-on of switch S .
At the end of this interval at ¢ = tg, current i, reduces to zero,
and switch current /g, increases to [;,,/2. Their mathematical
expressions are given as follows:

v,
oy = t—t 7
is1 n'LS( 7) (7
. Iin Lo
= t—tr).
‘L 2 n-LS( ) ®)

A half HF switching cycle terminates at the end of this interval.
For the next half HF cycle, the intervals are repeated in a
similar sequence with other symmetrical devices conducting to
complete the full HF cycle.

III. DESIGN OF THE CONVERTER

In this section, the converter design procedure is explained
by a design example for the following specifications chosen
for fuel cell inverter application: input voltage Vi, = 22—41V,
output voltage V, = 350 V, output power P, =200 W, and
switching frequency f, = 100 kHz.

1) The average input current is I;, = Po/(nVi,). Assuming

an ideal efficiency 71 of 100%, I;,, = 9.09 A.

2)

3)

4)

5)

6)

The maximum voltage across the primary switches is

Vo
Vow = —. )
n

Input and output voltages are related as
n- Vvin

Vom =y (10)

Series inductance L is calculated using
2.V, .
[, =2 Vordr
n- Iin : fs

The rms current through the primary switches is
given by

(1)

4d,. —
Isw rms — Iin ) +7d7 6d
’ 12

(12)
High-frequency transformer design: The transformer turn
ratio is selected to achieve low conduction losses in
primary switches because converter efficiency primarily
depends upon losses in primary switches due to con-
duction of higher current compared to other components
in the converter. Losses in the HF transformer like core
loss and copper loss in windings are also considered
while selecting the turn ratio. Selecting a transformer
with a higher turn ratio requires lower voltage switches
[using (9)] featuring low ON-state resistance introducing
lower conduction loss. On the contrary, a higher trans-
former turn ratio results in higher switch rms current
and enforces a duty ratio of primary switches below 0.5
to regulate output voltage at higher input voltage values
[using (10) and (12)].

Based on the appearing maximum voltage, switches
are selected and given in Table I. The maximum duty ratio
corresponding to an input voltage of 22 V is calculated us-
ing (10) for several values of transformer turn ratio, keep-
ing the secondary duty ratio d,. to 0.05. Next, conduction
losses in primary switches using corresponding ON-state
resistance of the selected devices are determined.

The number of turns on the primary and secondary
of the transformer is calculated for various turn ratios,
keeping the maximum flux density in the core identical
for all cases. Based on the primary and secondary wind-
ing currents, gauge of windings is chosen, and winding
resistances are calculated. Individual copper and core
losses in the transformer are estimated, and the total is
tabulated in Table I.

The plot of combined conduction loss in primary
switches and transformer losses with respect to various
turn ratios is shown in Fig. 6. Small values of the
transformer turn ratio, i.e., n < 3.5, result in high values
of the primary switch duty ratio d > 0.8. For a larger
value of duty ratio, power has to be transferred to the
secondary in a shorter time of (1 — D)T5, resulting in
higher peak current. At low values of turn ratios of
n < 3.5, the voltage across the switch is higher, and
the ON-state resistance Rgs on Of corresponding switches
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TABLE 1
CALCULATED CONVERTER PARAMETERS AS A DESIGN EXAMPLE
n Vew d, Ly Selected switch Conduction | Transformer Remarks
V) (nH) loss (W) Loss (W)
Large secondary peak current i.e.
2.5 140 0.84 15.4 IRFB4229GPbF 3.795 2.92 low power transfer time (1-D), and
250 V, 46 A, 38 mQ . .
higher conduction losses
IRFB4127GPbF Large secondary peak current, i.e.
3| 6T 081 | 128 | )00y 54 2oma | 2088 3.09 low power transfer time (1-D)
IRFB4127GPbF Large secondary peak current, i.e.
33 100 0.78 1.0 200 V, 54 A, 20 mQ 2179 3.25 low power transfer time (1-D)
IRFB4115GPbF .
4 87.5 | 0.75 9.6 150 V. 74 A. 11 mQ 1.248 34 Suitable
IRFB4115GPbF .
45| 778 | 0.72 8.6 150 V. 74 A, 11 mQ 1.298 3.54 Suitable
) IRFB4115GPbF ) S
5 70.0 | 0.69 7.7 150 V. 74 A. 11 mQ 1.348 3.67 Voltage Regulation issue
IRFB4115GPbF Lo
55| 63.6 | 0.65 7.0 150 V. 74 A. 11 mQ 1.398 3.80 Voltage Regulation issue
i . IRFB4110GPbF P
6 583 | 0.62 6.4 100V. 120A. 4.5mQ 0.593 3.92 Voltage Regulation issue
400 Peak and rms values of the transformer primary cur-
rent are
9.0
(13)
8.0 \
%70 (14)
= i 7) The necessary condition of ZCS of primary switches is
I.-n-L.-
5.0 dTZ in S fs. (15)
2.V,
4.0 : ; : :
2 25 3 35 4 45 5 55 6 For ensuring ZCS, the value of d,. is kept a little higher
n

than the critical value given by (15). For this additional
time, the antiparallel diode of the switch conducts. How-
ever, in order to limit the peak and circulating current
through the components, d,. should not be too high than
its critical value.

Boost inductors: The values of the boost inductor are
given by

Ly = Ly = (Vin)(D)/ [(ALin) (f5)]

Fig. 6. Losses including conduction loss in primary switches and transformer
losses with respect to turn ratio n.

is higher, resulting in higher conduction loss. The cost

of the device increases with the voltage rating. On the 8)
other hand, when n > 4.5, duty ratio d goes below 0.75.
Although this works at Vj;,, = 22 V, the duty ratio has to
go below 0.5 to regulate output voltage at higher values of
Vin = 41 V. However, the duty ratio has to be maintained
always above 0.5 to provide a current path to pass or
circulate the input boost inductor currents, i.e., both the
primary switches cannot be turned off at a time. From the
aforementioned discussion, designs with n = 4 and 4.5
are competitive. However, with low switch rms current,
i.e., low losses and better duty cycle range for voltage
regulation over wide fuel cell voltage range, n =4 is
selected for this application. A designer can follow the
same procedure with its own selected switches based
on the requirements. Here, low-cost devices of similar
values are selected based on voltage rating. Here, d,

(16)

where AT, is the boost inductor ripple current.
For ALy, =1A, L =176 uH. The maximum voltage
across the inductors is equal to V,,/n — Vi, = 53 V.
9) Secondary switches: The peak current through the sec-
ondary switches is
1 in

Isw sec,peak — .
5 P! 2.1

a7

10) Output capacitor: The value of output filter capacitor

C,is

is set to 0.05. Using (11), the leakage inductance of
the transformer is calculated to be L, = 9.6 pH. The
maximum voltage across the secondary switches is equal
to output voltage V,. Switches of 600 V are used on the
secondary side.

(o) - (D —0.5)

CO: AVvo'fS'

(18)
where AV, is the allowable ripple in output voltage and
C, = 4.2 pF for AV, = 0.5 V. Its voltage rating is equal
to V, =350 V.
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IV. EFFECT OF DEVICE PARASITIC

Steady-state analysis of the converter explained in Section II
assumes ideal devices. The devices used in a practical converter
system have parasitic. Although the performance of the con-
verter does not change considerably due to output capacitance,
it slightly modifies the operating waveforms during a few
intervals.

The effect of the output capacitance of the secondary
switches is prominent in intervals 1 and 9. At the end of interval
8 at t = tg, the secondary current of the transformer reduces to
zero. The voltage across the switch capacitances Cy and Cj is
charged to output voltage V,,. The equivalent circuit during this
interval is as shown in Fig. 7. Series inductance Lg resonates
with the device capacitances C's—C's. The resonant frequency is
given by

1

\/7’L2 ~Ls-Ceq

where C¢q is the equivalent capacitance across the transformer
secondary. Considering all device capacitances to be equal, Ceq
is obtained as

19)

Wy =

Coq = C3 = Cy = C5 = Cg. (20)

The respective voltages across the switch capacitances dur-
ing interval 9 are given by

Vsz =Vgg = + Ccos [w,n (t— tg)] 21

Vss =Vss =

(22)

M‘S M‘S
oS NS

cos [wy-(t — tg)] -

Currents through the secondary ig. and primary of the
transformer ¢, are given as follows:

o

lsec = — m SI1 [wr(t - tS)] (23)
. Vo .
1Ls = — m S [Wr<t — tg)] . (24)

Similar oscillations at identical resonant frequency w, are
observed during interval 1, ¢, <t < t;.

V. SIMULATION AND EXPERIMENTAL RESULTS

In this section, simulations and experimental results for a
200-W converter design are presented. Simulation was per-
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Fig. 9. Current flowing through the secondary-side switches.
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Fig. 10. Waveforms showing voltage across the secondary switch and voltage
across the primary of the HF transformer.
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Fig. 11.  Current through the primary of the transformer and current in the

boost inductors.

formed on PSIM 9.0 to verify the converter analysis and design.
Simulation results are shown in Figs. 8—11 and closely match
with the theoretical waveforms given in Fig. 4.
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Fig. 12.  Current waveforms through primary switches 757 and 7 g2.

Figs. 811 show simulation results with ideal components
for Vi, = 22 V at 200 W. Fig. 8 presents ZCS turn-off of the
primary switches. It is clear that each switch current reaches
zero naturally and the antiparallel body diode conducts, causing
a zero voltage across it. Therefore, a switch turn-off snubber
is not needed, and the gate signal is removed. In addition, the
currents through the switches build up with a slope resulting in
their zero-current turn-on.

Fig. 9 shows the current through the secondary switches,
including the current through their body diodes. It shows the
zero-current turn-on of secondary switches as the current starts
conducting from zero and builds up with a slope that depends
upon the reflected value of L. The voltage across the secondary
device is shown in Fig. 10. Voltage becomes zero when either
the diode conducts or the switch is turned on. When switches
Sy and Sy are conducting, the voltage across switch S5 is V.
Voltages across all the switches become V, /2, when current
through the antiparallel diode reaches zero. Fig. 10 also shows
the voltage across the primary of the transformer. Whenever
one of the primary switches is turned off, output voltage is
reflected across the primary of the transformer. Voltage Vap
is zero during conduction of both the primary switches.

Fig. 11 shows the transformer primary current (i) and the
current through input inductors (i1s and i75). The simulation
waveform of current iz, matches with that of the analysis
performed in Section II. The ripple frequency of i71 and ip9
is the same as switching frequency f, = 100 kHz. Since these
two currents are phase shifted by 180°, the ripple frequency
of input current [;;, is 200 kHz, which is twice the switching
frequency fs.

Additional simulation is performed considering device ca-
pacitance of the secondary switches for Vi, =22 V and P, =
200 W. Figs. 12 and 13 show simulation waveforms to compare
with the analytical description given in Section IV.

Fig. 12 shows ZCS turn-off of the primary switches. Their
currents reach zero naturally, and antiparallel body diodes
conduct, causing a zero voltage across them. However, clear
difference can be noticed compared with Fig. 8, where de-
vice capacitance is neglected. When current reaches I;,,/2, it
starts oscillating due to resonance between transformer series
inductance and device capacitance of the secondary switches.
Similarly, oscillations are observed in waveforms showing the
voltage across the secondary switch in Fig. 13. Transformer
primary voltage is unaffected by the device capacitance which
is similar to the waveform shown in Fig. 10.
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Fig. 13.  Voltages across the secondary switch and primary of the transformer.
TABLE 1II
COMPARISON OF PARAMETERS BETWEEN ACTIVE-CLAMPED ZVS AND
PROPOSED ZCS CURRENT-FED HALF-BRIDGE TOPOLOGIES

Parameters Active- Proposed
clamped ZVS 7CS
Peak current through
transformer /; peak (gA) o1 4.55
RMS current through
transformer 7y ., (%A) 38 34
Peak current through
primary switches 13.6 9.1
lSl peak (A)
RMS current through
primary switches 6.3 5.7
15] s (A)
Peak current through
secondary 23 1.14
switches/diodes (A)
RMS current through
secondary 0.66 0.55
switches/diodes (A)
Voltage across
primary switches V; 110 87.5
%)
Rating of prima
switgchesp(\/ A)ry 693 498.75
Transformer ratin
VA & 334 238

A comparison between active-clamped ZVS and proposed
ZCS current-fed half-bridge topologies has been illustrated in
Tables II and III. It is clear from Table II that the proposed ZCS
converter has reduced voltage and peak current stresses across
the switches and transformer. Also, it requires transformer and
switches of lower volt-ampere rating. Therefore, it results in
small size and low cost.

Higher efficiency is obtained due to saving in losses in
active-clamp circuit and reduced circulating current through the
switches, as shown in Table III. All these advantages come
without any added components and cost but with reduced
components and cost. This makes this contribution novel.

The total losses in equivalent series resistance (ESR) of the
capacitor and the @) losses in inductors are assumed equal to
0.5% of the rated power. Improvement in efficiency by 3.1%
enhances the source utilization and saving in fuel cells. Also,
the reduced components (absence of an active clamp) result in
low cost and reduced size.

Fig. 14 shows the picture of a 200-W laboratory prototype of
the experimental converter. Its details are as follows.



PRASANNA et al.: NOVEL ZCS CURRENT-FED HALF-BRIDGE ISOLATED DC/DC CONVERTER

TABLE 1II
COMPARISON OF LOSSES AND EFFICIENCY BETWEEN ACTIVE-CLAMPED
ZVS AND PROPOSED ZCS CURRENT-FED HALF-BRIDGE TOPOLOGIES

Parameters Active- Proposed
clamped ZVS ZCS
Cf)nductioq losses in 28 12
primary switches (W)
Conduction losses in 1.4 )
auxiliary switches (W) )
Conduction losses in
secondary 24 2.34
switches/diodes (W)
Primary switches turn-off
losses (W) 1.65 ZCS
Primary switches turn-on
r}iosses (W) ZVS 233
Auxiliary switches turn- 11 }
off losses (W) )
Turn-off losses in ) 0.53
secondary switches (W) ’
Transformer losses 3.72 2.93
Extra losses (W): (ESR of | |
filters + parasitics etc.)
Total losses (W) 14 10.5
% Losses 7 5.25

Fig. 14. Experimental prototype showing various components.

The input boost inductors have a T250-40 magnetics
molypermalloy powder (MPP) core, N =26, L = Lo =
195 pH, and four strands of SWG19.

The input filter capacitors are a 6800-uF 100-V electrolytic
capacitor and a 1-uF 275-V HF film capacitor.

The primary switches S; and Sy are IRFB4115PBF, with
150V, 100 A, and Rgs on = 9.3 m€2.

The HF transformer has a PC40ETD44-Z ferrite core, pri-
mary turns of 20, secondary turns of 80, and a leakage in-
ductance (reflected to the primary side) equal to 1.54 pH.
The HF transformer is designed by limiting the maximum flux
density to 0.05 T, and a core that avoids saturation is selected
accordingly. Litz wires are used.

The external series inductance is T106-26, with N = 5 turns
and four strands of SWG19.

The secondary switches S3—Sg are FGP5SN60OLS 600-V
10-A discrete insulated-gate bipolar transistors (IGBTs) with an
IDD05SG60C external Schottky diode in parallel. Since reverse
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Fig. 15. Experimental results: Primary switch gate voltage V51 (20 V/div),
switch voltage V41 (50 V/div), and current Igq (10 A/div).
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Fig. 16. Experimental results for voltage Vap (100 V/div) across and current
I1,s (10 A/div) through primary of the transformer.
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Fig. 17. Experimental results for voltage Vsec (500 V/div) across and current
Isec (2 A/div) through secondary of the transformer.
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recovery of the body diode of MOSFET is more than 250 ns, a
discrete IGBT with an external SiC Schottky diode is used in
the converter.

The output filter capacitors are a 270-uF 450-V electrolytic
capacitor and 0.68-uF 450-V HF film capacitors.

For the gate drivers, IR2181 is used to drive primary-side
MOSFETsS, and IR21834 is used for secondary-side IGBTs.

For the gating signal generation, gating signals for the
devices are generated on Cypress Programmable System-on-
Chip 5. It is more economical, user friendly, easy to program,
and simple to use. It is of smaller volume and size compared to
DSP and field-programmable gate array (FPGA) kits of similar
functionality.

Figs. 15-19 show the experimental results for Vi, =22 V
and P, = 200 W. ZCS of the primary can be clearly observed
from the waveform given in Fig. 15. Current in the primary
device Ig; reaches zero naturally before the gate signal Vg,
is removed. The voltage across the switch Vy,; rises only after
gate voltage V51 is removed. Switch voltage Vs is clamped
at reflected output voltage. Clamping of the device voltage is
achieved simply by modulation of secondary switches without
any additional active clamp or snubber circuit.



1666

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 49, NO. 4, JULY/AUGUST 2013

a l 2000/ l 200v/ g -19208 5008 Stop £ [ 502V E 20.0V/ ! 100V/ ! 100v/ @ < -BB0.0H 2.008/ Stop 4.00V
ﬂ#WM\LWM N;}r‘mxx«mm— ”_1“'“%‘\% Vgs 1 ¥ e S T
30 el \oﬁw.-_

WMMW

33

Fig. 18. Experimental result showing current through the boost inductors 11,1
and I5 (2 A/div).
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Fig. 19.  Voltages across the secondary switch V55 (200 V/div) and current
through the secondary switch Isec (2 A/div).
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Fig. 16 shows the voltage across the primary of the trans-
former Vap and the primary current /1 g. The voltage across
the primary Vap is zero when both the primary switches are
turned on and equal to voltage V,,/n when one of the switches is
turned off. This shows the clamping of voltage appearing across
the primary devices without any external clamping circuit.
Oscillation in current through the transformer primary I g
shown in Fig. 16 validates the effect of device capacitance.
These results match very well with the simulation results and
the analytically predicted waveforms, as shown in Fig. 4.

The voltage across the secondary of the transformer V. and
the secondary current Iy, are shown in Fig. 17. Oscillation
due to resonance between transformer secondary and secondary
device capacitances can be observed when current in the trans-
former secondary reaches zero. Due to parasitics in the board,
current has oscillations when the secondary switches are turned
on, i.e., when voltage V. becomes zero.

Fig. 18 shows the current waveforms I, and I through
the boost inductors which are phase shifted by 180° due to the
phase shift in gating signals of the two primary switches. This
phase shift results in 200-kHz ripple frequency at input current,
achieving reduced input current ripple.

The experimental voltage waveform across the secondary
switch Vg5 is shown in Fig. 19 along with secondary current
Isec. The voltage across the device is zero when either switch or
antiparallel diode is conducting. Discrete IGBT with a Schottky
diode in parallel is used to avoid reverse recovery losses as
compared to 600-V MOSFET because its body diode has a
reverse recovery time of > 250 ns. It is a concern on the
secondary side because, for majority of the time, the diode
conducts. Figs. 20 and 21 show experimental results for Vi, =
30 V and P, = 150 W, indicating ZCS and voltage clamping of
primary devices along with low peak currents.

I

Vdsl

Fig. 20. Experimental results: Primary switch gate voltage V51 (20 V/div),
switch voltage V51 (100 V/div), and current /g7 (10 A/div).
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Fig. 21. Experimental results for voltage Vap (100 V/div) across and

current Iy, g (10 A/div) through primary of the transformer and voltage
Vsec (500 V/div) across and current Isec (2 A/div) through secondary of the
transformer.
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Fig. 22. Plot of efficiency versus output power obtained for different load
conditions at Vi, = 22 V; circles (blue) for proposed ZCS converter and square
(red) for active-clamped ZVS converter.

Converter efficiency (blue circles) is compared with the
efficiency of an active-clamped ZVS half-bridge converter (red
squares) under varying load conditions for Vi, = 22 V and is
plotted as shown in Fig. 22. The maximum efficiency of 95%
is obtained at full load. Efficiency can be improved by accurate
design of printed circuit board (PCB), reducing the losses due
to parasitics.

VI. SUMMARY AND CONCLUSION

This paper has proposed a novel current-fed converter that
provides a secondary-side-modulation-based solution to the
switch turn-off voltage spike problem. It relieves the need of
extra snubber circuit, making the proposed concept novel and
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snubberless. This reduces component count and peak current
through the primary switches, and the transformer has been
reduced. Voltage of the primary-side switches is clamped at
reflected output voltage. Therefore, a design with selection of
low-voltage devices is possible. Low-voltage and low-current
devices are less costly and result in compact converters. In
addition, such devices have low ON-state resistance, resulting
in low conduction losses, and enhance converter efficiency. It
maintains soft switching of all the devices as well as natural
or zero-current commutation of body diodes of primary de-
vices as well as secondary diodes, resulting in low switching
losses.

Steady-state operation, analysis, and design of the proposed
converter have been presented. An experimental low-power
laboratory prototype of the converter was developed and tested.
Experimental results demonstrate the accuracy of the proposed
analysis and design. This converter topology is suitable for
low-voltage high-current applications such as fuel cell, PV,
and battery source applications. The proposed converter has
bidirectional power flow ability.
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