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Step 1: Select the frequency of operation f; for the
minimum gain condition i.e.,V;, =48 V at full load

J

tep 2: Compute resonant frequency f; using (20) for
the required gain and the chosen # and f;

l

Step 3: Choose a value of Z, that satisfies (25) and
limits the circulating currents

}

Step 4: Compute the L and C values using (6) and (7)

}

Step 5: Check if ZCS is perpetuated at Vi, =42 V (f,
for ¥, = 42 V can be computed using (20))

Step 6: If maintained use the computed £ and C
values else repeat from step 4 with a lower Z,.

Fig. 6. Flowchart depicting the resonant tank design.
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Hence, for perpetuating ZCS with limited circulating current
and affirming strict voltage regulation under extreme source
voltages, Z, of 11 Q was chosen. For Z, = 11 €, the overlap
period (T) is computed as 2.1 us and 1.8 us for V;,, =48 V
and 42 V, respectively at rated power. From Fig. 5, T, lies
safely within the ZCS region. Hence ZCS operation is certain
with source voltage variations.

F. Resonant tank design

The design of the resonant tank parameters follows the
flowchart shown in Fig. 6. In this example, the resonant
frequency and the characteristic impedance are 0.2 MHz and
8.606 respectively for V;, = 48 V at full load at 75 kHz.
Thereby, the required values of L and C to perpetuate ZCS
even at V;,, =42 V are 3 pH and 9 nF, respectively.

G. Duty ratio

The minimum and the maximum value of duty ratio within
which the converter operates with ZCS is given by (26) and
(27) respectively. The duty ratio D is selected such that D,,;,

D D, for all operating conditions to perpetuate ZCS for
Vin =42 V to 48 V and from full load to part load conditions.

H. Boost inductor design

The value of the boost inductor L, can be computed using
(28).

Vib  (Thoo + Tho)
Ai

Where, VLb = V51 - VLml - Vin and T10 = Ts/3 - (T32 + T63

+ Tse + T109). The boost inductance was computed to be 132

uH for Ai = 0.05 A.

Lp = (28)

I. Body-diode conduction time

The period the anti-parallel body-diode conducts ensuring
ZCS is given by (18). The body-diode conduction dominates
at light loads as evident from (18) as the ratio of 1,/I;, elevates
with load devaluation.

IV. EXPERIMENTAL RESULTS

This Section details the experimental results to assess the
converter’s performance. Initially, the theoretical design was
verified using PSIM 9.3.3. The simulation results can be found
in [25]. Next, proof-of-concept laboratory prototype shown in
Fig. 7 was tested. Details of the prototype rated at 1 kW are
provided in the Table IV.

The gating signals to the primary switches were generated
using altera cyclone IV DEO Nano. Semikron driver SKHI61R
was used for driving the mosfets in the primary side. Fig. 8
depicts the experimental results obtained for V;, = 48 V at 1
kW with the frequency of operation being 95 kHz. The input
current /;,, flows through the boost inductor with the ripple
frequency 3xf,. Fig. 8(a) depicts the ZCS operation of the
primary switching devices. The body diode of the switch takes

Fig. 7. Laboratory prototype of the proposed converter.

TABLE IV
PARAMETERS OF THE LABORATORY PROTOTYPE

Parameters

MS250090 core, 12 turns, 52.2 H
IPP110N20N3, 200 V, 88A, Ryson = 10.7 m
9 nF, 1 kV, ceramic capacitor

Components

Boost inductors
Primary switches
Parallel capacitor
HF Transformers 3 cores of N97 material, ETD 59 geometry,

Ni =16, N2 = 48, Leakage inductances referred to
the primary Ly; = 2.8 H, Lo =3 H and

Lys =3.1 H

100 F 400 V electrolytic and 2.2 F, 400 V HF
film capacitor

STTH30R04, 400 V, 30A, Vp =097 V

Output capacitors

Rectifier diodes
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over the switch current thereby reducing the current through
the switch to zero when the gating signal to it is removed.
This eliminates the turn-off losses as the voltage across the
switches shoots up to V,/n when there is no current through
the primary devices.

The commutation occurs when the gating signals of two
switches overlaps. During the device commutation resonance
sets in, transferring the current form the outgoing to the
incoming phase. The resonance shapes the switch current
waveform sinusoidally as evident from Fig. 8(a).

The additional current required for the body-diode con-
duction is provided by the external capacitors in the circuit.
The commutation of §; and S takes place after 120° and
240° respectively. Fig. 8(b) depicts the currents in the primary
of the HF transformers. It is to be noted that the required
leakage inductance in the path has been incorporated within
the transformer itself. The transformer primary currents are
indistinguishable from the switch currents and are phase
shifted from one another by 120°.

Finally, Fig. 8(c) depicts the secondary current i, through
phase C and the voltage across the rectifier diodes Djs and
Dyps. It is evident that when the phase C current becomes
positive the rectifier diode D,5 gets forward biased allowing
power transfer to the load. The negative portion of the sec-
ondary phase current is the transformer magnetizing current.
The transformer corresponding to phase C stores energy in
the magnetizing inductance thereby acting like a fly-back
transformer.

The magnetizing current ripple is to be kept as low as
possible as this decides the transformer core losses. This trans-
lates into higher magnetizing inductance for reducing the core

losses and improving the conversion efficiency. The voltages
across the rectifier diodes are free from ringing as the voltages
are clamped to the load voltage by the capacitive output filter
C,. This eliminates the need for additional snubbers in the
secondary. Additionally, the rectifier diodes also turn-off with
zero current eliminating reverse recovery issues due to the
gradually decreasing current with a smaller slope.

The same has been illustrated for 1) V;, = 48 V at 200 W
and 2) V;, =42 V at 1 kW in Figs. 9 and 10 respectively.
The parallel capacitor voltage swinging between V, to -V,
is highlighted in Fig. 9(c). The experimental results match
closely with the steady-state operating waveforms in Fig. 3. No
discrepancies between them was observed. Further, the results
elucidate the ZCS operation of the semiconductor devices and
the device voltage clamping.

Frequency modulation ensures load voltage regulation and
ZCS with natural voltage clamping under all operating condi-
tions. Finally, the variation in the DC voltage gain with load
for f, =95 and 112 kHz is shown in Fig. 11. This characteristic
curve of the converter affirms the need for frequency variation
to regulate the output voltage with load and input voltage
variations. Maximum efficiency obtained was 92% at V;, =
48 V at full load. The loss distribution for V;, = 48 V at full
load condition is shown in Fig. 12.

The HF transformers contribute to 49.26% of the losses as
can be seen in the Fig. 12. This accounts for approximately 40
Watts. With unidirectional core excitation, introduction of air
gap in the transformers was necessary to avoid core saturation.
Practically, with air gap L,, dropped to (290 pH) although
cores with higher cross sectional are and large turns were
deployed. Owing to low L,, AB remained sufficiently high
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Fig. 8. Experimental results for Vi, =48 V, 1 kW at 95 kHz. (a) Gate to source voltage vg3, drain to source voltage v43 and current ig3 through switch S3,
(b) transformer primary currents iz, irs2 and irg3, and (c) Secondary current i. in phase C and voltage vpps and vpps across the rectifier diodes Dpo and
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Fig. 9. Experimental results for Vi, = 48 V, 200 W at 75 kHz. (a) Gate to source voltage vg3, drain to source voltage vg4s3 and current ig3 through switch
S3, (b) transformer primary currents izs1, irs2 and izg3 and (c) voltage across the parallel capacitors vep1, vep2 and veps.
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Fig. 10. Experimental results for V;, = 42 V, 1 kW at 112 kHz. (a) Gate to source voltage vgs3, drain to source voltage vy43 and current ig3 through switch
S3, (b) transformer primary currents izs1, irs2 and irg3 and (c¢) Secondary current i. in phase C and voltage vppo and vpps across the rectifier diodes Dpo and
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Fig. 11. Plot of the normalized load current vs. the dc voltage gain.
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Fig. 12. Loss distribution in the converter for V;, = 48 V at full load.

leading to higher core losses. The core losses of the trans-
former remain high even at light loads with slight variations in
frequency. This depreciates the part load efficiency drastically.
The transformer utilization and the conversion efficiency can
be improved by employing a single three-phase transformer. In
such a configuration, the core excitation becomes bidirectional
owing to flux cancellation. The net flux in the transformer at
any instant is zero.

V. CONCLUSION

The paper focuses and investigates on extending and im-
plementing the concept of impulse commutation to three-
phase push-pull current-fed topology with single inductor.
Detailed operation, analysis and design of this topology have
been presented with impulse commutation. Soft-commutation
and voltage clamping of devices though impulse commu-
tation have been demonstrated. It appears to be a strong
concept for current-fed circuits and introduces a new class

of unidirectional current-fed topologies. The operation is load
adaptive to realize the merits at fixed source voltage. Impulse
commutated circuits are immune to load variation and so the
control is simple to regulate the load voltage. Unlike resonant
converters, impulse commutation circuit introduces a short
resonance and so limits the peak and circulating currents
compared to resonant converters. Partial resonance realizes
soft commutation of devices while keeping the circulating
current low. With source variability, impulse commutation is
maintained through variable frequency modulation. With low
peak and circulating currents through the devices, the strategy
proves to be cost effective and efficient when compared to
active-clamping or passive snubbing.
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