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Circulating Current Suppression of Current-Fed
Push—Pull DC-DC Converter With Natural
Commutation Strategy

Zhifeng Sun ", Yankun Chen

Abstract—In low-voltage high-current applications, the current-
fed push—pull (CFPP) converter stands as one of the promising
topological candidates. However, voltage spikes will occur when
input inductor current and leakage inductor current become mis-
matched. Natural commutation techniques have attracted signifi-
cant attention due to their ability to mitigate voltage spikes with-
out requiring additional clamping circuits. Nevertheless, existing
natural commutation strategies still exhibit limitations in terms
of excessive current stress and substantial circulating current.
To address these challenges, this article proposes a circulating
current suppression (CCS) modulation strategy. The fundamental
principle involves strictly controlling both duty cycle and phase
shift angle of the CFPP converter to minimize current mismatch
duration, thereby significantly reducing current stress and cir-
culating current. First, this article elaborates on the operational
principles of the proposed CCS strategy and derives mathematical
expressions for its transmission power, current stress, circulating
power, and loss model. Furthermore, to highlight the advantages
of proposed CCS strategy, mathematical models for current stress
and circulating power in existing natural commutation strategies
are systematically established, followed by comprehensive compar-
ative analysis and simulation validation. Finally, a 500 W CFPP
prototype is constructed for experimental validation. Experimental
results demonstrate that compared with state-of-the-art strategies,
the proposed CCS strategy achieves at least a 35.21% reduction in
current stress and at least a 67.26 % reduction in circulating power.
On the other hand, it also shows advantages in terms of cost and
compactness.

Index Terms—Circulating current suppression (CCS), current-
fed push-pull (CFPP) converter, dc-dc converter, natural
commutation.
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1. INTRODUCTION

ENEWABLE energy sources such as solar photovoltaic
R and fuel cells exhibit low-voltage high-current output
characteristics. The current-fed isolated bidirectional dc—dc
converter (CF-IBDC) has been widely employed in scenarios
interconnecting renewable energy systems with high-voltage
dc buses [1], [2], owing to its advantages including low input
current ripple, high voltage gain, and electrical isolation [3], [4].
Established CF-IBDC topologies encompass half-bridge [5],
L-L type [6], [7], resonant [8], full-bridge [9], [10], [11], [12],
and push—pull configurations [13], [14]. Compared with other
topologies, push—pull and full-bridge converters demonstrate
significant advantages in design cost and compactness [4]. Stud-
ies demonstrate that mismatch between input inductor current
and leakage inductor current triggers high-voltage spikes across
primary-side switches in current-fed push—pull (CFPP) con-
verter [13], [15], [16]. Additionally, current mismatch induces
significant circulating currents between primary and secondary
sides, increasing device current stress and conduction losses.

To address voltage spikes, existing research primarily fo-
cuses on two categories: 1) clamping techniques and 2) natural
commutation techniques. Clamping techniques suppress voltage
spikes through additional circuits, including passive and active
clamping methods. In passive clamping techniques, dissipative
RC[17],[18], and RCD [19] snubbers offer structural simplicity
but suffer from low efficiency due to resistive energy dissipa-
tion. Nondissipative LC snubbers [20] recycle energy through
resonance, yet face challenges in resonant parameter design
and limited soft-switching ranges. Active clamping techniques
construct an energy transfer path by adding power transistors
and high-frequency capacitors [21], [22], leveraging the charg-
ing/discharging characteristics of high-frequency capacitors to
suppress voltage spikes. For example, in [21], a clamp circuit
consisting of power transistors and capacitors was added to the
LL type current-fed full bridge converter, effectively reducing
the problem of voltage spikes. Wu et al. [22] proposed an active
clamp three switch push—pull full bridge bidirectional dc—dc
converter (TPFBC) topology based on a TPFBC. By adding a
capacitor clamp circuit, not only is the voltage spike of the con-
verter effectively suppressed, but the soft switching range is also
expanded. Additionally, the study in [23] and [24] reconstruct the
circuit based on the single half-bridge structure [5] to obtain an
LL type DAB topology, recognized as a special active-clamped


https://orcid.org/0000-0002-8053-172X
https://orcid.org/0009-0005-1249-716X
https://orcid.org/0000-0002-6437-404X
mailto:sunzhifeng@hut.edu.cn
mailto:m24085800086@stu.hut.edu.cn
mailto:zjh@hut.edu.cn
mailto:wuqunfang@nuaa.edu.cn
mailto:sx2103048@nuaa.edu.cn
mailto:suwei@ceprei.com
mailto:yupengfei@ceprei.com
https://doi.org/10.1109/TPEL.2025.3602280

2102

Primary side

Si .
E

Secondary side

5L ifgsz
I—_%'j Ni:Nyp:Ns=n:n:1

Fig. 1. Topology configuration of CFPP converter.

LL type topology. By adopting pulsewidth modulation combined
with phase-shift control, it addresses high circulating current
losses while maintaining the advantages of active clamping.
However, after fixing the pulse width on the high-voltage side,
the circulating current remains relatively large, and it still relies
on the clamping circuit to suppress voltage spikes. In summary,
active clamping techniques increase system volume and cost but
cannot effectively suppress circulating current.

Natural commutation techniques achieve zero-current com-
mutation by optimizing switching sequences or duty cycles,
enabling primary current reversal through body diodes at current
zero-crossing instants. Specifically, during switch turn-OFF, the
primary reverse current freewheels through body diodes. As
junction capacitors cannot charge during switch turn-OFF but
only after current freewheeling concludes, voltage spikes are
effectively suppressed [25], [26]. Established natural commu-
tation strategies include single-PWM (SP), dual-PWM (DP),
and PWM plus phase-shift (PPS), currently applied to L-L type,
full-bridge, and push—pull topologies [6], [7], [9], [10], [11],
[13], [14]. In [6], [9], and [13], the SP strategy is proposed
where primary switch gate signals adopt variable-duty-cycle
square waves. This method generates bipolar voltage waveforms
at secondary bridge midpoints, achieving ZCC and voltage
spike suppression. However, reduced input voltage or low power
transfer significantly increases primary switch reverse current,
leading to excessive current stress and circulating currents. To
mitigate circulating currents and current stress, in [7] and [10],
the DP strategy is introduced incorporating additional duty cy-
cle control for full-bridge rectification. However, discontinuous
series inductor current causes voltage/current oscillations, in-
creasing system losses and impeding soft-switching realization.
In [11] and [14], the PPS strategy is proposed by introducing
phase-shift angles between secondary bridge arms on the ba-
sis of SP, generating triple level voltage waveforms at bridge
midpoints. The added phase shift transforms primary switch
reverse current and leakage current from triangular to trapezoidal
profiles, thereby reducing current stress and circulating currents.
Nevertheless, current stress remains suboptimal. Furthermore,
existing strategies exhibit prolonged current mismatch duration
when primary inductor current reaches its peak, resulting in
substantial residual circulating currents.

To reduce circulating currents and current stress in CFPP
converters, this article proposes a circulating current suppression
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(CCS) strategy. Its core principle lies in minimizing circulating
power by reducing both current mismatch duration and current
stress. Compared with existing natural commutation strategies,
the proposed approach achieves significantly lower circulating
power and current stress while enhancing system efficiency.

The contributions are as follows.

1) A novel CCS strategy is proposed, along with detailed
implementation principles. Compared with the state-of-
the-art PPS strategy, the proposed CCS strategy reduces
the total circulating power by 78.41% and 67.26% under
half-load and full-load conditions, respectively.

2) Operational modes of the proposed CCS strategy are ana-
lyzed. Mathematical expressions for transmission power,
current stress, and circulating power are derived, enabling
quantitative analysis characteristics of CFPP converter.

3) Detailed mathematical models of current stress, circulat-
ing power, and loss of CFPP with the existing SP, DP, and
PPS strategies are rigorously derived. A comprehensive
comparative analysis is conducted to validate the superior-
ity of the proposed circulating current suppression strategy
in terms of efficiency, cost, and compactness.

This article presents the operating principles and development
process of the proposed strategy, accompanied by experimen-
tal validation. The rest of this article is organized as follows.
Section II performs steady-state analysis of the proposed CCS
strategy, derives control variable mathematical models, and ex-
plains implementation principles. Section III presents a charac-
teristic analysis of the proposed CCS strategy, derives expres-
sions for CFPP characteristics, including models of voltage gain,
transmission power, current stress, circulating power, and loss.
Section IV conducts a comprehensive comparison between the
existing strategies and the proposed CCS strategy in terms of
current stress, circulating power, losses, cost, and compactness.
Section V presents the PLECS simulation results and experimen-
tal results of the 500 W prototype to validate the effectiveness
of the proposed CCS strategy. Finally, Section VI concludes this
article.

II. OPERATIONAL PRINCIPLE

Fig. 1 illustrates the topological configuration of the CFPP
converter. The converter consists of a primary-side push—pull
circuit, a high-frequency transformer, and a secondary-side full-
bridge circuit, where L denotes the primary-side input inductor,
Lg represents the equivalent total leakage inductance referred to
the secondary side, and the transformer turns ratio is defined
as Ny : No : N3 =n:n: 1. Vy and V, correspond to the
input and output voltages, respectively. v,;, and v.q indicate
the voltages across winding N; and the midpoint voltage of the
secondary full-bridge legs, respectively. vy, and vy g denote the
input inductor voltage and leakage inductor voltage, with iz, and
i1 being their respective currents. i ;1 and i 455 characterize the
drain-source currents of switches S; and Ss. The transmission
power is defined as P, and the voltage gain is expressed as M =
nVO/ Vin .

Fig. 2 provided the key waveforms of the proposed CCS
strategy, which include two control variables D and D,. Here, D



SUN et al.: CIRCULATING CURRENT SUPPRESSION OF CURRENT-FED PUSH-PULL DC-DC CONVERTER

Zoom-in T

N
b
~

~

~ 0~

A
I/ | T*Circuling
current Lis1

L~—""1 /f" Tﬂy \"«*ﬁ\\ l/a_,s..as‘é‘)
gl L_/ sd_max 52 \ g .
Lttty byt 15 L by s b

Fig. 2. Operation waveforms of the proposed CCS strategy.

denotes the duty cycle of primary switches S; and Sz, while Do
represents the inner phase-shift angle between the bridge arms
of the secondary full bridge. The overlapping part of the duty
cycles of S; and S» is defined as D1, satisfying D1 + 0.5 = D
Furthermore, the driving signals of S; and S are 180° out of
phase. The driving signals of the switches in the same bridge
arm of the secondary full bridge are also 180° out of phase, with
dead times incorporated.

A. Mode Analysis

The proposed CCS strategy has symmetrical waveforms in
both half-cycles. Therefore, only the operational modes in the
first half-cycle are analyzed. The half-cycle operation is divided
into eight intervals, and the equivalent circuits corresponding to
each mode are shown in Fig. 3. Here, Ts denotes the duration
of a half-cycle.

Interval 1 [see Fig. 3(a), top <t < t1]: Before ¢, switches So,
S4, and Sy are conducting. The input inductor current matches
the secondary-side leakage inductance current, and the converter
transfers energy between the primary and secondary sides. At
tg, switch Sp is turned ON with zero-voltage switching (ZVS),
resulting in a mismatch between the input inductor current
and leakage inductance current. During this interval, the input
inductor L is charged, and the transformer leakage inductance Lg
discharges to the Va-side. The voltage and current expressions of
the input inductor L and leakage inductance Lg can be expressed
as

vr(t) = Vi
ULS(t) = Vo
ir(t) = f Vi (8)dt = i (ty) + Yall—to) (1)

M‘/in(tftg)
nlLg .

irs(t) = 7= ft Vis(t)dt =ips(to) +

Interval 2 [see Fig. 3(b), 11 <t <t2]: Atty, i1 s crosses zero and
reverses polarity, causing the leakage inductance to transition
from a discharging state to a charging state. The states of all
other devices remain identical to those in Interval 1.

2103

Interval 3 [see Fig. 3(c), to <t < t3]: At o, ig52 Crosses zero
and reverses polarity, reaching its peak value at #5. The states of
all other devices remain identical to those in Interval 2.

Interval 4 [see Fig. 3(d), 13 < t < 13']: At 13, switch Sy turns
OFF, and the reverse current freewheels through its body diode,
causing i 452 to decrease from its peak value. For the secondary-
side full-bridge circuit, the junction capacitance of switch S3
discharges, while that of Sy charges

Interval 5 [see Fig. 3(e), 13" < t < 14]: At 13/, switch S5 is
turned ON with ZVS. During this interval, i, g remains constant,
and the states of the primary-side push—pull circuit are identical
to those in Interval 4.

Interval 6 [see Fig. 3(f), 14 <t < 15]: At 4, the drain current
igs2 1s zero. The input inductor current matches the leakage
inductance current, enabling energy transfer from the primary
to the secondary side. Both the input inductor L and leakage
inductance Lg are in a charging state. Additionally, since the
input inductance L is significantly larger than Lg, the charging
slope of the input inductor is approximated as V;,/L. The key
expressions in this interval are

UL(t) = L—fn‘é“LS

ULS( ) = LannSQ‘E“s )
Lt)=1 ft Vi (t)dt = ip (ts) + Yallta)

ZLS( = L ft Vis(t)dt =ips(ts) + %@7;:).

Interval 7 [see Fig. 3(g), t5 < t < t5']: Atts, the junction capac-
itance of switch S charges, enabling So to achieve zero-current
switching (ZCS). For the secondary-side full-bridge circuit, the
junction capacitances of switches S5 and Sg are in discharging
and charging states, respectively

Interval 8 [see Fig. 3(h), 15" <t < 15]: At t5/, switch Sg is
turned ON with ZVS, and i;, reaches its peak value. The Vi,
source, input inductor L, and leakage inductance Lg collectively
discharge to the V,-side. The key expressions in this interval are

o) = B
slt) = 0L

(t) = L [ vp(t)dt = i (tgorime) + Yol 200D
ins(t) = 2= [ vps(t)dt = ips(ty) + 2l A1)

3

B. Realization Mechanism of Proposed CCS Method

Existing SP, DP, and PPS natural commutation techniques
can achieve matching between input inductor current and leak-
age inductor current by controlling duty cycle and phase-shift
angle, thus effectively eliminating voltage spikes. We find that
in one switching cycle, the current matching time points of SP,
DP, and PPS strategies are relatively lagging, leading to issues
of large current stress and circulating current. To address the
abovementioned problems, by advancing the current matching
time point, we propose a CCS strategy with low current stress and
circulating current, as shown in Fig. 2. The implementation of the
CCS modulation strategy under different operating conditions
lies in the precise coordination of duty cycle D and phase-shift
angle Ds. Next, based on the modulation waveform of CCS
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Fig. 3.
(f) Interval 6. (g) Interval 7. (h) Interval 8.

and combined with the circuit principle of CFPP, we derive the
expressions for the control variables D and D». It should be noted
that under different operating conditions, substituting circuit
parameters into the control variable expressions can realize the
CCS modulation waveform, and the converter can operate in a
low current stress and circulating current mode.

Based on the modal analysis in the previous section, Intervals
4 and 5 are significantly shorter than the switching period and,
thus, can be neglected. The duration of Interval 6 is defined as
D>Tg. According to (1), (2), and (3), the instantaneous leakage
inductor currents at #3, t5, and g, denoted as i1, 5(13), i ,s(t5), and
irs(tg) are, respectively, derived as

irs(ts) =ips(to) + MVTD;TS

irs(ts) = irs(ts) %)(0 5-D,—Dy)T. “@
. - nVin(1— e —
irs(te) = ins(ts) + Iy —

The leakage inductor current i1 g exhibits symmetry between
positive and negative half-cycles, satisfying iy s(fg) = —irs(s).
Substituting this condition into (4) yields the leakage inductor
current magnitude at ¢y can be expressed as

nVin(M —1)(0.5 — Dy — D3)Ts  MVinDiTs
2L + 2n2Lg  2nlg
nVinDaTs
2L +2n2Lg’

irs(to) =

(&)

Furthermore, based on the transformer primary-secondary
current conversion relationship, we have iy (fg) = —irs(to)/n,
the input inductor current magnitude at ¢y can be calculated as

MVinD:Ts
2712LS

‘/inDQTS
9L + 2n’Lg

ir(to) =
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Equivalent circuit for half a cycle of the proposed CCS strategy (Interval 1-8). (a) Interval 1. (b) Interval 2. (c) Interval 3. (d) Interval 4. (e) Interval 5.
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n (Vin — MViy)(0.5 — Dy — D3)Ts

6
2L + 2n%Lg ©®)

For the CFPP converter, the average inductor current over a
half-cycle equals the input current, we obtain

IL == Iin = P/‘/m (7)

Fig. 4 presents a zoom in view of the input inductor current i,
from Fig. 2, where 77 and T5, respectively, denote the charging
and discharging durations of the input inductor.

As derived from Fig. 4, the variation of the input inductor
current during the charging duration Aiy, is expressed as

Vin(D1 + D2)Ts

Aip = 7

®)
Furthermore, the expression for the input inductor current at
to is given by
Aig,

iL(to) =1 — T 9
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Fig. 5. Three-dimensional graph of D and Ds.

By substituting (7) and (8) in (9), we obtain

_ r Vin(D1 + D2)Ts

ir(to) v 5L

(10)

For the proposed CCS strategy, the mathematical relationship
between D and D; is givenby D = 0.5 + Dq,i.e., Dy =D — 0.5.
Substituting this condition into (6) and (10), and simultaneously
solving the equation to eliminate iy (#y), we derive as

P V(D1 + Do)Ts  (Vin — MVin)(0.5 — Dy — D2)Ts

Vi 2L 2L + 2n2Lg
MVinD1Ts VinD2Ts
2n2Lg 9L + 2n2Lg’

ey
Based on Fig. 4, the volt-second balance equation for the input
inductor current is established as follows:
Vin(D2+D—O.5)TS Vin(l_M)(l_DQ_D)TS
L L+n2Lg

=0.
(12)
By combining (11) and (12), the calculation model for the

two key control variables D and D» of proposed CCS strategy
can be obtained as

Lsn?(4L% Pni+4Ls LPn2(M+1)+4L2 M P+TsV;2L(1-M))
2TsV2(Lsn2+LM)(Lsn2(M—1)+LM)
—(D—-0.5).

D=14
Dy=

L(M-1)
Lsn212LM

13)

Obviously, by substituting different circuit parameters (Viy,
L, Lg, n, Ts) and operating conditions (M, P) into (13), a set of
control variables D and D> can be obtained. This set of control
variables enables the implementation of the proposed CCS mod-
ulation strategy. Fig. 5 illustrates the three-dimensional (3-D)
relationship surfaces among voltage gain M, power P, and the
control variables D/Dy. As shown in the figure, the duty cycle
D is directly proportional to transmission power P but inversely
proportional to voltage gain M, while the phase-shift angle Do
is inversely proportional to P and directly proportional to M.
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III. THEORETICAL CHARACTERIZATION

To comprehensively evaluate the performance of the proposed
CCS strategy, this section conducts an in-depth analysis of the
converter’s key characteristics, including voltage gain, transmis-
sion power, current stress, and circulating power, as detailed
below.

A. Voltage Gain and Transmission Power
From (12), the voltage gain M can be derived as
2 (D2 + D — 05) L5n2 + L
(1-2(Ds+D—-05))L °
From (14), when circuit parameters are fixed, the sum of
control variables D and D, remains constant, thereby ensuring
the voltage gain M remains invariant.

Substituting (14) into (11), the expression for transmission
power P can be derived as

 TsV2((2D2°4(2D—2) Dy—D+0.5)n? Ls— (D — 0.5) L)

M =

(14)

4n?Lg (Da+D — 1) (n?Ls+1L)
2L (Dy+ D — 1) '

Based on Fig. 2, the duty cycle D of the CFPP converter
operating in continuous conduction mode must satisfy

T
De (0.5,0.5 + —1> (16)
Ts
where
T L(M-1) a7

Ts  2Lgn®+2LM"

Since the transmission power P is proportional to the duty
cycle D, when D = 0.5, the minimum transmission power Py,
is defined. When D = 0.5 + T1/Tg, the maximum transmission
power P, is achieved. We have

TeVEL(M-1)
Pmin =
Pmax =

4(Lsn?+L)(Lsn2+LM)
TSV LA )
4Lsn2(Lsn2+LM) .

(18)
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To facilitate analysis, the normalized expression of transmis-
sion power in this article is defined as

P — Pmin
Pmax - Pmin '

By substituting (15) and (18) into (19), the normalized trans-
mission power expression of CFPP can be derived as

D—-0.5
Pr=————. 20
Dy+D—-0.5 20)
Fig. 6 presents the 3-D graph of transmission power versus
control variables D and Ds. It can be observed that the transferred
power P increases with the rise in duty cycle D and the decrease

in phase-shift angle D.

P = (19)

B. Current Stress

This section will analyzes current stresses, including the max-
imum leakage inductor current stress /g max and maximum
the reverse current stress /qq max Of primary-side switch Ss.
Derivation procedures are as follows.

From Fig. 2, the leakage inductor current reaches its peak at
t5. Substituting (5) into (4), the leakage inductor current stress
I1.s max can be expressed as

=irs (t5) =

TsVin ((1=2D2) LsM+ (2D1+4D2—1) Lg) n?+2D1 LM)
4Lsn (Ls’ﬂ2+L)

ILS'?max

ey

ig4s2 reaches its reverse peak value at #o. From Fig. 1, based on

Kirchhoft’s current law and the transformer primary-secondary

current conversion relationship, the drain-source current expres-
sion of switch S5 can be derived as

. ip (1) ips (1)
s2 (1) = — . 22
igs2 (1) > o (22)
According to (4) and (5), Is4_max can be expressed as
Isd_max = lds2 (t2) =
TsVin (2D +2Ds — 1) M +1—2Dy)  D1TsViy 23)
4Lgn? 4+ 4L 2L

C. Circulating Power

Circulating power is caused by circulating current. During
the power transmission process of the converter, circulating
power occurs in the phase where the current is in opposite
phase with the primary/secondary side voltage. The primary
circulating power P, _,; of the CFPP converter is defined as
the power generated in the phase where the drain-source current
igs of the primary switch is in opposite phase with the input
voltage Viy,. The secondary circulating power P s of the CFPP
converter is defined as the power generated in the phase where
the secondary leakage inductor current iy, g is in opposite phase
with the midpoint voltage v.4 of the secondary full-bridge arm.

Based on Fig. 2, primary-side circulating power can be given
by

V;n-[sd maxT24

W [
P pri= —— Las2 (1) dt = — — 24
=t [ a0 - ey
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where

TsLM (2n*LgDy + (2D3 + 2Dy — 1) LM + L)
2 (TL2L5 — LM) (n2LS + L) '

24 =
(25)

Similarly, secondary-side circulating power can be given by

2V, .
P. goc = — ips (t)dt
- Ts t
M 2
2 (2 2 1) 2
TsV2 (( 1[ 2D, Lsn® —2D1 LM

16Lgn2(Lgn? + L)*
(26)

D. Loss Model

The losses of the CFPP converter mainly include key compo-
nents such as conduction loss, switching loss, and transformer
loss. Next, we will establish detailed mathematical models for
various losses.

1) Conduction Loss: Conduction losses are mainly caused
by the parasitic resistances of the switches and body diodes.
Assuming both parameters are R oy, the loss can be expressed

as
Fon = IgsirmsRon (27)

where 145 s represents the root-mean-square (rms) value of
the power switch conduction current. For S-S5, this value can
be calculated as

Idsl_rms ==

Z dsl (t3 + stl (tﬁ)) D,
+ (1361 (t3) + ldgl (ts) + igs1 (t3) igs1 (t5)) Do
+ (i34 (t5) +i3 (te) +iast (t5) iast (t6)) (0.5—T1/Ts)
3 .

(28)
For S5—S¢, this value can be calculated as
Irs_rus

V2

(i75(t0)) + (iLs (ta) +iLs (to) irs(ts)) D1

+(i%s (fs() 4; ils (ts() ‘;ZLS (t3)irs +irs (t5))D2
7 ts) +i2 o (t

+ ( inisitg))if:(tf) ) (0.5 —T1/Ts)

3

IdsSfrms -

(29)

2) Switching Loss: Switching loss mainly includes turn-ON
loss and turn-OFF loss. Since the proposed CCS strategy can
achieve ZVS-0ON for all switches and ZCS-OFF for primary-side
switches, the turn-ON loss and primary-side turn-OFF loss can be
neglected. The secondary-side turn-OFF loss can be calculated
as

242 f
P — off“off / s (30)
off 240088
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TABLE I
MATHEMATICAL MODELS OF CURRENT STRESS AND CIRCULATING POWER FOR EXISTING MODULATION STRATEGIES

SP strategy DP strategy PPS strategy
; 1, (M-1) DIV, M RAACLEED
LS max 4n Ls n LS an LS
p 1V, ((D-0.5)n"Ly +(D-1)LM +0.5L) iﬁ_Vm(D—O.S)TS _DIY,M Ty, (M-1) ., (2D’ Ly +(2D, +2D, ~1) LM + L)
sd_max 2L, L 2V, 2L 2n°L;  8n’Lg+8LM an’LgL
[w #Dias (1) (D, + D)L, ]V
L(M-1) T :
T, M ((D-0.5)w’ L +(D-1)IM +05L | (P=0.5)=0 5 ——" where
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where 7,¢ denotes the turn-OFF time of the power switch, C s
represents the output junction capacitance, and [ o is the turn-
OFF current of the secondary switch. As shown in Fig. 2, the turn-
OFF current / opp under the proposed CCS strategy is /1,5 max-

3) Transformer Losses: Transformer losses mainly include
winding losses and core losses. The winding losses can be
expressed as

R .
2
Pwind = ILSJms (7‘?2” + Rsec) (31)
where R,,; and R, refer to the equivalent resistance of the
primary and secondary windings of the transformer.

The core losses can be expressed as

Pcore = PVVe (32)

where V. is the core volume, Py (W/m?) is the core loss per unit
volume, which can be expressed as

Py =aB* (33)

where a and x are coefficients of the core material, and B is the
flux density. For the 3C95 core material, the parameters are a =
1.627 x 107, x = 2.73, and the magnitude of B is

B U

K fsAN
where U is the rms voltage across the primary winding, Kyis the
waveform coefficient of the primary winding voltage, f; is the

switching frequency, A, is the effective cross-sectional area of
the core, and N is the number of primary turns.

B (34)

IV. COMPREHENSIVE COMPARATIVE ANALYSIS OF DIFFERENT
STRATEGIES

A. Comparison of Current Stress and Circulating Power

To facilitate quantitative comparison between the proposed
CCS strategy and existing natural commutation strategies,
this section derives the current stress and circulating power

/Current Matching
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Fig. 7. Operational waveforms of existing strategies. (a) SP strategy. (b) DP
strategy. (c) PPS strategy.

expressions of existing SP, DP, and PPS strategies. Fig. 7(a), (b),
and (c) presents the modulation waveforms of these three strate-
gies. Following similar derivation procedures as in Sections II
and III, we derive the primary-side switch’s reverse current stress
Isq_max, leakage inductor current stress /1,5 max, primary-side
circulating power P. i, and secondary-side circulating power
P scc for all three strategies. The derivation results are summa-
rized in Table I.

Furthermore, Fig. 8 provides zoomed-in views of current
stress profiles and current matching points under identical scales
for SP, DP, PPS, and proposed CCS strategies, which obtained
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Fig.8.  Comparison of current stress (/s4_max, /LS_,max) and matching time.

from Figs. 8 and 2. By observing Fig. 8, we can draw the
following conclusions.

1) Compared to SP,DP, and PPS strategies, the proposed CCS
strategy achieves minimum reverse current stress Isg max
and peak leakage inductor current stress /7,5 max-

2) SP, DP, and PPS strategies achieve current matching at
19, while the proposed CCS strategy significantly reduces
circulating currents and current stress by adjusting the
current matching point from #g to #4.

To intuitively compare the effects, the current stresses and
circulating powers of the four strategies are subjected to normal-
ized processing (Divide by the maximum value of SP). Fig. 9
provides the comparison results of current stresses (/sq_max*,
11,5 max*)orcirculating power (P pri*, P sec*) of SP,DP, PPS,
and the proposed CCS with respect to voltage gain M and trans-
mission power P. The results demonstrate that under various
operating conditions, the proposed CCS strategy achieves signif-
icant reductions in primary-side switch’s reverse current stress
Isq_max.,leakage inductance current stress /1,5 max, primary-side
circulating power P, i, and secondary-side circulating power
PC sec-

B. Losses Comparison

Following the same procedures as in Section III-D, the loss
models for the existing SP, DP, and PPS strategies can be derived,
and a comparison is made among these three strategies and the
proposed CCS strategy. Fig. 10 presents the 3-D relationship
curves of conduction loss, switching loss, transformer loss, and
total loss versus voltage gain M and transmitted power P for the
four strategies. Since the circulating current and current stress of
the proposed CCS strategy are significantly reduced compared
with other strategies, the losses of each converter component
and the total loss are minimized among the four strategies.

C. Comparison of Cost and Compactness

This article primarily focuses on the modulation strategies of
CFPP converters, and the proposed strategy demonstrates advan-
tages in cost, compactness, and weight density. The following
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density between the proposed CCS and existing SP, DP, and PPS
strategies.

Under the same voltage rating and load conditions, the pro-
posed CCS shows significant advantages in current stress com-
pared with other modulation strategies. Low current stress can
effectively reduce the cost of MOSFET devices. Additionally,
since the proposed CCS strategy achieves the highest efficiency,
which implies lower losses, the size of the heat sink can be
minimized. As the cost of heat sinks accounts for a smaller
proportion of the converter design cost compared with power
devices, only the size comparison is provided here. Overall, the
cost advantage of the proposed CCS strategy is mainly reflected
in the power device section. Table II presents the component
selection and cost comparison of power switches for CFPP
converters under different modulation strategies, indicating that
the proposed CCS has the lowest cost.

Furthermore, a detailed comparison of compactness and
weight density is conducted between the proposed CCS strategy
and existing SP, DP, and PPS strategies. Since the proposed CCS
strategy exhibits the minimum leakage inductance current stress,
lower current stress is beneficial for the design of transformer
windings and cores. The highest efficiency of the proposed CCS
strategy—higher efficiency implies lower losses—smaller heat
sink volume—lighter heat sink weight. Overall, the advantages
of the proposed CCS strategy in compactness and weight density
are mainly reflected in two aspects: 1) transformers and 2) heat
sinks. Table II also provides the comparison results of heat sink
area, core volume, and weight density of CFPP converters under
different modulation strategies. It can be seen that the heat sink
area (calculated based on the thermal resistance model) and core
volume of the proposed CCS are the smallest, and the converter
has the highest weight density.

V. SIMULATION AND EXPERIMENTAL VALIDATION
A. Simulation Validation

To validate the correctness of the proposed CCS strategy, sim-
ulation verification is performed on four modulation strategies:
SP, DP, PPS, and proposed CCS. The simulation parameters are
listed in Table III.

Under operating conditions of input voltage Vi, =48V, output
voltage V, = 180V, and load power P = 500 W, Fig. 11(a)—(d)
presents simulated operational waveforms for SP, DP, PPS, and
proposed CCS strategies under identical parameter settings. Test
results reveal that as follows.

1) Primary-side switch’s reverse current stresses /54 ax for
SP, DP, PPS, and proposed CCS strategies are measured at
—31.37A,—13.09 A, —4.82 A, and —0.08 A, respectively.

2) Leakage inductor current stresses /7,5 max are recorded as
36.26 A, 19.12 A, 9.21 A, and 6.01 A, respectively.

These simulation experimental results demonstrate significant
reductions in both current stress and circulating currents (as
circulating currents are proportional to current stress) with the
proposed CCS strategy, thereby validating its effectiveness.

B. Experimental Validation

A CFPP experimental prototype is developed with an input
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TABLE I
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Quantitative comparison of existing method and proposed CCS strategy. (a) Leakage inductance current stress /1,5 max*. (b) Reverse current stress

COMPARISON OF COST, COMPACTNESS, AND WEIGHT DENSITY OF CFPP CONVERTER UNDER DIFFERENT MODULATION STRATEGIES

SP

DpP

PPS

Proposed CCS

No. of switches

Primary: 2; Secondary: 4

Rms currents of switches

Primary: 2 x 12.805 A
Secondary: 4 x 8.263 A

Primary: 2 x 10.89 A
Secondary: 4 x 6.759 A

Primary: 2 x 9.495 A
Secondary: 4 x 5.601 A

Primary: 2 x 7.333 A
Secondary: 4 x 3.632 A

Peak currents of switches

Primary: 33.382 A

Primary: 30.056 A

Primary: 17.936 A

Primary: 12.139 A

Secondary: 28 A Secondary:24.484 A Secondary: 12.027 A Secondary: 6.087 A
. Primary: 180 V Primary: 180 V Primary: 180 V Primary: 180 V
Voltage stresses of switches Secondary: 180 V Secondary: 180 V Secondary: 180 V Secondary: 180 V
41.19% 3429 % 28.79 % 17.79 $
2 x IPB407N30N 2 x IRFP4137PBF 2 x IRF14229PBF 2 x IPP60R070CFD7
MOSFETS (300V, 44 A) (300 V,38 A) (300 V, 32 A) (600 'V, 20 A)
4 x IRFP4137PBF 4 x IRFI4229PBF 4 x [PP60R070CFD7 4 x IRFP360PBF
(300V, 38 A) (300 V,32 A) (600 V, 20 A) 400V, 14 A)
Conduction 1 2 % 6.559 W 2 x5.641 W 2 x3.926 W 2x1.625W
oncuction foss 4x3824W 4%2.635W 4x2396 W 4%1274W
Heat sink £ MOSFET 2 x 20 cm? 2 %20 cm? 2 x 10 cm? 2 x5 cm?
cat sink area of M 4% 11 om? 4% 5 cm? 4 %7 em? 4 % 4 em?
(Natural cooling)

Aluminum heat sink

Aluminum heat sink

Aluminum heat sink

Aluminum heat sink

Rms currents of leakage

11.686 A

9.558A

. 7.921 A 5137 A
inductor
Peak currents of leakage 28 A 24.484A 12,027 A 6.087 A
inductor
Core: Core: Core: Core:
PQ40/40-3C95 PQ35/35-3C95 PQ32/30-3C95 PQ32/30-3C95
(Ve=20.5 cm®) (Ve=16.3 cm®) (Ve=12.5 cm’®) (Ve=12.5 cm®)
Transformer

winding length:
3 x0.796 m (primary)
1.591 m (secondary)

winding length:
3 x 0.672 m (primary)
1.343 m (secondary)

winding length:
3 x0.509 m (primary)
1.017 m (secondary)

winding length:
3 x0.416 m (primary)
0.832 m (secondary)

Transformer weight

Core: 92.25 g
Winding: 91.35 g

Core: 73.35 g
Winding:77.12 g

Core: 56.25 g
Winding: 58.41 g

Core: 56.25 g
Winding: 47.75 g

Other gate drive/ capacitor/

PCB/ inductor 390-399.4 ¢
Total Weight 91g 558 ¢ 512¢g 502 ¢
Weight Density 846.02 W/kg 896.06 W/kg 976.56W/kg 996.02 W/kg

TABLE III
PARAMETERS OF CFPP CONVERTER

Experimental validation is conducted under the following four
operating conditions.

Parameter Value
Input voltage Vi, 48V
Output voltage V, 180 — 300 V
Rated power P 500 W
Switching frequency f; 50 kHz
Input inductor L 60 uH
capacitor Cin, C, 480 uF
HF transformer

Ni:N>:N3=5:5:10; Ls=6 uH

Case 1: Input voltage Vi, = 48 V, output voltage V, = 180 V.
Case 2: Input voltage V;,, = 48 V, output voltage V, = 220 V.
Case 3: Input voltage Vi, = 48 V, output voltage V, =260 V.
Case 4: Input voltage Vi, =48 V, output voltage V, = 300 V.
1) Comparison of Current Stress With State-of-the-Art Strat-
egy: To verify the superiority of the proposed CCS strategy, the
current stress of the proposed CCS and the state-of-the-art PPS

strategy are compared under the Case 1 operating condition.
Fig. 13 shows the key test waveforms of the PPS strategy under

a rated power of 500 W. The test environment and prototype
configuration are shown in Fig. 12, while the detailed circuit
parameters align with those listed in Table III.

half-load and full-load conditions. Fig. 14 shows the key test
waveforms of the proposed CCS strategy under half-load and
full-load conditions. It can be observed that the primary-side
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Fig. 11.  Simulated waveform comparison results. (a) SP. (b) DP. (c) PPS.
(d) Proposed CCS.

switch’s reverse current stress /54 max Of the PPS strategy is
—3.68 A and —4.45 A under half-load and full-load conditions,
respectively, and the leakage inductance current stress /7,5 max
is 5.56 A and 8.72 A, respectively. The primary-side switch’s
reverse current stress /qq_max Of the proposed CCS strategy is
—0.73 A and —0.57 A under half-load and full-load conditions,
respectively, and the leakage inductance current stress /1,5 maX
is 3.52 A and 5.56 A, respectively. The test results indicate that
the current stress of the proposed CCS strategy is significantly
lower than that of the PPS strategy. Specifically, compared
with the PPS strategy, the proposed CCS strategy reduces the
primary-side switch’s reverse current stress /54 _max and leakage
inductance current stress /1,5 max by 80.16% and 40.94% under
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Fig. 15.  Experimental waveforms of the proposed CCS strategy under Case 2.
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TABLE IV
ACCURATE DATA FOR CURRENT STRESS

Load Casel Case2 Case3 Case4
Half load Lsa max -0.73 A -0.75 A -0.78 A -0.80 A
115 max 352A 378 A 4.10 A 433 A
Full load Lsa max -0.57 A -0.66 A -0.71 A -0.76 A
115 max 5.65 A 5.97 A 6.34 A 6.47 A

half-load conditions, and by 87.91% and 35.21% under full-load
conditions, respectively.

Additionally, based on experimental measurement data and
the circulating current power model, the proposed CCS strategy
reduces the total circulating power (P, i + P _sec) by 78.41%
and 67.26% at half load and full load, respectively, compared
with the state-of-the-art PPS strategy.

2) CCS Performance Under Different Operation Condition:
To verify the performance of the proposed CCS strategy under
different operating conditions, Figs. 15—17 present the key test
waveforms for Case 2 to Case 4, respectively. Combine Fig. 13,
Table IV records the experimental data of I5q_ymax and I1s max
for the proposed CCS strategy under Case 1-Case 4.

The test results demonstrate that the proposed CCS strategy
achieves Isqy max values below 1 A across all cases, while
I1.s max closely matches theoretical predictions. This experi-
mentally validates the effectiveness of the proposed CCS strat-
egy. Additionally, under all tested operating conditions, all
power switches achieve ZVS, and the primary-side switches
further realize ZCS.
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C. Efficiency Comparison
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Taking the operating condition with input voltage Vi, =48 V
and output voltage V, = 180 V(M = 1.875) as an example,
Fig. 18(a) presents the efficiency comparison curves of the SP,
DP, PPS, and proposed CCS strategies. It can be observed that
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Fig. 18.  Efficiency characterization of proposed CCS strategy. (a) Efficiency
curves of different strategies under the condition at M = 1.875. (b) Efficiency
curve of the proposed CCS strategy with varying output voltage under fixed
input voltage and load conditions.

the proposed CCS strategy achieves a peak efficiency of 95.8%,
with overall efficiency consistently higher than SP, DP, and
PPS strategies. This is attributed to the significant reduction
in current stress and circulating power in the proposed CCS
strategy.

Fig. 18(b) further shows the 2-D efficiency curves of the
proposed CCS strategy with varying output voltage under fixed
input voltage and load conditions. The results indicate that the
efficiency gradually increases as the output voltage decreases.
Specifically, the peak efficiency reaches 94.3% at full load and
95.7% at half load.

VI. CONCLUSION

To address the issue of high current stress and circulating
power in existing natural commutation strategies, this article
proposes a CCS modulation strategy for CFPP converters.
Through theoretical analysis and experimental validation, the
following conclusions are drawn.

1) A detailed analysis of the operational modes of the CFPP
converter is conducted, and a computational model for
control variables under the proposed CCS strategy is
derived. This model adaptively solves the duty cycle
and phase-shift angle based on different operating con-
ditions and circuit parameters, enabling the converter
to operate in low current stress and circulating power
modes.
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2)

3)

4)

(1]

[2]

(3]

[4]

(51

(6]

(71

(8]

(91

[10]

[11]

Mathematical models for current stress, circulating power,
and loss models are systematically derived for the existing
SP, DP, PPS, and proposed CCS strategies, followed by
comprehensive quantitative comparisons. Theoretical re-
sults confirm that the proposed CCS strategy achieves the
lowest current stress, circulating power, and losses under
all tested operating conditions compared with existing
methods.

A 500-W CFPP prototype is developed. Experimental
results demonstrate that the proposed CCS strategy effec-
tively reduces current stress and circulating power across
all test cases. All switches achieve ZVS, and primary-side
switches additionally realize ZCS. Compared with state-
of-the-art strategies, the proposed CCS strategy achieves
at least a 35.21% reduction in current stress and at least a
67.26% reduction in circulating power, along with a 1.2%
improvement in peak efficiency.

Owing to the low current stress and circulating current
characteristics of the proposed CCS strategy, under the
same voltage and load conditions, adopting the proposed
CCS strategy can effectively reduce design costs and
improve compactness or weight density compared with
existing SP, DP, and PPS strategies.
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