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Enabling Resonant Commutated Pole in Parallel
Power FET Bridge Legs

Yanfeng Shen”, Member, IEEE, Yunlei Jiang
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Abstract—To meet the requirements of higher current ratings
and lower thermal impedances, paralleling power field-effect tran-
sistor (FET) discretes or modules is often a cost-effective or even an
unavoidable solution. While paralleling FETs allows for a signifi-
cant reduction in conduction loss, the switching loss is increased
in hard-switching applications. This article proposes a generic
soft-switching modulation scheme for parallel power FET bridge
legs. Part of the paralleled FET legs is chosen as an auxiliary leg that
is turned ON prior to the remaining main legs. A resonant commu-
tated pole (RCP) mode is then created, which enables the high-side
FET of the auxiliary leg to achieve zero-current switching (ZCS)
or quasi-ZCS and the remaining FETs to achieve zero-voltage
switching. Thus, we can significantly reduce the switching loss that
normally dominates the total power loss of high-frequency hard-
switching converters particularly at partial and light loads. Ex-
perimental results from three parallel GaN high-electron-mobility
transistor legs validate the effectiveness of this RCP-enabled solu-
tion in reducing switching losses and improving power conversion
efficiencies. This article is accompanied by supplementary JIF and
PDF files demonstrating the operational details of the RCP mode.

Index Terms—Parallel power field-effect transistors (FETs),
zero-voltage switching (ZVS), zero-current switching (ZCS),
resonant commutated pole (RCP).

1. INTRODUCTION

ARALLELING power transistor discretes is often a cost-
P effective or even an unavoidable solution for high-power
electronics converters due to current rating availability, thermal
restriction, and packaging price [1]-[4]. Bipolar transistors,
e.g., insulated-gate bipolar transistor (IGBTs), feature forward
voltages. Paralleling IGBTs, even if the current is equally
shared, only has a limited influence on the efficiency [5]. By
contrast, unipolar field-effect transistors (FETs), e.g., Si/SiC
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metal-oxide—semiconductor field-effect transistors (MOSFETS)
and GaN high-electron-mobility transistors (HEMTs'), are char-
acterized by channel resistances. Thus, paralleling FETs can lead
to a remarkable reduction in channel resistance and, therefore,
to an equal reduction in conduction loss [5]. Also, the parallel
operation distributes the thermal stress and lowers the junc-
tion temperature. Due to the positive temperature coefficient of
FETs [6], the ON-state resistance can be further reduced, bringing
more efficiency improvements.

For parallel power FETs, there are many inevitable differences
in static and dynamic electrical parameters, e.g., the drain—
source ON-state resistance, threshold voltage, gate resistance,
and transconductance [7]-[14]. In addition, the layout symmetry
may not be always achieved due to space constraint. These
differences and asymmetries cause missharing of currents and
staggered turn-ON/-OFF between parallel devices. Consequently,
the paralleled FETs suffer from different switching/conduction
losses and thermal stresses.

To achieve better current sharing among parallel transistors,
many approaches have been proposed, including active [11],
[15], [16], passive [4], [12]-[14], [17]-[20], and layout sym-
metrization methods [8], [21], [22]. However, under the premise
of absolute layout symmetry guaranteed, current misharing may
still occur due to the parameter mismatches of the paralleled tran-
sistors. For the active current sharing methods, high-bandwidth
current sensing circuits and active gate drivers are necessary,
and therefore, the implementation complexity is relatively high.
By comparison, the passive current sharing approaches feature
simplicity in implementation and high robustness in operation.
Particularly, adding small inductors to the ac side of parallel FET
bridge legs begins to prevail [12], [17]-[19], [23].

Though better current sharing performance can be achieved
with the above solutions, the paralleled FETs still suffer from
high switching losses when applied to high-frequency (e.g.,
above 50 kHz) hard-switching topologies. This issue is particu-
larly pronounced at partial loads, where, typically, the switching
loss dominates the total power loss [19], [24], [25]. Therefore,
it becomes more prominent to develop a solution, which can
reduce the partial-load switching loss as well as improve current
sharing at high currents.

The most direct approach of reducing switching losses is to
improve the switching speed by using wide-bandgap (WBG)

The HEMT is also referred to as a heterostructure FET or modulation-doped
FET.
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FETs, lowering gate resistances, and enhancing peak gate drive
currents. However, faster switching will inevitably increase the
turn-OFF drain—source voltage overshoot, the crosstalk, and the
electromagnetic interference (EMI) [26]. Therefore, in practice,
the switching speed of power FETs has to be limited.

Soft switching enables power FETs to have both reduced
switching losses and lower voltage overshoots. There are two
main types of soft switching: zero-voltage switching (ZVS)
and zero-current switching (ZCS). The ZVS or ZCS of basic
half-bridge (HB) legs can be achieved by introducing auxiliary
circuits to the dc or ac side [25], [27]-[29]. With the aid of
an auxiliary resonant network on the dc link, the modified
topologies in [25] and [27], i.e., the resonant dc-link converters
with and without active clamping, enable the main and auxiliary
switches to achieve ZVS. The main issue with these resonant
dc-link topologies is that the voltage stress of main switches is
10-150% higher than the dc-link voltage; thus, the converter
loop inductance must be dedicatedly designed in order to sup-
press the turn-OFF voltage overshoots. By contrast, the auxiliary
resonant commutated pole (ARCP) converters [28], [29] enable
soft switching by adding auxiliary resonant circuits to the ac
side (midpoints) of HB legs. However, the count of auxiliary
components, including switches and passive components, is
relatively high, particularly for multiphase systems.

In addition, the soft-switching conditions of basic HB legs can
also be created by varying the switching frequency and operating
in the triangular current mode (TCM) [30]—[32], which enables
all power FETs to achieve ZVS without auxiliary switches.
However, the switching frequency variation is relatively large,
depending on the load and the output voltage; thus, the EMI filter
design and the digital control become more complicated [33].
In addition, to support the TCM operation within a reasonable
switching frequency range, the output filter inductance is typ-
ically on the order of several tens or hundreds of microhen-
ries [30], [34], [35], which is relatively large and is typically
not desirable in inductive load applications (e.g., motor drives)
due to additional power loss, cost, and volume [23], [36]. Fur-
thermore, as outlined in [37], the required large high-frequency
current ripple leads to increased inductor and conduction losses,
which reduce the gain of soft switching resulting from the
TCM [38]. Therefore, the TCM soft-switching technique may
not be superior to the conventional continuous conduction mode
(CCM) operation, particularly at high load currents [37]. Though
ZVS can be achieved for all parallel power FETs with the
quadrilateral conduction mode (QCM) [39], their rms currents
are significantly increased. In order to reduce the partial-load
switching loss as well as to maintain better current sharing
among parallel FETs, a desynchronized modulation scheme is
proposed in [19]. However, only part of the paralleled FETs can
achieve ZVS, whereas the remaining transistors are still hard
switched.

This article proposes a resonant commutated pole (RCP)-
enabled modulation scheme that allows parallel power FETs to
achieve ZVS and ZCS. Thus, this new scheme can significantly
reduce the switching loss that dominates the total power loss of
high-frequency hard-switching converters, particularly at partial
loads. As the load increases, the conduction loss may outweigh
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Fig. 1. Structure of DM-inductor-based parallel power FET HB legs. In
unidirectional power flow applications, the high-side or low-side FETSs can be
replaced with diodes to form parallel bridgeless legs. The small DM inductors
€Ly, Lo,..., L can be either uncoupled [17], [19] or inversely coupled [12],
[17], [18], [23].

the hard-switching loss; in this case, the power conversion is
more efficient by switching the RCP mode back to the con-
ventional hard-switching synchronous CCM. The compatibility
of both the RCP mode and the synchronous CCM allows the
paralleled power FET legs to maintain high efficiencies over the
full load range. It is noted that the number of power FETs in
parallel is determined by the synchronous CCM at the full load,
where all FETs act as main switches; thus, in order to activate
the RCP mode at partial loads, no extra switches are required,
but small differential-mode (DM) inductors are added to the
midpoints of parallel bridge legs. These DM inductors can be
part of the output filter inductor and also enable better current
sharing among the paralleled FETSs than the conventional direct
paralleling.

II. OPERATING PRINCIPLE IN THE RCP MODE
A. DM-Inductor-Based Paralleling Structure

The structures of direct paralleling and DM-inductor-based
paralleling of power FET bridge legs are shown in Fig. 1. The
DM inductors are connected to the midpoints of the paralleled
bridge legs, and they are of much lower inductance than the out-
put filter inductance, ie., L1 =Ly =--- =Ly = L. < L,.
These small DM inductors can be either uncoupled [17], [19] or
coupled [12], [17], [18], [23] in implementation.

In contrast with the direct parallel, the addition of the DM
inductors brings the following merits:

1) better dynamic current sharing performance among par-
allel transistors when operating in the synchronous
mode [17], [19];

2) reduced duv./dt for better electromagnetic compatibility
[23];
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Fig. 2. Equivalent circuits in the conventional synchronous mode and the
proposed RCP mode. (a) Equivalent circuit in the synchronous mode with all
parallel bridge legs lumped into one. (b) Equivalent circuit in the RCP mode with
all auxiliary bridge legs lumped into one and the remaining bridge legs (main
legs) combined into another. (c) Definitions of the main CM current icm, , and
the auxiliary CM current icm,q and the DM current ipy.

3) enabling an inherent RCP mode to significantly lower the
switching losses, as proposed and analyzed in this study.
The operating principle and advantages of the DM-inductor-
based paralleling structure operating in the synchronous mode
have been discussed and experimentally verified in [19]. In this
article, a novel RCP operation mode is proposed in order to
enable all parallel transistors to achieve soft switching. It should
be noted that the proposed RCP mode also applies to parallel
bridgeless legs, where either the high-side or low-side power
FETs in Fig. 1 are replaced with unidirectional diodes.

B. Switching Pattern in the RCP Mode

1) Lumping HB Legs: To simplify the operation analysis
in the RCP mode, the N parallel HB legs are divided into
two groups: the auxiliary legs and the main legs. The aux-
iliary group consists of n, legs, e.g., Sg1-Sr1, SH2-S12,-
Stna-SLna, and the main group is comprised of the remain-
ing N (N, = N — Ng) 1€g5, c.g., SHnaJrl'SanH»l, SHna+2'
SLnat+2s-» SaNn-Spn. The individual bridge legs inside the
auxiliary or main groups are driven synchronously. The switch-
node voltages inside the auxiliary or main groups remain the
same as each other. Therefore, the synchronously parallel legs
in the main group can be lumped into one; the same transfor-
mation can be performed to the auxiliary group. Accordingly,
the equivalent topology of Fig. 1 can be obtained, as shown in
Fig. 2(b).

The subscripts “,” and *,,,”” denote the auxiliary group and
the main group, respectively. Meanwhile, the equivalent DM
inductances of the auxiliary and main branches [see Fig. 2(b)]

are obtained as
Ly=%e
T (1)

[T3EL)
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2) Switching Pattern: For the parallel HB legs operating in
the synchronous CCM [see Figs. 1 and 2(a)], ZVS-ON can be
inherently achieved for the low- and high-side switches in the
forward and reverse current directions, respectively. For sim-
plicity, this work only considers the forward current direction,
where the low-side switches inherently achieve ZVS-ON and the
high-side transistors are hard switched in the CCM.

To help the high-side transistors achieve soft switching, a
novel RCP-enabled asynchronous modulation scheme is pro-
posed, as shown in Fig. 3. The high- and low-side switches in
the main lumped leg S ,,,—SLy, are a complementary pair with
deadtimes and they are duty cycle modulated. For the auxiliary
leg, its high- and low-side FETs, i.e., Sy, and Sr,, act as a
“preswitch” with respect to Sy, and a “postswitch” with respect
to S, respectively. Accordingly, the inductor current of the
main leg i, is forced to fall below 0, creating an RCP, before
the main high-side FET S, is turned ON; that is a ZVS-ON
condition created for S, before 15, as shown in Fig. 3. The
auxiliary high-side switch, Sy, is turned ON under ZCS at T
with reduced switching-ON loss. On the other hand, Sy, in the
RCP mode turns OFF at a high current (see Fig. 3), and therefore,
its switching-OFF loss is increased. Due to the fact that the
turn-ON loss dominates the total switching loss for WBG power
FETs, normally, the increased turn-OFF loss is not significant.
It should also be noted that the gate signal of Sy, during [to,
3] is optional in theory, but is recommended in practice for
conduction loss reduction.

C. Operating Principle

1) Basic Definitions and Assumptions: To facilitate analysis,
the lumped inductor currents iy, and i1, are decoupled into a
DM current ipy and two common-mode (CM) currents icm,m
and icwm,q, as shown in Fig. 2(c). By definition, the two lumped
inductor current can be expressed as

{ iLm(t) = temm () + ipm(t)
=icma(t) — ipm(t)-

iza(t) @

The output current 71, is the sum of the main and auxiliary CM
currents, i.e.,

i1o(t)

Based on the superposition theorem, the two CM currents can
be expressed as

{iCM,m(t) = n;lj:na Lo (t) = H_L]gZLo(t) 4)
Z‘CM,a(t> = nm_H,alLo(t) = ﬁZLo(t)

= lemm () + icma(t). (3)

where the numbers ratio of main legs to auxiliary legs is defined
as

k=—=—. 5
ne L. (&)
The common output voltage v, is determined by both v,,, and
V. Applying the superposition theorem yields

aValt mUm (t ol kmt
wult) = Metel L tmtnl0) _ 0 B0
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Fig. 3. Simplified operating waveforms of the parallel power FET HB legs [see Fig. 2(a)] in the proposed RCP mode.

The DM and output currents can be always described by the
following differential equations:

Lo 0 = 01 =)= 0al)
dir,

Ly%zell — oy (1) —V,

where the DM inductance Lpy = Ly, + Lg, and v,,,, represents
the voltage difference between the main and auxiliary switch
nodes.

D. Simplified Operation Principle

1) Applying a Linear FET Switching Model: The detailed
operation principle and the mathematical model of the RCP
mode are shown in the supplementary material of this article.
The full mathematical model, however, is nonlinear, and there
is no closed-form solution for the control variables. Therefore,
a linear FET HB model [30], [40] is applied. With the linear
model, the switch-node voltage of an HB leg jumps between
0 and Vg, with zero rise and fall time; the switch-node voltage
remains unchanged until the parasitic output capacitances of the
FET HB are injected or ejected charge of Q),s. A comparison
between SPICE simulations and the results with the linear FET

HB model is shown in Fig. 6. Due to the high nonlinearity of the
parasitic output capacitances of FETs with respect to the switch-
node voltage, the real inductor currents ¢, and iy, during the
resonant transitions are close to the case using the linear FET
model. The valley values of the main and auxiliary inductor
currents are represented by I7,,, ., and Ir,, 4, respectively; the
equations for calculating the two valley currents are shown in
the supplementary material.

Applying the linear FET model, each resonant stage in
Fig. S1 (see the supplementary material) can be split into
two substages that can further be merged with its adjacent
nonresonant stages. The simplified waveforms are shown in
Fig. 3, where only eight nonresonant stages remain within one
switching cycle. The boundaries between these nonresonant
stages are the eight time instants Tg, 717,..., 1%, as illustrated
in Fig. 3. The valley values of the main and auxiliary inductor
currents are represented by I7,,,, .y and Ir,q 4, respectively; the
equations for calculating the two valley currents are shown in
the supplementary material.

Because the transition times during [7g, T3] and [ 15, ], are
relatively short, and L, > L., itis assumed that the load current
i1, Temain as constant as Ir,, 7o and I, 75 during [Ty, T5] and
[15, T%], respectively.
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2) Analysis of Operation in Simplified Stages: The equations
describing the switch-node voltages and inductor currents are
obtained as follows.

Simplified Stage 1 [Ty, T1]: Neglecting the voltage drops over
transistors, the two switch-node voltages are obtained as

v (t) =0
{ valt) = Vie. ®)

Then, the inductor currents can be obtained by solving the
differential equations in (7)

iro(t) = IroT0

irm(t) = ILor0 — ILaT0 — L‘f)‘; (t —To) )
ira(t) = a0 + L‘g;[ (t —To)

where I, 7o denotes the initial current of iy, at Tp. If iz,
falls to zero at Ty + T (i.e., Irq, 70 = 0; see Fig. 3), then Sg,
achieves ZCS-ON at Tj; otherwise, 0 < I14 70 < |ILq01] and
S achieves quasi-ZCS-ON at Tj.

This stage terminates with 4y, (71) = I, v, and thus, the
auxiliary control variable, i.e., ATp;, can be obtained as

Lpm
Ve

Simplified Stage 2 [Ty, T5]: The inductor current of main
branch ir,,,, reaches its valley value Iy, .; at 17, after which the
switch-node voltage of main branch v,,, jumps to Vg.. Thus, both
switch-node voltages are equal to V., keeping the DM current
unchanged. Since the load current is assumed constant during
this short interval, the main and auxiliary inductor currents also
remain unchanged, as follows:

ATy = (Ito,70 — Inm,wr — Ina,10)- (10)

Um (t) = Vie

{U(L(t) = ‘/dc (11)
iro(t) = ILo,T0
iLm (t) = ILm,vl (12)

ina(t) = Inor0 — Inmui-
The integrals of iz, from T} to ti. and iy, from ti. to Th

correspond to half of the charges of the main and auxiliary legs,
ie.,

tle T2
/ ZLm(t)dt + / Z.La(t)dt = anoss + naQoss~ (13)
t1

T e

Solving (13) yields the time duration of this interval, AT}5:

nm 0S8s na/ 0S8s
ATy = © + @ =

anOSS
~Irmot Iroro — Inmw

_ILm,vl

(14)

Simplified Stage 3 [Ts, T3): The auxiliary switch-node voltage
v, jumps to 0 at T, whereas v,,, remains at Vg.. Thus, the positive
voltage Vj. is applied to the DM inductance, causing %r,,,, and
i1, to linearly rise and fall, respectively:

Um(t) = Vi

{Ua(t) -0 15)
iLo(t) = [LO,TO
irm(t) = Ipmo + L‘j;';/l (t —Tb) (16)
ira(t) = ILo,r0 — ILmoul — LVSM (t —Ty).
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The time from 75 to T3 is denoted as AT53 and is obtained as

L
AT’23 = ‘ZM (ILO,TO - ILm,vl - ILa,vl)-
c

7)

Simplified Stage 4 [T, T4): The auxiliary inductor current iy,
falls to its valley value Iz, ,; at T3, after which the auxiliary
switch-node voltage v, jumps to a high level. Thus, the auxiliary
inductor current i7, begins increasing to 0, while the main
inductor current ¢y, starts converging to the load current 7.
To accurately determine the elapsed time for i1, reaching O (i.e.,
irm and i1, converge), the voltage drops over transistors cannot
be neglected. Thus, the two switch-node voltages are expressed
as

{vm(t) = V:flc - iLa 7}3;" (18)

'Ua(t) - Vvdc + Vf - Z.La%(:

where V; represents the forward voltage drop of the body diode
of a power FET, and R,,, denotes the ON-state resistance of the
transistor. Then, solving the differential equations in (7) yields
the expressions for the inductor currents

iro(t) = Inoro + 7= (Vae = Vo) (t = T3)

inm(0) = M i Yte (- Ty) — e

+ (%52~ Tua + i) exp (~ 2R ¢ - 7))
ina(t) = Bt + o S (0 - T) + piy

- (IZ‘;TO ~Araw + R::{:Tk)) exp (_%(t - T3)) '

19)
It is noted that when the duty cycle is small, 71, may have not
been reached 0 before v, jumps to 0 at 75. In this case, the
two instants T and 75 overlap. For the time from 75 to T}, i.e.,
ATsy, its maximum can be derived by letting i1, = 01in (19) as

ILo,T0
A7134,max = - ( 1 +

Iro,T0
k+1

xexp(

Vinm (1+k)L, T LM
Ron(l"l‘k’) Vvdc_vo Rfm(l"l‘k)

B Vinm Ron(14k) (14k)L,
ILa,'Ul + R(,n(1+k)) N Lpom Vie— Vo

Ron(14+k) (1+k) Lo (ILO,TO 4+ Vi ))
Ron (1K)
(20

nmLom  Vae—Vo k+1
where Wy, is the zeroth branch of the Lambert W function.
Then, the actual AT34 can be obtained as

AT‘34 = min{AT34,111ax; (DTS' - A7112 - ATQZ})}

XWQ

2L

Simplified Stage 5 [Ty, T5]: Typically, the negative auxiliary
inductor current ¢, reaches O at 71y, and it cannot further
increases above 0 due to Sy, is turned OFF. As a result, it is
only the main branch (i.e., Sg,,,) that conducts the load current.
The switch-node voltages and inductor currents can be expressed
as

vm(t) - ‘/dc

(o @)
iro(t) = Inoro + 7= (Vac — Vo) (t — T)
izm(t) = Iro10 + Lin (Vae = Vo) (t = T3) (23)

irq(t) = 0.
It is seen from Fig. 3 that the time ATy5 can be expressed as

ATys = DT — AT 9 — AThs — ATsy. (24)
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As mentioned before, i1, may have not been reached 0 before
Uy, jumps to 0 at T5. In this case, the two instants 7 and T5
overlap, i.e., the time duration of Simplified Stage 5 is 0. Still,
ATy can be expressed by (24).

Simplified Stage 6 [T5, Ts]: The main switch-node voltage v,,,
jumps to 0 at T5, whereas v, remains at V.. Thus, the negative
voltage difference v,,,, = —Vg causes i1, and iy, to linearly
decrease and increase, respectively:

U (t) =0

{va(t) - V;ic (25)
iro(t) = ILoTs
izm(t) = Irors — ILars — 25 (t—T5)  (26)
iLa(t) = ILars + 72 (t — T5)

where I1,, 75 represents the current of i, at T5, and it can be
obtained by substituting (21) into (19)

110,70 1 Vae—Vo
k+1 1+k L,

I10,10 Vit
— _ _I a.v —
(k+1 Lot TR T k)

( Ron(1+ k)
Xxexp | ————F7—

N Lpm
For I, 75, it can be obtained from (19) and (23) that

Ira,15 =

AT34> . 27)

Itors = Iroro+ — L (Vae = Vo) (DTy — ATy — ATos).
’ (28)
Thus, the main inductor current at 75 is derived as
Itmrs = Itors — ILa,T5- (29)

The integral of i1, from T5 to T corresponds to half of the
charge of the auxiliary leg, i.e.,

Ts
/ i10()dt = 110 Quss. (30)

Ts

Solving (30) yields the time duration of this interval, AT5g, as

L
ATy = DM( Itawvi — Ina,ms).

Vae GD

Simplified Stage 7 [Ts, T7]: At Tg, v, jumps to a low voltage
level (close to 0). Thus, the auxiliary inductor current ¢, begins
decreasing to 0, while the main inductor current iy, starts
converging to the load current ¢1,,. As with the simplified stage 4
[T, Ty, the voltage drops over transistors cannot be neglected in
order to accurately determine the elapsed time for i1, reaching O
(i.e., i1, and i1, converge). Thus, the two switch-node voltages
are expressed as

(32)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 12, DECEMBER 2021

Combining (7) and (32) yields the time-domain expressions of
inductor currents

iro(t) = Iro1s — LL‘;(t —Ts)

iLm(t) = ML — P e (t = T) + ity

+ (Iﬁf + Trau — 4RV(1+k)) exp ( R,;‘ijfﬁﬁ) (t— TG))
ira(t) = 5252 — dp Pt — Ts) — ity

— (B2 + L — i) exp (B2l - 1))

(33)

Similar with Simplified Stage 4, when the duty cycle is large,

i1, may have not been fallen to O before v, jumps to V. at

Ty + T (i.e., Tp). In this case, the two instants 77 and Ty + T's

overlap. For the time from T to 17, i.e., ATg7, its maximum
can be derived by letting 77, = 0 in (33) as

_ (Irors  Vinm (A+k)Lo T Lpm
AT67,max - ( k+1 R0"(1+k)) v, Ron (1+Fk)
[ Iro,s _ _Ving Ron(1+k) (14+k) Lo
<W ( k+1 +ILa,vl Ron(1+k)> N LM Vo
0 w exp (— Boa(ltk) A4k Lo (Troas _ _Vinm
P\~ Tow W, RtL  Re(14F)
(34

The actual ATy is obtained as

AT67 = min{ATmmaX, ((1 — D)Ts — AT56 — ATOI)}
(35)
Simplified Stage 8 [T7, Ty + Ts): At Tr, ir, falls to 0, and
it cannot further decrease below 0 because Sp, is kept OFF.
Therefore, in this stage, the load current is fully shared by the
main branch (i.e., Sp,,, and L,,). The switch-node voltages and

inductor currents are described by

v (t) =0

{va(t) ~ 0 (36)
ino(t) =Irors — %(t —Ts)
iLm(t) = Iroms — %Z(f —Ts) (37)

ina(t) = 0.

Clearly, the time duration for Simplified Stage 8 can be obtained
as

ATys = (1 — D)T, — ATsg — ATgr — ATy,. (38)

As with Simplified Stage 5, the time duration of Simplified
Stage 8 will be 0 if 71, has not been fallen to 0 before v,, jumps
to Vg at Ty + T (i.e., Tp). In this case, (38) is still valid.

E. Determination of Modulation Parameters

Typically, the initial inductor current of auxiliary branch is
equal t0 0, i.e., I, 70 = O; thus, the auxiliary high-side switch
SHe 1s able to achieve ZCS-ON. When the duty cycle is large
enough, a small positive initial current Iy, 70 (0 < Irq 710 <
|714,5:|) may occur. Nevertheless, compared with the load cur-
rent iy, the auxiliary valley current | I, .| is small, and even
s0 is Irq,70. In this case, the auxiliary high-side switch Sg,
achieves quasi-ZCS-ON. It is noted that this small /7, 7 has
a negligible impact on the characterization of load current ¢z,
Hence, in the first step, it is assumed that I, 70 = 0. When the
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TABLE I
EQUATIONS TO DETERMINE THE TIMING PARAMETERS IN THE RCP MODE

Timing parameters Equations
Gate pulse width of Spr, OHa = ATo1 + %
myu
Gate pulse width of S, 0ra = L‘I/DM \/(ILO,TO —Ipmw)? — %’3"7“‘/‘“ — €HLa
de Q I D M

: n

Deadtime from Sg, OFF to Sr,, ON OHLa = Tia T(;)—{}S;m " ‘ZJCVI (ILo,TO — [mel) —0ra +€HLa
adti _ nmQoss LDJM 2 2nm Qoss Ve

Deadtime from Sg,, OFF to Sp. ON  OHLm = Tomgs + N (ILm,T5 — \/ILm,TS - W + €HLm
Deadtime from Sy, OFF to Sg,, ON O Hm = % +€LHm
Gate pulse width of S 1) = DT, — 2mQoss _ nmGQoss _ ¢

P Hm Hm S —Ipm, vl Irm,T5 LHm

Gate pulse width of Sy,

0rm =Ts —0Hm — OLHm — OHLm

Notes: € 1,a, € Lm, and €r, i, represent the margins of deadtimes o g 1.4, 0 H 1.m » and o 1, ;7 , respectively, in order to satisfy the minimum deadtime requirement.

The three deadtime margins can be determined with €; = max{(omin — 0 ), 0}, where oin denotes the minimum deadtime and the subscript *;

and “1, gm.”

steady state is reached, we have

Itoro =Irnomrs =tro(To + Ts). (39)

Assume zero loss on the output LC filter (i.e., L, and C,), and
thus, the average output inductor current is equal to the load
current

1 To+Ts

- ino(t)dt.

4
75 Jo, (40)

I Lo

Substituting the above simplified equations for 7y, and the

time-interval equations into (39) and (40) yields the initial
current I7,, 7o and the output voltage V/,, as follows:

ILo,TO - ILm,vl + m

nTnQossV;]CLDM - ILm,,vlTsV;lc(zLo - LDM)
[(2D - 1)ILm,vlLDMT‘s + LDManOSS}2
—4I o1 LoM Lo Ts (1 1m,o1Ts + 1 Qoss)
+(21Lm,vlLoTs)2
+8V;10I%m7UZL]2)MLoTs(ILo - ILm,vl)

x Vie

(41)

V;J = V;ic

(DILIYl,vlTS+n’7nQOSS)‘/;‘IC_LDMILTYL,’UL(ILO,TD_ILTYL,’UZ_ILQ,’UZ)

(Im,viTs+nmQoss)Vae—2LomILm,vi({Lo,70—ILm vi—ILa,v1)
(42)

X

With the above initial conditions determined, the initial aux-
iliary inductor current, Ir,, 79, can be obtained by substituting
(35) into (33) as

T ~ ILo,TS - 1 E - anm
LT 1+4kL, % Ru(l+k)
Iro1s Ving,
(e -
<k+1+L’l Ron(1+k)
X exXp (—WAT67> . (43)
N Lpm

In order to implement the proposed RCP mode, the modu-
lation timing parameters are required in addition to the duty
cycle D, as shown in Fig. 3. Due to the deadtimes, the gate
pulsewidth of the main high-side switch, d,,, is not exactly
equal to the main control variable DT;. Instead, we have
Om = DTs — (Ts — tss) — (t1. — T1). In addition, the gate

P s

represents “rrra,” “H Lm.

D
I Determine initial conditions
Lo > 110,10, Ipa 0, and Iz, 15
Ve (41), (43) and (29)
ILo,TUl ILa,TOl ILm,TSl
Calculate pulse widths and
—> deadtimes of gate signals:
Table I
511(11 5Lvi5uri 5Lrvl JULiO_UU’iO_LU'i
(a)
VO/"E D 5
PI Ha
§Lu
Vo Vie | Look-up gﬂm
Table O_i;’;a
% OHLm
OLHm
(b)

Fig. 4. (a) Block diagram to generate the lookup table for the pulsewidths
and deadtimes of gate signals. (b) Control block diagram to regulate the output
voltage in the RCP mode.

pulsewidth of the auxiliary high-side switch, d 7, is not exactly
equal to the auxiliary control variable ATy, but is expressed
as 0prq = ATo1 + (t1e — T1). Applying the charge-based FET
switching model, we can obtain the equations for the key timing
parameters in the RCP mode, as listed in Table I.

Fig. 4(a) shows the block diagram to determine the
pulsewidths and deadtimes of gate signals.? In addition to the
duty cycle D, the dc-bus voltage Vg, and the average load current
I1,, are required in (41), (43), and (29) to determine the initial
conditions Ir,, 70, Ira, 70, and Ip., 75. After that, the derived
110,70, ILa,T0, and I 1., 75 are used to calculate the pulsewidths
and deadtimes of gate signals with the equations listed in Table I.
Since the above calculation is complicated and time consuming,
it is more feasible in practice to use lookup tables to obtain
the pulsewidths and deadtimes of gates signals, as shown in
Fig. 4(b).

With the mathematical model above, the calculated RCP
control variable (ATj1), the gate pulsewidths of Sy, and g4,
and the deadtimes at different load currents and duty cycles

>The MATLAB code generating the RCP lookup table is available upon
request.
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Fig. 5. Calculated timing parameters at different loads and duty cycles. (a)

Time ATy and gate pulsewidth of Sgz,,. (b) Theoretical deadtimes. All switches
are implemented with GS66508B GaN HEMTs, Vge = 400 V, ny, = 2, ng =
1,and L. = 5pH.

are depicted in Fig. 5. It is seen that the time interval ATy
is proportional to the average load current I7,,. The RCP control
variable ATy, is directly implemented by adjusting the gate
pulsewidth ¢ ,, which is obtained by

anoss

Ora = AT, )
Ha o1+ Tl

(44)

It is seen from Fig. 5(b) that as the load current increases, the
two deadtimes o g 1., and o7 1.,,, decrease, whereas the deadtime
o m remains constant. In practice, however, the turn-ON/OFF
time and propagation delay should be taken into account, and
therefore, margins (e€zrq, €5 m, and €z gy, ) should be added
to the deadtimes, as illustrated in Table I. Thus, the practical
deadtimes will be larger than the theoretical values.
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E Simulation Verification of the Mathematical Model

To verify the mathematical model developed in the preceding
subsections, SPICE simulations of three parallel GS66808B
GaN HEMT HBs (configured as a synchronous buck dc—dc
converter operating in the proposed RCP mode) were per-
formed with LTspice, as shown in Fig. 6. In the simulations,
the pulsewidths and deadtimes of gate signals are obtained
from the equations in Table I. Under the same conditions, the
linearized waveforms of the switch-node voltages and inductor
currents obtained from the mathematical model developed in
Section II-D and II-E are also shown in Fig. 6. It is seen that
the linearized inductor currents coincide pretty well with the
simulations, which verifies the accuracy of above mathematical
model in calculating the gate pulsewidths and predicting the
inductor currents.

III. CHARACTERISTICS, DESIGN OPTIMIZATION, AND
COMPARISON

A. Duty Cycle Range

As seen from Fig. 3, in order to achieve the RCP mode, the

duty cycle D should satisfy
ATho + ATz _ D<1_ ATy
T - T

where ATy, ATio, and ATy are calculated with (10), (14),
and (17), respectively. The obtained upper and lower duty cycle
boundaries at different load currents and DM inductances are
shown in Fig. 7. Overall, the allowed duty cycle range is wide,
e.g., [0.048, 0.961] at L. =5 pH and I, = 20 A. However,
as Lpy or I, increases, the duty cycle ranges shrinks. When
the duty cycle is beyond the range, the parallel HB legs should
operate in the synchronous mode.

(45)

B. Voltage Gain

With (42), the voltage gain characteristics of the RCP mode
at different loads are obtained, as shown in Fig. 8. Different
from the synchronous operation, the voltage gain characteristic
in the RCP mode is dependent on both the duty cycle and the
load. The voltage gain curves in the RCP mode are sharper
than the conventional synchronous mode. But the difference
is not significant, particularly when the duty cycle is close
to 0.5.

C. Double-Pulse RCP to Reduce Conduction Loss

The fixed body diode voltage drops of power FETs vary
significantly from 0.7 to 5 V depending on device materials
and structures. Typically, enhancement-mode WBG FETs fea-
ture higher fixed reverse voltage drops, e.g., Viq =4.5 V at
Vgs = —3 'V for the GS66508B GaN HEMT [41] and V,q =3 V
at Vs = —4V for the C3M0016120 K SiC MOSFET [42]. As can
be seen from Fig. 3, in the single-pulse RCP mode, the auxiliary
inductor current iz, flows through the body diodes® of Sk,

3GaN HEMTS do not have intrinsic body diodes, but their reverse conduction
characteristics under zero or negative gate—source voltages can be emulated by
diodes with fixed voltage drops and ON-state resistances.
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Fig. 6.

Waveforms of switch-node voltages and inductor currents with the SPICE simulation (solid lines) and the linear FET model (dashed lines). (a) Over one

switching cycle. (b) Zoomed-in waveforms during ¢ €[0, 1] us. (¢c) Zoomed-in waveforms during ¢ €[5, 6] us. The switching frequency fs = 100 kHz, V4. =
400V, D =05, I, =20 A, L. =5uH, ng = 1, ny, = 2, and each of the switches is implemented with one GS66508B GaN HEMT.

and S, during intervals [T3, T4] and [T§, T7], respectively. If
a high gate voltage is applied to Sy, during [73, T4] and to
Spa during [Tg, T7], then it is the reverse channel instead of
the body diode that conducts 7z,. As a result, the fixed body
diode voltage drop can be eliminated, and the conduction loss
can be significantly reduced, particularly for enhancement-mode
WBG power FETs. That is, the auxiliary high- and low-side
switches are triggered twice during one main switching cycle,

and therefore, the improved modulation scheme is termed as the
double-pulse RCP.

Applying the single- and double-pulse RCP modulation
schemes, the analytical waveforms of inductor currents at dif-
ferent loads are shown in Fig. 9(a) and (b), respectively. With
the single-pulse RCP modulation scheme, the inductor current
i1, converges to zero due to the high voltage drop of body
diode, indicating higher conduction losses. By contrast, with
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the proposed RCP mode.

the improved double-pulse RCP scheme, the inductor current
11 18 continuous; neglecting the deadtime, it is always the low-
resistance transistor channel instead of the high-voltage-drop
body diode that conducts ir,,. Thus, the conduction loss can be
reduced.

On the other hand, in the double-pulse RCP mode, the inductor
current iy, is quasi-zero at t = 0 and therefore the high-side
FET of the main leg, Sp, first achieves quasi-ZCS-ON at t = 0.
Subsequently, Sz, can achieve ZVS-ON, thanks to the negative
valley inductor current Iz, ;. For the low-side auxiliary tran-
sistor, S1.q, it achieves ZVS-ON twice due to the positive RCP
current and the positive valley current —1I7,, ;.

D. Design Optimization of DM Inductors

1) Commutation Inductance L.: As seen from (S14) and
(S17) in the supplementary material, the inductor valley currents
are inversely proportional to the square root of the commutation
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Fig. 9. Analytical waveforms of inductor currents at different loads with
(a) single-pulse and (b) double-pulse RCP modulation schemes. The blue,
orange, and yellow lines represent the cases of I, =5, 12.5, and 20 A,
respectively. The gate signals correspond to the case of I, = 20 A. These
inductor current waveforms are generated with the analytical expressions in
Section II. The dc-bus voltage Vg = 400 V, the duty cycle D = 0.5, the
switching frequency fs = 100 kHz, the GS66508B GaN HEMT is adopted
for each switch, the number of HB legs in parallel N = 3, and the number of
HB legs chosen as the auxiliary leg n, = 1.

inductance L.. In order to reduce the valley currents and thereby
the rms currents, L. should be possibly large. On the other hand,
however, a larger L. leads to a smaller duty cycle range, as
indicated by Fig. 7. In addition, the inductor volume and power
loss are higher with a larger L.. Therefore, the determination of
L. is a tradeoff among rms currents, duty cycle range, inductor
volume, and inductor power loss. In this work, the value of
L. =5 puH is chosen.
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Fig. 10. Power loss—volume Pareto optimal design of DM inductors with
theoretical and standard PQ cores at fs = 100 kHz. The design optimization is
performed at 75% load (I, = 15 A) and checked at full load (I, = 20 A).

2) Power Loss and Volume Pareto Optimization: The mag-
netic flux density of each commutation inductor is directly
related to its current, i.e.,

Leir; (t)
N A,

where the subscript *“;” represents 1, 2,..., N, B;(t) denotes
the real-time magnetic flux density of inductor L, i1,;(¢) is the
real-time current flowing through inductor L;, IV; represents the
number of turns of each commutation inductor, and A, denotes
the effective cross-sectional area of the used magnetic cores.

It is seen from Figs. 3 and 9 that the commutation inductor
currents feature high current ripples, meaning high magnetic
flux density swings. Thus, their core losses and volume may
be significant without proper design. Hence, a power loss and
volume Pareto optimization is necessary for the RCP inductors.
The full load currentis 20 A, and it is assumed that the RCP mode
is enabled when the load is below 75%, i.e., I, = 15 A. The
Pareto optimization is performed at the 75% load, and the design
results, including magnetic saturation, power loss, and thermal
limit, are checked at the full load, as shown in Fig. 10. It is seen
from the Pareto front in Fig. 10 that the power loss of each DM
inductor in the RCP mode is relatively low (< 0.8 W) compared
with the rated converter power 4000 W. When operating in the
synchronous mode at the full load (4000 W), the power loss of
each DM inductor becomes even more negligible (< 0.4 W).
Considering the availability of magnetic core and Litz wire, the
design with PQ20/20 and #42 Litz wire (660 strands, six turns)
is adopted for the implementation of these DM inductors. The
resulting volume and power loss of each DM inductor are 7 cm?
and 0.61 W (@ P, = 3 kW (75% load)), respectively.

B;(t) = (46)

E. Comparative Analysis

A comprehensive comparison among various modulation
schemes, i.e., the CCM, TCM [30], QCM [39], desynchronized
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Fig. 11. Comparison of rms currents squared among various modulation
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Fig. 12.  Prototype of the 4-kW buck dc—dc converter based on three parallel
GaN HEMT HB legs and three DM inductors.

mode [19], and the proposed RCP mode, are shown in Table II.
Fig. 11 shows the total rms current squared flowing through
the parallel HB legs. The classic CCM features the lowest
rms current; however, soft switching cannot be achieved for
high-side FETs. The TCM solution enables all power FETs to
achieve ZVS-ON at the cost of increased rms current; in addition
to the variable switching frequency, the ZVS inductance is large
for TCM, which is typically not desirable in inductive load
applications (e.g., motor drives) due to additional power loss,
cost, and volume [23], [36]. By comparison, the QCM [39], the
desynchronized mode [19], and the RCP mode features a fixed
switching frequency and requires a much lower ZVS inductance.
The QCM enables all FETs to achieve ZVS-ON; however, the
rms current is significantly increased compared with the CCM
and the TCM, as shown in Fig. 11. The rms current in the
desynchronized mode is lower than the QCM; however, only
part of the parallel high-side FETs can achieve ZVS-ON. By
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TABLE II
COMPARISON AMONG DIFFERENT SCHEMES: CCM, TCM, QCM, DESYNCHRONIZED MODE, AND RCP MODE

Parameters CCM TCM [30]

QCM [39] Desync. Mode [19] Proposed RCP Mode

Switching frequency Fixed Variable
« High-side FETs:  « High-side FETs:

Fixed Fixed Fixed

. . .« Leading high-side FETs: . . .
High-side FETs: Hard-switching High-side FETs:

A Hard-switching ZVS-on ZVS-on . S . ZCS-on or ZVS-on
Soft-switching « Low-side FETs: « Low-side FETs: « Low-side FETs: : L;f/gslifnhlgh_“de FETs: | Low-side FETs:
ZVS-on ZVS-on ZVS-on « Low-side FETs: ZVS-on ZVS-on

ZVS inductor N/A Large Small Small Small
Modulation complexity Low Medium Medium Medium High
RMS currents (see Fig. 11)  Low Medium High Medium Medium
Compatible with CCM Yes No Yes Yes Yes
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Fig. 13. Steady-state waveforms of the switch-node voltages and inductor
currents at fs = 100 kHz with the single-pulse RCP modulation scheme shown
in Fig. 3. (a) D = 0.25. (b) D = 0.5. (¢c) D = 0.75.

comparison, the proposed RCP mode enables ZVS/ZCS-ON for
all FETs while maintaining relatively low rms currents. The main
issue with the RCP solution is that the modulation complexity is
high, which should be considered as a tradeoff factor in practice.
The implementation details of the RCP modulation in digital
signal processor is provided in Section II of the supplementary
material.

IV. EXPERIMENTAL VERIFICATIONS

A 4-kW synchronous buck dc—dc converter prototype has
been developed based on three parallel GS66508B GaN HEMT
HBs and three DM inductors (L,,1, L2, L), as shown in
Fig. 12. When operating in the RCP mode, two HB legs are
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Fig. 14. Steady-state waveforms of the switch-node voltages and inductor
currents with the double-pulse RCP modulation scheme shown in Fig. 9(b). The
duty cycle D = 0.5, and the switching frequency is (a) fs = 100 kHz and (b)
fs = 200 kHz.

TABLE III
PARAMETERS OF THE THREE PARALLEL GAN HEMT HB-LEG-BASED BUCK
CONVERTER PROTOTYPE

Descriptions Parameters

Input voltage V. 400 V

Output voltage V, 100-300 V

Rated power P, 4 kW

Number of HB legs in parallel N 3

Power switches Sgm1 — SrLa GS66508B GaN HEMT x 6
5 puH x 3

DM inductors Ly,1, Lim2, La PQ20/20, ferrite PC95
#42 Litz wire, 660strands, 6 turns
165 puH

Output inductor L, PQ60/52, ferrite PC95
#38 Litz wire, 500 strands, 24 turns
27 uF x 2

Output capacitor Co B32776H8276K000

chosen as main branches, and the remaining HB leg is used
as an auxiliary branch; in the synchronous mode, all the three
paralleled HBs operate as main legs. The parameters of the
converter prototype are listed in Table III.

For the synchronous buck dc—dc converter operating in the
CCM, all the low-side switches are inherently able to achieve
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Soft-switching waveforms of the inductor-based parallel power transistors operating in the proposed RCP mode. Operating conditions: fs = 200 kHz,

Viae =400V, V, =200V, and I, = 13 A. (a) Quasi-ZCS-ON and ZVS-ON of the auxiliary high-side transistor Sy, . (b) First ZVS-ON of the auxiliary low-side
transistor St . (c) Second ZVS-ON of the auxiliary low-side transistor St,,. (d) ZVS-ON of the main high-side transistor Sz, 1. (€) ZVS-ON of the main low-side

transistor S7,.,1.
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Fig. 16. Measured dynamic waveforms under step load changes with the
double-pulse RCP modulation scheme. The input voltage Vg, = 400 V, the
output voltage V,, = 200 V, and the switching frequency fs = 100 kHz. (a)
Output power increases from 950 to 1900 W. (b) Output power decreases from
1900 to 950 W.
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Fig. 17. Measured efficiencies of the parallel GaN HEMT-based buck dc—dc
gonverter operating in different modes and switching frequencies. The input
voltage Vg. = 400 V and the output voltage V,, = 200 V.

ZV S-ON due to the positive inductor currents, whereas the high-
side switches are hard switched. When the proposed RCP mode
is activated, one of the three HB legs, i.e., Sg,—SLq, 1S chosen as
an auxiliary branch, whereas the remaining legs (Sgm1—SLm1
and Sy m2—S1me) act as main branches. At different duty cycles,
the steady-state waveforms of the switch-node voltages (v,,1
and v,) and the DM inductor currents (77,1 and 7r,) in the
RCP mode are shown in Fig. 13. As can be seen, the auxil-
iary inductor L, generates a short-time current bump (resonant
pole) every switching cycle, causing the main inductor currents
irm1 and ir,2 to fall below 0. Thus, the high-side switches
in the main branches, Sg,,1 and Spg,,2, are able to achieve
ZNS-ON. The inductor current of the auxiliary branch, iy, is
discontinuous, and thus, the auxiliary high-side switch Sy, can
achieve ZCS-ON. Meanwhile, the auxiliary low-side switch S,
is able to achieve ZVS-ON owing to the positive resonant pole
current. The operating waveforms exhibit good coincidence with
the theoretical analysis shown in Sections II and III (cf. Fig. 3).

With the double-pulse RCP modulation scheme [see
Fig. 9(b)], the steady-state voltage and current waveforms at
different switching frequencies are shown in Fig. 14. It is seen
that the auxiliary HB leg switches twice during each main
switching cycle. The auxiliary inductor current iy, becomes
continuous; ¢, falls to quasi-zero and negative before the high-
side switch Sy, turns ON; thus, Sy, can achieve quasi-ZCS-ON
and ZVS-ON during each switching cycle.

The soft-switching waveforms of these parallel power transis-
tors with the double-pulse RCP modulation scheme are shown
in Fig. 15. Different from the switches in the main branches, the
auxiliary ones turn ON/OFF twice within each main switching
cycle. As seen in Fig. 15(a), during the first turn-ON of the
auxiliary high-side switch S, the auxiliary inductor current
i1 keeps low (2-2.4 A, quasi-zero); thus, Sy, achieves quasi-
ZCS-ON at the first switching pulse. After the resonant pole, the
drain—source voltage v4, 557, falls to zero before the gate voltage
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of SHa, 1.€., Vgs SHa, Tises above the gate—source threshold
voltage (typically 1.7 V [41]), indicating Sp, achieves ZVS-ON
at the second switching pulse. It is seen from Fig. 15(b) and
(c) that the drain—source voltage of Sy, falls to zero before
its gate—source voltage rises; thus, the auxiliary low-side FET
SLa achieves ZVS-ON twice over one main switching cycle.
Likewise, the drain—source voltages of HEMTs in the main
legs, i.e., Vgs,sHm1 and vgs s1.m1, decrease to zero before the
corresponding gate—source voltages vgs,sHm1 and Vgs Srm1
increase to the threshold voltage, as shown in Fig. 15(d) and (e);
hence, the transistors in the main branches achieve ZVS-ON.

Fig. 16 shows the measured dynamic voltage and current
waveforms under step load changes with the double-pulse RCP
modulation scheme. Despite that the load changes between 950
and 1900 W, the output voltage can be regulated to the reference
(200 V); meanwhile, the generated lookup table (see Fig. 4)
enables the inductor valley currents to maintain constant and
negative such that the high-side FETs can achieve the ZVS-ON.

The efficiencies of this GaN HEMT-based buck dc—dc con-
verter operating in different conditions and modes (synchronous
CCM and RCP mode) are measured with a high-precision power
analyzer (PPA5530), as shown in Fig. 17. While the synchronous
CCM operation enables higher efficiencies at heavy loads, the
proposed double-pulse RCP mode exhibits a significant effi-
ciency improvement at partial loads due to the reduced switching
losses. The advantages of RCP operation become more remark-
able as the switching frequency increases and the load decreases.
The maximum efficiency improvement at 320 W (8% load)
and 200 kHz is 2.1%. By activating the RCP mode at partial
loads and the synchronous CCM at heavy loads, the efficiency
performance of the parallel HB legs can be maintained high over
the full load range.

V. CONCLUSION

An RCP-enabled modulation scheme has been proposed for
inductor-based parallel power FETs. Compared with the con-
ventional ARCP soft-switching solutions, no auxiliary switches
are required in this proposal. The operation principle and timing
parameters of the RCP modulation scheme have been investi-
gated in detail. Furthermore, the characteristics, design consid-
erations, and comprehensive experimental validations have been
presented. The following conclusions can be drawn.

1) The RCP mode can be enabled by selecting part of the
parallel power FET legs as an auxiliary leg without adding
extra switches.

2) Inthe RCP mode, the high-side power FET of the auxiliary
leg can achieve the quasi-ZCS-ON/ZCS-ON and ZVS-ON,
whereas the remaining FETSs achieve ZVS-ON.

3) The RCP mode enables significant partial-load efficiency
improvements (up to 2.1%), particularly at high switching
frequencies (e.g., 200 kHz).

4) While the switching loss can be significantly reduced in
the RCP mode, the conduction loss is higher than the
synchronous CCM operation; depending on the switching
frequency, the RCP operation may not become as efficient
as the synchronous CCM at heavy loads.
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5) The inductor-based parallel power FET legs are compati-
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ble with both the RCP mode and the synchronous CCM;
therefore, the efficiency can be maintained high over the
full load range by activating the RCP mode at partial loads
and the synchronous mode at heavy loads.
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