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Multimode Three-Phase CLLLC Bidirectional
Resonant Converter With Wide Output Voltage
Range and Improved Light-Load Efficiency

Tianrui Wang *“, Qinglin Zhao"”, Hao Ding

Abstract—This article proposes a modified three-phase CLLLC
bidirectional resonant dc-dc converter with wide voltage range and
improved light-load efficiency. The converter inherits the advan-
tages of higher power density, lower current ripple, and bidirec-
tional power flow from conventional three-phase CLLLC structure.
In addition, by employing the newly designed phase-shedding strat-
egy, the converter adds three modes to support precharging and
float-charging stages. These features enable the converter to cover
all charging stages of the battery. A smooth transition between
adjacent operating modes of the converter can be attained. To
verify the effectiveness and applicability of the newly designed
phase-shielding strategy, a 3.3 kW experimental prototype is built.
In charging stage, the primary side dc bus voltage is maintained at
400 V, and the output voltage range is 150 V-480 V, with a maximum
efficiency of up to 98 %. Besides, the efficiency increases by about
1% at 30% load, 3% at 20 % load, and 14% at 10% load compared
to the three-phase interleaved mode. In discharging stage, the input
voltage range is 300 V-480 V, with a maximum efficiency of up to
98.1%.

Index Terms—Bidirectional resonant converter, light-load,
phase-shedding, three-phase interleaved CLLLC, wide voltage
range.

I. INTRODUCTION

ECENTLY, batteries have been playing an essential role in
R energy storage systems and electric vehicles. Conventional
unidirectional battery chargers are unable to feed energy back
to the power grid. As a result, new bidirectional chargers have
received widespread attention [1], [2].

As crucial components of bidirectional chargers, isolated
bidirectional dc/dc converters are developing rapidly [3], [4], [5].
Among them, the bidirectional LLC resonant converter with
simple topology and high efficiency is attracting more
attention [6], [7]. However, in backward mode, it necessitates
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complex control methods to achieve a boost [8]. To endow
resonant converters with bidirectional buck/boost capabilities,
an increasing number of researchers are starting to focus on
the structural improvement of resonant converters. The asym-
metric CLLC resonant converter, based on the conventional
bidirectional LLC resonant converter, is studied in [9] and [10]
by adding a resonant capacitor to the secondary side. This
addition enables the converter to have bidirectional buck/boost
operational capability [11], but its parameter design requires
too many iterations to optimize. The symmetric bidirectional
CLLLC resonant converter is developed in [12] and [13], by
introducing a set of LC resonant networks into the secondary
side of the conventional LLC converter, which exhibits identical
output characteristics in both directions. Besides, it is similar
to a conventional LLC resonant converter in the voltage gain
characteristics and parameter design [13]. Nevertheless, the
voltage gain curve of the converter possesses two peaks under
heavy load conditions, which makes the parameter design more
complicated. The L-LLC resonant converter, which adds an
auxiliary inductor to the primary side, is studied in [14] and [15],
and this addition enables it to have good bidirectional voltage
gain regulation ability. However, the addition of the auxiliary
inductor will increase the reactive circulation and power losses.
Zhang et al. [16] proposed a bidirectional LCLL resonant con-
verter, but the asymmetric forward and backward gain curves of
the converter complicate the parameter design.

Although the aforementioned converters can achieve bidirec-
tional wide gain power conversion, as single-phase converters,
there is still a common problem of large current ripple. To solve
the problem, two-phase interleaved and three-phase interleaved
LLC resonant converters are studied in [17] and [18]. Com-
pared with two-phase resonant converters, three-phase resonant
converters have advantages such as self-current sharing among
phases, lower output current ripple and current stress, improved
thermal distribution, and smaller filter size [19], [20], [21].
Therefore, it is better adapted to high-power applications than
single-phase resonant converters and two-phase resonant con-
verters. To achieve the bidirectional operation of three-phase
resonant converters, the authors in [22] and [23] proposed the
three-phase CLLLC bidirectional resonant converter and the
three-phase LLCL bidirectional resonant converter, respectively.

Since the LLC converter primarily relies on frequency mod-
ulation to regulate the gain range, its inherent gain range is
constrained. As the output current diminishes, simply increasing
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the frequency becomes ineffective in achieving gain reduction.
Consequently, it is challenging for resonant converters to im-
plement a precharging mode that supplies low voltage and low
current to batteries [24]. To further extend the voltage gain
range of the conventional three-phase LLC resonant converter,
the midpoint of the transformer is connected to the reference
ground of the dc bus and two rectifier diodes are added to the
secondary side in [25], which makes the converter operate in
single-phase half-bridge mode. However, when operating in
three-phase mode, this converter is equivalent to three half-
bridge circuits connected in parallel. Compared with the three-
phase interleaved structure, it will generate higher capacitance
voltage stress and larger bus current ripple. Besides, it can only
achieve buck/boost regulation in the forward direction.

In addition, as the power level decreases, switching losses
increasingly become predominant [26]. Compared with con-
ventional single-phase converters, the efficiency of three-phase
converters begins to significantly decrease under light load
conditions. However, compared with other charging stages, the
light-load absorption stage accounts for the majority of the bat-
tery charging time [27]. If the light-load efficiency is too low, the
energy loss will be significant over time. Thus, to further boost
the light-load efficiency of the bidirectional three-phase CLLC
resonant converter, the authors in [28] designed three different
modes for it through phase-shedding strategies. Although the
improvement of light-load efficiency is significant, the designed
phase-shedding strategies in [28] fail to expand the gain range
of the three-phase bidirectional resonant converter.

This article proposes a modified multimode three-phase
CLLLC bidirectional resonant dc-dc converter, which adopts
pulse frequency modulation (PFM), control, and the MOSFETS
on the rectifier side can achieve zero voltage switching (ZVS),
in the whole operating time, thereby ensuring high efficiency of
the proposed converter. The main contributions of this article
can be condensed as follows.

1) The proposed modified three-phase CLLLC resonant con-
verter inherits the advantages of conventional three-phase
interleaved structure. In three-phase mode, it can effect-
ively decrease the current ripples of input and output
ports, and the size of filter capacitors can be significantly
reduced. Compared with [25], the capacitance voltage
stress and bus current ripple of the modified topology are
reduced.

2) In this article, a double voltage rectification (DVR) mod-
ulation is proposed to improve the light-load efficiency of
the charging stage. With the proposed modified topology
and newly designed phase-shedding strategies, the con-
verter can achieve four operation modes, adding a low-
voltage low-current precharging mode and a new high-
voltage low-current float-charging mode, which enables
the converter to cover all charging stages of the battery.

3) The proposed phase-shedding strategies are verified on
a 3.3 kW three-phase CLLLC resonant converter. The
converter offers a 150 V-480 V voltage range, a peak effi-
ciency of 98% and a light-load efficiency of 96% at 20%
load. These performance metrics surpass state-of-the-art
designs. A comparison with the existing converters is
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Fig. 1. Conventional three-phase CLLLC bidirectional resonant converter.
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Fig. 2. Proposed modified multimode three-phase CLLLC bidirectional reso-
nant converter.

presented in Table IT of Section V to illustrate the excellent
performance of the designed converter.

The rest of this article is organized as follows. The op-
eration principle of the proposed converter is introduced in
Section II. The voltage gains are derived in Section III. The
design methodology and control strategy of the proposed con-
verter are described in Section IV. The experimental results
are illustrated in Section V. Finally, Section VI concludes this
article.

II. OPERATION PRINCIPLE
A. Topology Description

The topology of conventional three-phase CLLLC resonant
converter is illustrated in Fig. 1. To broaden the gain range and
improve the light-load efficiency of conventional three-phase
CLLLC converter, this article adds a diode and a MOSFETto both
sides of it, as shown in Fig. 2.

The voltage at the two dc ports is defined as Vp and Vg, which
are, respectively, connected to the dc bus and battery. If the power
is transferred from Vp to Vg, the converter works in charging
mode, i.e., forward operation; otherwise, it works in discharging
mode, i.e., backward operation. This converter has three
identical resonant tanks and symmetrical forward and backward
voltage gain curves. Therefore, the turns ratio of the three
transformers are equal: ny = no = nsg = n, and the resonant
components satisty L1 = Ly = Ly = n®Lgpg = n?Lgn =
n2LST3 =L, CVprl = C‘pr2 = C’pr3 = Csrl/n2 = sr2/n2 =
CST3/n2 = Cr’ and L,y = Ly = Lz = L.

When secondary switches are kept OFFand only the body
diodes perform their function, this operation is designated as
passive rectification (PR). During the charging stage, the pro-
posed modified converter can work in four modes: single-
phase half-bridge&PR mode (1P-HB&PR mode) [see Fig. 3(a)],
three-phase interleaved&PR mode (3P-IL&PR mode) [see
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Fig. 3. Proposed phase-shedding strategy for forward charging. (a) 1P-HB&PR mode. (b) 3P-IL&PR mode. (c) 2P-FB&PR mode. (d) 1P-HB&DVR mode.
(e) Each mode corresponds to the charging stage.
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Fig. 4. Principal waveforms. (a) IP-HB&PR mode. (b) 3P-IL&PR mode. (c¢) 2P-FB&PR mode. (d) 1P-HB&DVR mode.

Fig. 3(b)], two-phase full-bridge&PR mode (2P-FB&PR mode) the resonant tank’s input voltage. During the discharging stage,
[see Fig. 3(c)], and single-phase half-bridge&DVR mode (1P- the proposed converter only operates in 3P-IL&PR mode [see
HB&DVR mode) [see Fig. 3(d)]. Fig. 3(e) shows that the four  Fig. 5(a)].

operating modes can cover all the charging stages of the bat-
tery. The principal waveforms during the positive half-cycle of
four modes are illustrated in Fig. 4(a)— (d), respectively, where
VGs1—Vase are the pulse signals of S1—Sg, while vg1—vge are 1) 1P-HB&PR Operation: As shown in Fig. 3(a), the con-
the driving signals of switches Q;—-Qg. Moreover, v, represents  verter works in 1P-HB&PR mode, with S; remaining ON, S;

B. Forward Charging Mode
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Fig. 5.

and S, complementary conducting with 50% duty ratio, and
other switching-legs remaining OFFon the inverter side. The
switching-legs, on the rectifier side, remain OFFand perform PR.
The principal waveforms are displayed in Fig. 4(a). Owing to the
half-bridge operation, the output voltage gain of the converter in
the 1P-HB&PR mode is reduced to half compared with that in
other modes. Therefore, it can be used for the precharging stage
of the battery, providing low voltage and low current during the
initial charging stage, thus extending the battery’s service life.

2) 3P-IL&PR Operation: In this mode, S; remains OFF,
while the other legs are shifted by 120° and the upper and
lower switches of the same leg conduct complementary with
50% duty ratio on the inverter side. The MOSFETs on the rectifier
side function as diodes without receiving driving signals. The
corresponding equivalent circuit is shown in Fig. 3(b), and the
key waveforms in a switching cycle are shown in Fig. 4(b).
In three-phase mode, the current ripple of the output capacitor
is substantially reduced. Moreover, it features smaller voltage
stress and peak current, and lower conduction losses at higher
power levels, thus achieving a higher efficiency. Hence, the
3P-IL&PR mode is utilized to handle the high-power charging
stage of the battery.

3) 2P-FB&PR Operation: On the inverter side, S5, Sg, and
S7 remain OFF, while other switches form a full-bridge circuit,
whose resonant tanks can be regarded as in series. On the
rectifier side, the switching-legs remain OFF, performing PR. The
equivalent circuit is presented in Fig. 3(c) and key waveforms are
shown in Fig. 4(c). It should be noted that switch losses dominate
under lighter load conditions. Consequently, by shedding one of
the phases, lower switch losses and higher efficiency can be
achieved compared with the 3P-IL&PR mode. Thus, due to its
two-phase structure, the light-load efficiency of the converter
can be improved. This mode occupies most of the time in the
absorption-charging stage of the battery.

4) 1P-HB&DVR Operation: As shown in Fig. 3(d), the con-
verter works in 1P-HB&DVR mode. On the inverter side, Sy re-
mains ON, the S; and So complementary conduct with 50% duty
ratio, and other switching-legs remain OFF, forming a half-bridge
circuit. On the rectifier side, a DVR modulation is proposed.
This modulation doubles the output voltage to offer a boost
voltage gain. During this process, Q7 remains ON while other
switching-legs remain OFF. The key waveforms are displayed in
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Backward discharging mode of the proposed converter. (a) Equivalent circuit. (b) Backward gradient discharge process.

Fig. 4(d). With the newly designed phase-shielding strategy, the
1P-HB&DVR mode further reduces the number of switches and
magnetic components, thus improving the light-load efficiency
of the converter compared with 2P-FB&PR mode. This mode
is expected to cover the floating-charging stage of the battery to
provide maximum voltage and a low current.

C. Backward Discharging Mode

On account of the symmetrical structure of the converter, it can
also achieve four mode transitions when running in the backward
direction. Butto protect the battery from excessive discharge, the
battery voltage range is limited. Thus, the converter only works
in 3P-IL&PR mode. As shown in Fig. 5(a), the switching-legs
on the inverter side are shifted by 120°, and the upper and
lower switches of the same leg conduct complementarily with
50% duty ratio. The MOSFETs on the rectifier side are used as
diodes without driving signals. Due to the symmetrical primary
and secondary structure, the forward and backward 3P-IL&PR
modes possess the same operational waveforms. Fig. 5(b) shows
the change curves of current, voltage, and power during the
battery gradient discharge stage when the converter works in
backward direction.

III. VOLTAGE GAIN ANALYSIS

The first harmonic approximation (FHA) is adopted in this
article to analyze the voltage gain of four working modes of the
converter. These four modes have the same resonant frequencies
as follows:

1 1 1
fr

- 27\ L Cpe B 27/ L. Cl, B 27/ L, C,

ey

A. Operation Modes

1) 1P-HB&PR Mode: From Fig. 6(a), it is clear that in
the 1P-HB&PR mode, the converter operates as a half-bridge
CLLLC resonant converter. Since it is equivalent to a half-
bridge circuit, the input voltage of the resonant tank is half of
the voltage value in the 2P-FB&PR modes. Fig. 6(b) shows the
FHA equivalent circuit of 1P-HB&PR mode. This accounts for
its lower gain compared to the converter in other modes. Based
on the FHA, the input voltage of the resonant tank, denoted as
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Fig. 6. Equivalent circuit of 1P-HB&PR mode. (a) Equivalent resonant tank

circuit. (b) FHA equivalent circuit.

Vao(t), can be formulated as follows:

V:
Vao(t) = ?p

The voltage gain of the mode can be derived as follows:

Mipug(fn, k, Qipug) =

2V, 2V,
+ “Pginwt + —Lsin3wt +--- . (2)
T 3

1

2 N 2
Qipup 2(k+1
2\/(1+}€— k}m) +T[(2k+1)fn—%+#}
3
where k is the inductor ratio, f,, is the normalized frequency,
fr is the resonant frequency, QQ1p_pgp is the quality factor,

and Z1 p_ g is the characteristic impedance of the 1P-HB&PR
circuit as follows:

L fs 1
k = 5 n — 7‘7 r =
L, » n Ir f 27/ L. C,
ZiP-HB L,
“HB = —F——21P-HB = Zo = \| ~ - 4
Qip-HB Ropy 21P-1D c. “
The equivalent ac resistance g is as follows:
8
Reqt = 3 - Rpy - n*. )

2) 3P-IL&PR Mode: Since the operating characteristics of
each phase are the same in this mode, the gain characteristics
of the overall circuit can be analyzed by a single-phase resonant
network, as shown in Fig. 7(a). The FHA equivalent circuit is
illustrated in Fig. 7(b). According to the Fourier series analysis,
the phase voltage Vo (%) can be formulated as follows:

2V, . 2V, .
Viao(t) = =—Lsinwt + —Lsin5wt + - - - 6)
™ %

The voltage gain of the mode is as follows:
Mapa(fns b, Qspa) =
1
\/(1+,§— k}5)2+%[(2k+1)fn—2(’“—j”+ﬁgr
(N

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 9, SEPTEMBER 2025

Coi Lprt Ly1 Cypy X
A v oY i * T Vew L4 Ror
mi
O, o' x
()
C, L L, C,
A YYyn YL |1
@B, i 7
B3V
0 Ly Regp
[0}

()

Fig. 7. Equivalent circuit of 3P-IL&PR mode. (a) Equivalent resonant tank
circuit of phase-A. (b) FHA equivalent circuit of phase-A.

Fig. 8. Equivalent circuit of 2P-FB&PR mode. (a) Equivalent resonant tank
circuit. (b) FHA equivalent circuit.

where
Lm s ZzpaL 1
k=— fn=", -IL = yJr =
T A 8/ o
L, 6
Zypn = Zo = | G Begp = 7 - Rz - 1%, (®)

3) 2P-FB&PR Mode: This mode’s equivalent circuit pos-
sesses doubled excitation inductance and resonant inductance,
and the resonant capacitance is halved compared with the other
two modes, as shown in Fig. 8(a). The FHA equivalent circuit
is illustrated in Fig. 8(b). Thus, the characteristic impedance
Z»ppg of this mode is twice that of other modes, and under the
same equivalent ac resistance, the quality factor Q is twice that
of other modes. Although the resonance parameters of the mode
have changed, its resonance frequency is the same as the other
three modes.

According to the Fourier series analysis, the voltage across
the two bridges Vag () can be formulated as follows:

4V, 4V,
Vag(t) = 7psinwt + 3—7:Sin3wt +o 9
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Fig.9. Equivalent circuit of 1IP-HB&DVR mode. (a) Equivalent resonant tank
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The voltage gain of the mode is as follows:

Mopgg(fn,k, QaprB) =

1
11\, @ 2k+1) , 1 17
(1+E_ m) + kép[(2k+1)fn_T+F}
(10)
where

Ly, fs Zp-FB 1
k = sIn = s - = sJr —

L f T, Q2p-rB Reas f VI O

ZZP—FBZQZOZQ\/ZaRe(ﬁ ZE'RL&TAQ- (11)

4) IP-HB&DVR Mode: Though the inverter side is equiva-
lent to the half-bridge circuit, a DVR modulation is proposed
on the rectifier side to provide a boost voltage gain, as shown
in Fig. 9(a). This accounts for its ability to achieve high voltage
output. The FHA equivalent circuit is illustrated in Fig. 9(b).
Based on the FHA, the input voltage Vo () can be formulated
as follows:

Vo 2V 2
Vao(t) = =2 + —Lsinwt + ﬂsin?)wt + - (12)
2 T 3
The voltage gain of the mode can be derived as follows:
Mippvr (fn, k, QipDVvR) =
1
2 2 2
\/(1+,ﬁk}%) +%[(2k+1)fn—%+ﬁ%}
13)

where k is the inductor ratio, f, is the normalized frequency,
fr is the resonant frequency, @ p.pyr is the quality factor, and
Zip.pvr 1s the characteristic impedance of the 1P-HB&DVR
circuit as follows:

L, fs 1
k = 5 n — -, P i e—————
L, f fr / 2m\/L,C,
Z1p-DVR L.,
_ = Z 5 = ZO — — 14
Q1p-DVR Regt IP-DVR c (14)
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The equivalent ac resistance I is as follows:

8
Req4 = 3

2 15)

. RL4 . n2.

IV. DESIGN CONSIDERATIONS

According to the voltage gain expressions obtained in
Section III, this article conducts a detailed parameter design
analysis to ensure continuous voltage gain and achieve ZVS. The
design specifications for the proposed converter are summarized
as follows:

1) Bus voltage is Vp =400 V;

2) Forward output voltage range is Vg = 150 V—480 V;

3) Backward input voltage range is Vg = 300 V-480 V;

4) Maximum output power is 3.3 kW;

5) Resonant frequency is f,. = 100 kHz;

6) Switching frequency range is f; = 70 kHz-200 kHz.

A. Analysis of Constraint Condition

For the convenience of design, this article adopts a completely
symmetrical bidirectional CLLLC resonant structure. The full-
load power of the converter is 3.3 kW. When transitioning to the
1P-HB&PR or 2P-FB&PR mode, the maximum power for each
phase is restricted to one-third of the full-load power, which is
1.1 kW.

The output voltage range of the converter in forward operation
is 150 V=480V, and the transition voltage of 1P-HB&PR mode
to 3P-IL&PR mode is designed to be 270 V. Thus, the voltage
range of 1P-HB&PR mode and forward 3P-IL&PR mode is
150 V=270 V and 270 V—480 V, respectively. The 2P-FB&PR
mode and 1P-HB&DVR mode operate in the 480 V constant
voltage (CV) mode and maintain a low current output.

In the forward 3P-IL&PR mode with a rated current of 6.9 A,
when the bus voltage remains at 400 V, the output voltage varies
within the range of 270 V-480 V. When the switching frequency
coincides with the resonant frequency, the output voltage is set
at 400 V, thus the transformer turns ration = 1.

B. Analysis of Forward and Backward Voltage Gain Range

The 2P-FB&PR mode and 1P-HB&DVR mode operate al-
most at a fixed frequency point. Although (11) shows the Zf
of 2P-FB&PR mode is doubled compared with other modes,
it operates in a light load state, resulting in a higher R.q and
smaller Q. When the 3P-IL&PR mode can achieve a 480 V gain
output, the 2P-FB&PR mode can also achieve it. Therefore, this
section mainly analyzes the voltage gain curves of 3P-IL&PR
mode and 1P-HB&PR mode.

In forward operation, the minimum gain My i, and maxi-
mum gain Mg ¢ of each mode are as follows:

3P-IL&PR mode:
nVs min 270

Vo 100 0.675
nVsmax 480

Ve 400

MF.3pﬁmin = ( 16)

MF.3p_max = 1.2. (7
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1P-HB&PR mode:

nVs mi 150
MF.lpfmin = —0§§;n = —200 =0.75 (]8)
nVsmax 270
M, ax = — = — = 1.3b. 1
Ripmax = 0" = o5 — 139 (19
2P-FB&PR mode:
MF.2p = MF.Sp_max =1.2 (20)

In backward operation, the minimum gain Mg i, and maxi-
mum gain Mp max are as follows:

Ve 400

MR.Sp_mln - m - @ =0.83 (21)
%% 400

MR 3p max = W_mm =300 " 1.33. (22)

According to (16), (17), (21), and (22), the voltage gain range of
3P-IL&PR mode is 0.675-1.33. Equations (18) and (19) show
that the voltage gain range of 1P-HB&PR mode is 0.7-1.35.
Considering the greater voltage gain variation range that the
3P-IL&PR mode withstands, priority is given to the parameter
design of the 3P-IL&PR mode.

C. Analysis of Voltage Gain Curves

Due to the symmetrical resonant tank structure and similar
working characteristics, the voltage gain curves of the forward
and backward 3P-IL&PR modes are identical. Fig. 10(a) illus-
trates that when the inductor ratio k is too large, there will be
two peaks of the converter in 3P-IL&PR mode. In addition, the
smaller k is, the wider the voltage gain range is, but too small
k will result in high cycle and conduction losses, which will
decrease the efficiency of the converter. Therefore, the selection
of k requires compromise, and in this article, kK = 5 is finally
chosen.

Fig. 10(b) illustrates that when the quality factor () is un-
reasonable, it will result in a nonmonotonic gain curve in the
inductive region. To avoid this situation, it is necessary to
balance the selection of parameters for 3P-IL&PR mode and
1P-HB&PR mode. Fig. 11 illustrates the effect of different ) on
the 3P-IL&PR mode gain curve when k£ = 5. It can be observed
that when Q reaches a maximum value of 0.4, the gain curve
of the converter can remain monotonic in the inductive region.
After determining k, a larger () should be chosen as far as
possible while ensuring ZVS to reduce switch losses. Therefore,

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 9, SEPTEMBER 2025

2.5

Normalized Gain

Fig. 11.

Normalized Gain
Normalized Gain

Fig. 12. Voltage gain versus normalized frequency of 1P-HB&PR mode.
(a) Effect of Q on gain when k = 5. (b) Effect of k on gain when Q = 0.3.
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Fig. 13.  Voltage gain versus normalized frequency. (a) 2P-FB&PR mode.
(b) IP-HB&DVR mode.

when outputting 270 V/6.6 A in 3P-IL&PR mode, ) = 0.39 is
selected. According to (8), it can be obtained

Rp3p =Us/Is
Req.3p = 6/612 . RL.Bp -n? (23)
Zy = Q : Req.3p-

Then, according to (23), the value of Z, is calculated. The
gain curves of the IP-HB&PR mode, as shown in Fig. 12, are
monotonic in the inductive region. Fig. 13 presents the gain
curves of the 2P-FB&PR mode and 1P-HB&DVR mode. And
the required gain within reasonable frequency can be achieved
of these modes, so the selection of k, Q, and Z,, is feasible.
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D. ZVS Condition

The dead time of the upper and lower switches on the same
leg is set to 200 ns, the parasitic capacitance Cyg, of the switches
is 200 pF, and the resonant frequency f;- is 100 kHz. To ensure
the ZVS in all modes, L,,, should satisfy the following:

nUS minldead
L, < —————= (24)
8COSSUPfT
where nUs min/Up = Mp min
M mint ea
L,, < —f=minzdead (25)

8COSS f’l"

According to (16), (18), and (20), Mr 3p min < MF.1p_min <
M 2. Therefore, to satisfy the ZVS conduction of switches,
a smaller magnetizing inductance L, is required in 3P-IL&PR
mode compared with 1P-HB&PR mode and 2P-FB&PR mode.
When the 3P-IL&PR mode satisfies the ZVS condition, alter-
ations to the operation mode have no impact on the realiza-
tion of ZVS for the switches. The final designed parameters
of the resonant tank are L, = 15.4 pH, L,, =68 uH, and
C, = 164 nF. After calculation, the designed L,, can achieve
ZVS in all modes. According to the selected parameters, the
voltage gain curves of four modes and the detailed operation
range are illustrated in Fig. 14.

E. Control Design

Taking the forward operation as an example, a dual-loop
control scheme is adopted in this article, as shown in Fig. 15.
During steady-state operation, the voltage and current loops are
calculated separately, with only one control loop running and
the other saturated. The smaller calculated value is used as the
output to control the switching frequency.

The control flowchart of the proposed converter is illustrated
inFig. 16, where Visan1 =270V, Iyyan1 =3 A, and lirane = 1.5 AL A
smooth mode transition strategy based on frequency matching is
adopted to ensure stable operation during mode changes. Specif-
ically, before switching to the next mode, all switches are turned
OFF within 1-2 switching cycles and the PI controller is disabled.
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Fig. 17. Experimental prototype of the proposed multimode three-phase
CLLLC bidirectional resonant converter.

When the switches are turned ON again, itis done according to the
control logic of the next mode and the corresponding switching
frequency under the desired output voltage. This method can
reduce the inrush current and shorten the transition time.

V. EXPERIMENTAL VERIFICATION

A 3.3 kW prototype, as shown in Fig. 17, is built to validate
the correctness of theoretical analysis. Table I presents the
specifications of the experimental platform.

A. Forward Charging Stage

The experimental waveforms during the forward charging
stage are presented in Fig. 18. The resonant frequency of the
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Fig. 18.  Experimental waveforms in forward charging operation 41, ipr2, 7pr3, and uqs2. (a) When output 150 V/4 A in 1P-HB&PR mode. (b) When output

270 V/4 A in 1P-HB&PR mode. (c) When output 270 V/6.9 A in 3P-IL&PR mode. (d) When output 400 V/6.9 A in 3P-IL&PR mode. (¢) When output 480 V/6.9 A
in 3P-IL&PR mode. (f) When output 480 V/2 A in 3P-IL&PR mode. (g) When output 480 V/2 A in 2P-FB&PR mode. (h) When output 480 V/1 A in 2P-FB&PR

mode. (i) When output 480 V/1 A in 1P-HB&DVR mode.

TABLE I
PARAMETERS OF EXPERIMENTAL PLATFORM

Items Parameters

100kHz
70kHz-220kHz
13.6pH (Ferroxcube PQ26/25)
182nF (MMKP82)
68uH (Ferroxcube PQ35/35)

Resonant frequency f,
Switch frequency f
Resonant inductor Ly, Lsy
Resonant capacitance Cp, Csr

Magnetizing inductor L,

Turns ratio n = (n1 : n2) 1=(30:30)
Switches S1-S7, Q1-Q7 IPW60R070CFD7
Diodes Dp1, Ds1 CI10S65C41

four modes is 100 kHz. The switching frequency of 3P-IL&PR
mode floats between 70 and 220 kHz to adjust the output voltage.
The frequency variation range of 1P-HB&PR mode is 70 to
170 kHz. The 2P-FB&PR and 1P-HB&DVR modes operate at
around 75 kHz.

1) 1P-HB&PR Mode: This mode is used to expand the
voltage gain of the converter to cover the precharging stage.
As a single-phase structure, its maximum power is limited to
one-third of the three-phase full load power, which is 1.1 kW.
Therefore, this mode maintains a constant current (CC) of 4 A
output while providing an output voltage range of 150 V=270 V.

The experimental results of the 1P-HB&PR mode are shown in
Fig. 18(a) and (b), which show that when the converter works
in the 1P-HB&PR mode, the other two phases are shed and no
current flows.

2) 3P-IL&PR Mode: Compared with 1P-HB&PR or 2P-
FB&PR modes, this mode is more suitable for high-power
application. This is attributable to the distinctive characteristics
offered by the three-phase interleaved structure, which include
reduced output current ripple and filter size, smaller peak current
value, and lower conduction losses at higher power transfer.
The output voltage range of the mode is set to 270 V—480 V.
Fig. 18(c)—(f) shows the experimental waveforms of the 3P-
IL&PR mode, which indicate that the resonant currents of each
phase are balanced and the designed gain of the mode can be
achieved.

3) 2P-FB&PR Mode: During the absorption-charging stage,
the efficiency provided by the 2P-FB&PR mode is higher than
that of the 3P-IL&PR mode. Fig. 18(g) and (h) shows the exper-
imental waveforms of the 2P-FB&PR mode at different powers.
The experimental results demonstrate that the 2P-FB&PR mode
can cover the absoption-charging stage of the converter with
balanced two-phase current.

4) 1P-HB&DVR Mode: In comparison to the 2P-FB&PR
mode, the 1P-HB&DVR mode leads to a further reduction in
the quantity of switches and magnetic components. As a con-
sequence, the light-load efficiency of the converter is enhanced.
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Fig.21. Transition waveforms in forward operation. (a) IP-HB&PR mode to 3P-IL&PR mode. (b) 3P-IL&PR mode to 2P-FB&PR mode. (c) 2P-FB&PR mode

to 1P-HB&DVR mode.

During the floating-charging stage, improving the efficiency
under light-load conditions is of great significance. The reason
is that compared to other charging stages, the duration of this
charging stage is much longer. Therefore, this will generate
significant energy-saving effects over time. Fig. 18(i) shows the
experimental waveforms.

B. Backward Discharging Stage

To protect the battery from excessive discharge, the converter
only operates in 3P-IL&PR mode. The input voltage range
of the mode is 300 V—480 V. The output power drops as the
input voltage decreases. Owing to the three-phase interleaved
structure, this mode also has more advantages in high-power
applications. Fig. 19 shows the experimental waveforms in the
backward mode, which demonstrate that the mode meets the
design specifications for battery discharging at different power
levels. Moreover, the three-phase resonant currents being in a
balanced state, the converter is operating in good condition.

C. ZVS Condition

As shown in Fig. 20, the converter is capable of attaining ZVS
in the single-phase, two-phase, and three-phase transmission

paths. From Fig. 20(a), the driving voltage w2 starts to rise after
the drain-source voltage ug4s2 drops to zero, which indicates that
the parasitic capacitor of the switch Sy has discharged to zero
and the resonant current i, freewheels into the body diode
of So. Thus, the ZVS condition is satisfied. The ZVS process
of Fig. 20(b) and (c) is similar to that of Fig. 20(a). Since
1P-HB&DVR and 1P-HB&PR share the same conditions for soft
switching, the converter can achieve ZVS in all four proposed
modes.

D. Mode Transition

The transition waveforms of adjacent operating modes are
shown in Fig. 21. The transition between 1P-HB&PR mode
and 3P-IL&PR mode is triggered when [g =4 A, Vg =270V,
which is shown in Fig. 21(a). When the output voltage of the
converter rises to 270 V, the other two phases start working,
and the single-phase resonant current gradually becomes the
three-phase resonant currents.

The transition between 3P-IL&PR mode and 2P-FB&PR
mode is triggered when Ig = 3 A, Vg =480V, as shown in
Fig. 21(b). When the output current of the converter drops to
3 A, the phase-C is shed, and the three-phase resonant currents
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TABLE II

COMPARISON OF THE PROPOSED CONVERTER AND EXISTING CONVERTERS

References Converter in [9] Converter in [14] Converter in [24] Converter in [25] Converter in [27] Proposed
DC bus voltage 400V 400V 380-420V 400V 400V 400V
Topology 1P-FB CLLC  1P-FB L-LLC  3P-IL CLLLC 3P-IL LLCL  3P-Multimode LLC 3P-Mulitimode CLLLC
Direction Bidirectional Bidirectional Bidirectional Bidirectional Unidirectional Bidirectional
Charging voltage Vg 250-450V 320-480V 280-420V 250-420V 32-100V 150-480V
Discharging voltage Vp 250-450V 320-480V 300-400V 300-420V - 300-480V
Output power 1kW 1.6kW 3.3kW 3.3kW 3kW 3.3kW
Forward peak efficiency 97.9% 97.8% 97.2% 97.8% 96% 98%
Backward peak efficiency 98.06% 97.8% 96.9% 98% - 98.1%
20% load - 94% 93.8% 93% 94.2% 96%
Pre-charging No No No No Yes Yes
gradually become the two-phase resonant currents. The transi- Ch};:;n . ——

tion between 2P-FB&PR mode and 1P-HB&DVR mode is trig-
geredwhen Ig = 1.5 A, Vs = 480 V, asillustrated in Fig. 21(c).
Once the output current of the converter decreases to 1.5 A,
phase-B is shed. Subsequently, the two-phase resonant currents
gradually transform into the single-phase resonant currents.
The experimental results indicate that the transition between
adjacent modes can be smoothly completed and is highly stable.

E. Analysis of Working Process and Efficiency Curves

The process of the CC charging stage and CV charging stage
in forward operation is shown in Fig. 22(a). The whole process is
divided into three stages, 4 A precharging, 6.9 A bulk-charging,
and 480 V absorption-charging stage. In the whole CC charging
stage, the efficiency of the prototype is above 94.5%. The
maximum efficiency of 1P-HB&PR mode reaches 96.6%. The
efficiency of the 3P-IL&PR mode is above 96% during most of
the time, and the maximum efficiency reaches 98%.

When the CC charging stage is completed, the converter
enters light-load charging at maximum output voltage. As il-
lustrated in Fig. 22(b), the light-load charging stage is divided
into an absorption-charging stage and a float-charging stage,
corresponding to 2P-FB&PR mode and 1P-HB&DVR mode,
respectively. Compared with 3P-IL&PR mode, the efficiency
increases by about 1% at 1000 W, nearly 4% at 500 W, and
almost 16% at 250 W. The results verify that the newly de-
signed phase-shielding strategy greatly improves the light-load
efficiency of the converter.

As shown in Fig. 23, the output power is configured to
decrease as the input voltage Ug drops. This is done in order
to maximize the utilization of the converter’s power capacity
during the backward discharging operation. For instance, when
the input voltage Ug goes from 480 V to 400 V, the output
power correspondingly decreases from 3 kW to 2.7 kW. In
the whole process of backward operation, the efficiency is
greater than 96.5% and the maximum efficiency reaches 98.1%.
A comparison between the proposed improved 3P-multimode
CLLLC resonant converter and existing converters is given
in Table II. It can be observed that the proposed converter
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Fig.22.  Forward efficiency curves of the converter. (a) IP-HB&PR mode and
3P-IL&PR mode. (b) Comparison of light-load efficiency.

possesses excellent performance in voltage gain range, peak
efficiency, and light-load efficiency. In addition, the converter
possesses precharging mode for covering the recovery stage of
battery.
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VI. CONCLUSION

To address the problems of limited gain range and the inability
to achieve high efficiency under light-load conditions in the
conventional three-phase CLLLC resonant converter, this article
proposes a modified multimode three-phase CLLLC bidirec-
tional resonant converter with PFM control. Through the newly
designed phase-shielding strategy, the converter incorporates
precharging mode and float-charging mode, enabling it to cover
all charging stages of the battery pack. The 1P-HB&PR mode
offers a low gain range, facilitating the low-voltage and low-
current required to restore a completely depleted battery. By
implementing the 2P-FB&PR mode, the converter can achieve
improved light-load efficiency Moreover, the 1P-HB&DVR
mode can further enhance the light-load efficiency of the con-
verter, making it suitable for the floating-charging stage. All the
charging stages of the battery can be covered through the four
operating modes. The experimental results confirm the benefits
of the proposed phase-shedding strategies in terms of expanding
the voltage gain range and significantly enhancing the light-load
efficiency.
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