7694

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 5, MAY 2026

Variable Mode Bidirectional LLLC Resonant
Converter With Dual Resonant Branches

Qinglin Zhao ", Zhouzhou Wu

and Hao Ding

Abstract—This article proposes a variable-mode bidirectional
LLC resonant converter equipped with two resonant branches,
which enables wide-range output voltage regulation within a lim-
ited switching frequency range. By regulating the driving signals of
the switches, the converter can switch between two operating modes
during forward operation: dual half-bridge mode and full-bridge
plus half-bridge mode. Correspondingly, during reverse operation,
it operates in dual-path voltage-doubling mode and single-path
voltage-doubling mode. Frequency modulation is adopted in all
operating modes, and synchronous rectification technology is also
integrated. Throughout all operational phases, zero voltage switch-
ing is implemented for every active switching device, effectively
minimizing switching losses and optimizing the overall energy con-
version efficiency of the system. A 2.5 kW experimental platform
has been built: in forward operation, the dc bus voltage on the
primary side is maintained at 400 V, while the battery voltage on
the secondary side can be adjusted within the range of 250-450 V,
thereby achieving wide output voltage regulation; in reverse opera-
tion, the battery terminal voltage ranges from 250 to 450 V, enabling
wide input voltage regulation.

Index Terms—Bidirectional resonant converter, LL.C, variable
frequency, zero voltage switching (ZVS).

I. INTRODUCTION

RIVEN by the urgent demand to reduce fossil fuel con-
D sumption and protect the environment, research focus on
new energy technologies has been increasingly intensive, which
in turn has fueled the rapid development of the new energy
vehicle (EV) industry in recent years [1], [2]. Bidirectional
dc—dc converters enable bidirectional power transmission and
offer advantages of smaller volume and lower cost compared to
two separate unidirectional converters. Among them, isolated
bidirectional dc—dc converters are widely applied in vehicle-
to-grid (V2G) systems, energy storage systems, and power
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electronic transformers, thanks to their excellent reliability and
stability [3], [4], [S]. Currently, a key research direction lies
in exploring how to enable bidirectional converters to achieve
wide-range voltage output in both forward and reverse direc-
tions while ensuring soft switching for power semiconductor
devices[6].

LLC resonant converters are widely used for their simple
topology, easy soft switching implementation, and high power
density [7], [8], [9], [10], [11] adopt a hybrid LLC structure
to improve efficiency, with output voltage regulated via phase
shift modulation (PSM). Nevertheless, such hybrid structures
inherently introduce multiple control loops and additional com-
ponents, leading to higher costs and potential reliability risks.
Moreover, achieving zero voltage switching (ZVS) in the LLC
converter’s lagging leg via PSM is challenging—an excessively
large phase shift angle may even trigger diode reverse recovery
issues.

Partial power LLC resonant converters are proposed in [12]
and [13], which achieve voltage regulation via a partial power
buck cell. Though classified as single-stage topologies, they
require a similar number of switching devices as two-stage solu-
tions. To reduce the number of switches, several true single-stage
PWM-controlled LLC resonant topologies are developed in [14],
[15], and [16]; their output voltage is regulated by adjusting
the duty cycle of MOSFETSs integrated into the voltage multiplier
rectifier circuit. However, these topologies inevitably suffer from
significant turn-OFF losses and asymmetrical resonant currents,
increasing system design complexity.

Furthermore, the authors in [17], [18], and [19] proposed a
multiresonant converter suitable for wide voltage ranges. By
introducing a parallel resonant circuit with notch filtering, it
uses the third harmonic for active power transmission, reducing
reactive power circulation losses and improving efficiency. Yet,
multiresonant converters have a limited input—output voltage
conversion ratio, restricting their application in high-voltage
scenarios. Additionally, multiple magnetic elements increase
their manufacturing cost and complexity.

Zuo et al. [20] proposed a converter where the primary side re-
alizes half-voltage/full-voltage inversion and the secondary side
implements quadruple-voltage/double-voltage rectification. Co-
ordinating switching states on both sides establishes three circuit
modes, enabling a wide voltage gain range without additional
switches or resonant components. Nevertheless, this topology is
mainly suitable for low-current, high-voltage scenarios, and not
applicable to high-power applications.
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Reconfiguring LLC resonant converter structures is also a
popular research direction. The authors in [21], [22], and [23]
proposed an improved high-efficiency LLC converter with two
resonant tanks, realized by adding an extra resonant circuit. Con-
trolling the drive signals of power switches allows these tanks to
operate in different modes, achieving a wide voltage gain range,
but the converter cannot support bidirectional power transfer.
Fan et al. [24] puts forward a series transformer partial power
regulation circuit, which uses series-connected low-voltage de-
vices instead of high-voltage ones to reduce conduction losses. It
realizes wide voltage regulation through cascaded buck circuits,
yet the multibridge arm driving requires high-precision phase
synchronization, increasing the complexity of the control circuit.

Xu et al. [25] discussed a new CLLC bidirectional resonant
converter with a secondary-side capacitor, which can operate in
step-down and step-up modes. However, its bidirectional oper-
ation has asymmetric characteristics due to different resonant
networks, making parameter design more complex. The authors
in [26] and [27] explored symmetric CLLC configurations,
which improve operational symmetry to a certain extent but
only achieve a slight gain reduction below unity, limiting their
application in wide-voltage scenarios. The authors in [28] and
[29] obtained good gain characteristics by adding optimized
converters, auxiliary transformers, and magnetic gain compo-
nents on both sides, but this increases the complexity of the
resonant cavity circuit, posing significant challenges to analysis
and design. Based on the concept of the multiresonator network,
a type of LCLT resonant converter can be derived [30]. This
converter operates at a variable frequency and enables ZVS in
all switching operations.

Based on the converter proposed in [24], this article improves
it and proposes a bidirectional LLC resonant converter based on
dual-branch LLC (DBLLC). In this converter, active switches
are configured on both the primary and secondary sides. Through
precise control of the drive signals of these active switches and
a dc-blocking capacitor was additionally installed on the sec-
ondary side, the converter can flexibly switch between multiple
operating modes, enabling bidirectional power flow to adapt to
different application scenarios. On the other hand, it expands
the power level and achieves a wide voltage regulation range
of 250-450 V, meeting the requirements of high-voltage fast
charging. All active switches achieve soft switching across the
entire load range, which effectively reduces switching losses,
improves efficiency, and enhances the reliability and stability
of the system. Overall, it is more in line with the practical
engineering needs of high power, wide voltage, and bidirectional
power transmission in scenarios such as new EVs and energy
storage systems.

II. WORKING PRINCIPLE OF THE PROPOSED CONVERTER

The main circuit of the proposed variable-mode bidirectional
LLC resonant converter is illustrated in Fig. 1. The primary
side is connected to the dc bus U;, while the secondary side
is linked to the battery Us,. Specifically, the primary side is
equipped with switches S1—S4, and the secondary side with
switches S5—Sg. This converter adopts a dual-resonant-branch
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Fig. 1. Topology of the DBLLC converter

topology: two transformers form independent resonant circuits,
with their primary windings connected in parallel and secondary
windings connected in series. Sharing the same switching bridge
arm, the two branches feature symmetric parameters, namely
L,y =1L,y =L, Lyt = L2 = Ly, Crl = Cr2 = Cr, and
turns ratio n; = ny = n.

By adjusting the driving signals of the active switches, the
converter can flexibly switch between different operating modes.
During forward operation, the primary side operates in either
dual half-bridge (DHB) mode or full-bridge plus half-bridge
(FHB) mode, while the secondary-side switches S5—Ss adopt
synchronous rectification technology. In reverse operation, un-
der the control of driving signals, switches S5—Sg form a
full-bridge inverter, with the blocking capacitor Cs; used to
suppress the bias magnetization of the transformers. Meanwhile,
the primary-side switches S1—S4 operate in either dual-path
voltage-doubling (DV) mode or single-path voltage-doubling
(SV) mode. All operating modes employ frequency modulation
for voltage regulation and integrate synchronous rectification
technology, thereby ensuring efficient and stable operation of
the converter under varying working conditions.

A. Dual Half-Bridge Mode

In DHB mode, shared bridge arm switches S; and So operate
complementarily with 50% duty cycle; S5 is permanently OFF,
and Sy remains ON. The two transformers have parallel primary
windings and series secondary windings. Coupling capacitor
Cy1 acts as a dc blocker without participating in resonance,
making the circuit equivalent to a DHB LLC resonant converter
as shown in Fig. 2(a).

The circuit input consists of square-wave voltages uap
and uany with amplitude U;. The amplitude of secondary
voltage ucp directly affects output voltage U stability.
Power distributes equally between the two transformers, and
primary current ¢z, is the sum of the two transformer currents:
irr =101 + tr2. Key operating waveforms in DHB mode
are shown in Fig. 2(b), which optimizes resonant network
symmetry for efficient power transmission and stable output.

B. Full Bridge Plus Half Bridge Mode

In FHB mode, the primary side switches form a full-bridge
inverter. The switches in each bridge arm conduct complemen-
tarily at a 50% duty cycle: S; and Sy turn ON together, as do Sy
and S3. As depicted in Fig. 3(a), the first resonant network func-
tions as a traditional full-bridge LL.C resonant converter, while
the second resonant network operates as a traditional half-bridge
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Fig. 2. Converter operates in DHB mode. (a) Equivalent circuit. (b) Main
waveforms.

LLC resonant converter. The main operating waveforms for the
converter in FHB mode are illustrated in Fig. 3(b).

C. Dual Voltage Doubling Circuit Mode

In DV mode, the secondary-side switches S5—Sg form a
full-bridge inverter: the switches in each bridge arm conduct
complementarily with a 50% duty cycle, where S5 and Ssg
are turned ON simultaneously, and Sg and S; are turned ON
simultaneously. The blocking capacitor C'; is used to prevent
dc bias in the transformers. On the primary side, switches S;
and S operate with synchronous rectification technology, while
S5 remains in the OFF state and S, remains in the ON state.
The two resonant networks and the filter capacitor together
form a voltage-doubling rectifier, which makes the entire circuit
equivalent to two parallel half-bridge LC resonant converters, as
illustrated in Fig. 4.

State 1 [tg, t1]: Atinstant ¢g, switches Sg and S; turn OFF, and
the circuit enters the dead time. At this moment, the secondary-
side transformer current ¢4 is negative, and the circuit operates
in an over-resonant state. The resonant current drops rapidly to
the magnetizing current; subsequently, the magnetizing current
discharges the parasitic capacitances C,ss5 and Cl,ss5, While
charging the parasitic capacitances C,ss6 and C,ss7, thereby
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Fig. 3. Converter operates in FHB mode. (a) Equivalent circuit. (b) Main
waveforms.

creating the necessary conditions for the ZVS turn-ON of S5 and
Ss. On the primary side, switch S5 remains OFF.

State 2 [t;, t2]: By instant ¢;, the magnetizing current
has charged C,ss6 and C\,ss7 to the battery voltage Us, and
discharged C,ss5 and C\ss8 to zero, completing the charge-
discharge process of the parasitic capacitances. During this
period, 75 decreases sinusoidally and flows through the body
diodes D5 and Dg, which reduces the drain-source voltage of
S5 and Ss to zero, enabling their ZVS turn ON.

State 3 [t9, t3]: Atinstant 5, S5 and Sy achieve ZVS turn-ON,
and 7, begins to increase. The magnetizing inductors L,,; and
L2 are clamped to Us, thus exiting the resonant state (with
their currents ir,,1 and i, rising linearly). Meanwhile, the
resonant pairs L,1,Cyq and Lo, C,o start to resonate, resulting
in a sinusoidal i; energy is transferred from the secondary side
to the primary side through the resonant tank. On the primary
side, switch S; remains OFF.

D. Single Voltage Doubling Circuit Mode

In SV mode, the converter’s circuit configuration is shown in
Fig. 5. Secondary switches S5-Ss form a full-bridge inverter:
each arm’s two switches conduct complementarily with 50%
duty cycle, with S5/Ss and Sg/S7 turning ON simultaneously.
Blocking capacitor Cs; prevents transformer dc bias. Primary
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Fig. 4. Circuit topology in DV mode. (a) Equivalent circuit. (b) Main wave-
forms.

switches S71-54 receive gate signals activate or deactivate: the
first resonant network forms an LLC resonant converter, equiv-
alent to a conventional full-bridge LC resonant converter, while
the second resonant network and filter capacitor form a dual
voltage-doubling rectifier.

State 1 [tg, t1]: At tg, Sgand S7 turn OFF, entering dead
time. Secondary transformer current i, is negative, and the
circuit is in over-resonant state. Resonant current drops rapidly
to magnetizing current, which discharges S5 andSs’s parasitic
capacitances C,ss5and C,ssg and charges Sg’s and.S7’s Cosse
andC',ss7—preparing for SzandSg ZVS turn-ON. Primary-side
S and S5 are open.

State 2 [t1, t2]: By t1, magnetizing current charges C,ss6and
Cyss7 to Us and discharges C,, 555 andCl, 55 to zero, completing
parasitic capacitance charge and discharge. i, decreases sinu-
soidally and flows through Ssand Sg body diodes Ds andDsg,
reducing their drain-source voltage to zero—establishing con-
ditions for S5 andSg ZVS turn-ON.

State 3 [to, t3]: At t9, Ssand Sy achieve ZVS turn-ON; 7, in-
creases. Magnetizing inductors L,,,1 and L, are clamped to Us,
exiting resonance (currents i r,,,,1 andi 1,2 rise linearly). L,1,C'q
and L,,C,o resonate, making iy sinusoidal; energy transfers
from secondary to primary via the resonant tank. Primary-side
S1 and S, are open.

III. CHARACTERISTIC ANALYSIS OF THE PROPOSED
CONVERTER

This article adopts the fundamental harmonic analysis (FHA)
method to analyze the DBLLC resonant converter. Given that
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Fig. 5.  Circuit topology in SV mode. (a) Equivalent circuit. (b) Main wave-
forms.

the proposed DBLLC converter has two resonant networks
with identical parameters and shares switches S1—94, it can be
analyzed using an equivalent circuit approach.

The two resonant networks are parallel-connected on the
transformer primary side, while their secondary voltages
are series-connected before entering the rectifier circuit—
enabling component combination. The equivalent parame-
ters are derived as follows: equivalent resonant inductance
L, =0.5L,1 = 0.5L,9, equivalent resonant capacitance C,. =
2C}1 = 2C,5, equivalent transformer magnetizing inductance
L,, =0.5L,,1 = 0.5L,,2, and equivalent turns ratio of the two
ideal transformers n = 0.5n7 = 0.5ns. Here, us; and uso rep-
resent the secondary voltages of the transformers in the first and
second resonant circuits, respectively, and u;,, denotes the input
voltage.

A. Analysis of the Forward Voltage Gain of the Converter

In FHB mode, u 4 g has no dc offset. However, u 4 x has a dc
offset of 0.5U;,,, and the entire dc offset voltage is borne by C'.o;
thus, u 4y can be equivalently expressed as uany = £0.5U;,.
During the converter operation from ¢ to ¢, ignoring the dead
time effect from ¢, to t1, the state variables in the full-bridge
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resonant network can be represented as

ducy1 _
Crl dCI ZLrl

di

Lr Lrl = Uin — UCr1 — N1Us1 (1)
dzm _

Lml dtl = N1Us1-

Similarly, the state variables in the half-bridge resonant net-
work during the time interval ¢, to to can be represented as

du’
Cro =572 = iLr2
Ly dlw = 0.5U;, —

dl
L2 =572 = naus

U,CrQ — N2Us2 (2)

where the w5 = ucy2 — 0.5U;,.

When the converter operates between ¢ and 3, the resonant
current and the magnetizing current can be considered to always
remain consistent. The state variable of the full-bridge resonant
network during ¢, to 3 can be represented as

ducr1
Crl dc s ZLrl
Lyt + Ly ) =7
( rl + ml) in

Zml - ZLr1~

— UcCr1 (3)

Similarly, during the period ¢, to t3, the state variable in the
half-bridge resonant network can be represented as
du'crs _ ;
Cr2 ud(tj 2 = 1Lr2
(LrQ + Lm2) d’LLr2
'Lm2 - ZLr2~

= 0. 5Uln UlCrQ (4)

By adding (3) and (4), the equivalent state variable expression
for the converter operating during the interval from ¢, to t3 can
be obtained, which is denoted as

dugy _
Cr dg ZLr

(Lrl + Lml)dg“trl + (Lr2 + LmQ)dii%:LE)Uin -

= Z.Lrl + 7:Lr2 = Z.Lr

ucey (5)
Im = tm1 + tm2
where the uc, = (ucr1 + Upyo)-
In the FHB mode, the voltage gain expression can be written
as
1.5

Mpuyp = —— .
u. ¢1+ B+ (- 1)@

In the equation, the normalized switching frequency f,,, the
inductance ratio k, the ac equivalent resistance R, the charac-
teristic impedance of the resonant network Z,., and the quality
factor () can be expressed as

(6)

fn = fs/fr

k= Ly /Ly

R.. = 8n2R0/7T2 @)
Zr =V Lr/cr

Q = Zr/Rac-

Similarly, the expression for normalized voltage gain in DHB
mode can be obtained

Mpug = — @
Ui, \/[1+%(1— flg)] (fn_ fn) QQ
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B. Analysis of Reverse Voltage Gain of the Converter

In DV mode, the converter uses a full-bridge input config-
uration. The resonant tank input voltage is a square wave with
amplitude +U5;, while the rectifier-side output voltage is a square
wave with amplitude +U; /2. Thus, the fundamental rms values
of the input and output voltages satisfy

Us pua = 2fU
' zf ®)
Ui rua = 22U,
Us,rua, Ui, raa are the fundamental effective values of the
input voltage and output voltage, respectively.
The current of the rectifier /.. is related to the output current
I 1 by

2 \/iI rec
pn .

L=~

2l sin(wt — )| dt = (10)
In DV mode, the ac equivalent resistance 1R, . at the rectifier

side of the converter is defined as
Ry.. — Ui rra _ 4U, _ iRo.
' Tiec m2l; 72
Equivalent resistance of primary side ac
4n?
2

(1)

Rac = ano,ac = RO- (12)

The transfer function H(s) of the equivalent circuit can be
expressed as

Ui,rma(S) _
Us,rra(S)
In DV mode, the resonant frequency fr, characteristic

impedance Z; of the equivalent resonant network, quality factor
@, and switching frequency f,, are defined as

Rac
sL, + <&

HDV(S)s:jw = (13)

+ R(ZC

fn - fs/,]ir
f"' = 27/ L, C\
R.. = 8n°R,/7? (14)
Zl = Lr/cr
Q= Zl/n2Ro,ac-
After sorting, it can be obtained
Ui, rral(s) 1
Hpv(8)s=juw=— =
DV( ) J U2,FHA(S) 1—{-%(1 %)—F]Q(f ﬁ)
(15)

Therefore, the normalized voltage gain Mpy in DV mode
can be expressed as

1
Mpy =

(16)

I+ (v 20 - 22)°,

In SV mode, the energy transfer path is the same as in DV
mode: energy is first converted by a full-bridge inverter and
transferred to the primary side via the transformer. Thus, the res-
onant tank input voltage is a square wave with amplitude Us. The
key difference is the rectification configuration: the first resonant
network adopts full-bridge rectification, while the second uses
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TABLE I
DESIGN PARAMETERS OF THE PROTOTYPE

Items Parameters
Input voltage(Us;y,) 400 V
Output voltage (Us,) 250-500 V
Output power(FP,) 2.5kW
Resonant frequency(f) 100 kHz

voltage-doubler rectification. As a result, the secondary-side
output voltage amplitudes of the two resonant networks are Uy
and a pulsating square wave (0 to U1), respectively.

In SV mode, the ac equivalent resistance at the rectifier port
of the first resonant network (R,1,q.) and that of the second
resonant network (f2,2,4.) can be expressed as

a7

Us Faa
Ro?,ac = = 7215

Iree

_ Us,rua _ 8Uy _ 8
Rol,ac — Tree — ﬂ2122 — FRO
4
= — Ro.

In SV mode, the equivalent ac resistance on the primary side
of the first resonant network 1, .; and that of the second resonant
network R,.o can be expressed as

{ Racl = anol,ac = %TL;RO (18)
2
Rac2 = n2R02,ac = %RO

In SV mode, the quality factors of the first and second resonant
networks, denoted as (1 and (2, respectively, can be expressed
as

19)

Q _ Zl _ Zl7T2
@2 = WRoa

Q _ Zy _ Zy=m?
acl — ano,ac - 8n2R0
4’I’L2R0 :

The normalized voltage gain Mgy in SV mode can be ex-
pressed as

B 0.5 . 0.5
. .
VitUa20-29" 1+ (- Q)

n

(20)

Ms

IV. DESIGN AND CONTROL OF THE PROPOSED CONVERTER
A. Design of Circuit Parameters

The design specifications of the proposed converter are given
in Table I. The key to realizing ZVS for a switch is that the
turn-OFF current [, charges and discharges the switch’s output
capacitance C\ss during dead time. Thus, a sufficiently large
current must exist in dead time to ensure full charge-discharge
of C,ss. Based on the law of conservation of charge can derive

I, Ty > 2C,sU;. Q1)

In DHB mode, the resonant current ¢, is approximately equal
to the peak magnetizing current

nU,

irl,p - ir2,p = %Tm (22)
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Therefore, the constraint conditions for the excitation induc-
tance are

< nUgTd
" 8U1 Ooss f r ’

The limiting conditions for the excitation inductance required
for achieving soft-switching in the DHB mode and the FHB
mode are

L (23)

Ty
L., < — 24
_DHB 16Cyn], (24)

Ty
L, < —. 25
FHB SConil, (25)

From (24) and (25), the excitation inductance L, required for
soft switching in DHB mode is smaller. Thus, (24) is selected
as the constraint condition for realizing the converter’s soft
switching.

At the resonant frequency, the designed voltages for DHB and
FHB modes are 250 and 375 V, respectively, with 375 V set as
the transition voltage between the two modes. When operating in
DHB mode, the circuit is equivalent to a dual-phase half-bridge
LLC converter. Based on the input and output voltages of FHB
mode at the resonant frequency, the turns ratios n; and ng of the
two transformers can be derived as follows:

Uw 400

U, 250

In FHB mode, the converter only needs a voltage gain of 1.33
to cover the 375-500 V range; thus, the key design focus is
enabling DHB mode to achieve a voltage gain of 1.5 within a
narrow frequency range. A smaller k broadens the voltage gain
range but increases circulating and conduction losses, lowering
efficiency. In contrast, a larger k reduces resonant rms current
and conduction losses but narrows the gain range—so a larger
k is preferred to improve transformer efficiency while meeting
gain requirements.

Additionally, the voltage gain curve decreases as the quality
factor () increases, which may fail to meet gain requirements;
however, a smaller () reduces impedance, leading to larger
circulating currents and lower efficiency. Hence, a larger @) is
desirable to satisfy both gain and efficiency needs. As derived in
Section III, the gain curves for forward and reverse operations
are obtained, as shown in Fig. 6. For forward operation, Fig. 6(a)
shows that the DHB mode covers the secondary voltage range of
Uy = 250 — —375 V. As the normalized frequency f,, decreases
from 1.0 to 0.63, the normalized gain M rises from approxi-
mately 1-1.5. When U, = 375V, the switching frequency point
fn jumps to 1.0 and the circuit enters the FHB mode. The FHB
mode covers Us = 375 — =500V, as f;, drops from 1 to 0.68,
M increases to 2 (Us = 500 V), which is consistent with the
experimental waveforms of the forward mode in Figs. 9 and 10.

For backward operation, Fig. 6(b) shows that the SV mode
covers Uy = 375 — —500V. As f, decreases from 2.0 to 1.0,
M increases from about 0.78 to 0.9375. When Uy = 375V, the
switching frequency point f,, jumps to 2.0 and the circuit enters
the DV mode. The DV mode covers U; = 250 — —375V, as
fn decreases from 2.0 back to 1.0, M increases from 0.66 to 1,
with the primary voltage U; stably maintained at 400 V. This

1.6. (26)
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Fig. 6.
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TABLE II
PARAMETERS OF THE DBLLC CONVERTER

Parameters Notation Value
Primary side voltage U; 400 V
Secondary side voltage U, 250-500 V
Rated output power P, 2.5kW
Resonant capacitance Cr1,Cro 54 nF
Resonant inductance Ly1,Lyo 47 uH/PQ2620
Magnetizing inductance Lmi1,Lma2 197uH
Core of transformer Ty PQ4040
Core of transformer To PQ3535
Turns ratio ni,no 1.6
MOSFET switches S1-Sg SIM075120D2
Switching parasitic capacitance Coss 64pF
Output capacitor C1,C2 220pF*2
Resonant frequency fr 100 kHz
Switching frequency fs 62-100-200 kHz
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Fig. 7. Variable mode bidirectional converter system control diagram.
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TABLE III
COMPARISON OF THE PROPOSED AGAINST EXISTING CONVERTERS
References Converter in [6] | Converter in [11] | Converter in [19] | Converter in [20] | Converter in [22] Proposed
Number of switches 10 8 12 8 8 8
Modulation PSM PSM PFM PFM PFM+PSM PEM
Input voltage 100-400V 500V 400V 400V 400V 400V
Output voltage 400V 250-500V 150-500V 50-450V 250-450V 250-500V
Output power 1kW 1kW 0.5kW 0.3kW 3.3kW 2.5kW
Peak efficiency 97.9% 97% 96.8% 94.3% 97.3% 98%
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Fig. 10. Waveforms in forward FHB mode. (a) Uz =375V, P, =1875 W.
(b) Uz =500V, P, =2500 W.

forward operation as an example: the system first operates
in CC mode, switching to CV mode when voltage reaches
500 V, continuing until current stabilizes at the final value
I, = 1 A to end charging. Specifically, the voltage loop com-
pares secondary-side voltage U, with the 500 V target, with
deviation processed by a PI regulator to generate a frequency
adjustment signal, regulating primary and secondary switching
frequencies to meet forward voltage gain requirements. The
current loop compares secondary-side current I, with rated

] e — current, with deviation also processed by a PI regulator for

" SR i : I = frequency adjustment. The system selects the smaller adjustment
oL RS NW“,L /w\_ signal for operation, keeping the other loop inactive: when the set
. Wi o e voltage exceeds actual output and set current is lower than actua
R o i B TSV Y e N Itag ds actual output and set tis] th tual

I e o e U e T S T—— output, the current loop regulates current, conversely, the voltage
(a) (b) loop regulates voltage. When secondary voltage rises to 375V,

Fig. 11.  Synchronous rectification under forward operation. (a) DHB mode
Uy =375V, P, = 1875 W. (b) FHB mode Uz = 500 V, P, = 2500 W.

2

—

it

]

mode switching is triggered from DHB to FHB. For reverse
operation, a single-loop CV control is used: the voltage loop
compares primary-side voltage U; with 400 V, with deviation
processed by a PI regulator to adjust switching frequency for
reverse gain requirements. When battery voltage drops to 375V,

{'
200V/di e

oA 5 \\‘\ o primary operation switches from DV to SV mode.
B e S N i i The mode switching point for both directions is 375 V. For for-
EZ =% L e 85 e eS8 ard operation, core strategies include pretransition frequency
(a) (®) calibration and dead-time coordination: as Us approaches 375 V
(hysteresis upper threshold 378 V), the controller increases

Fig. 12. Waveforms in backward DV mode. (a) Uz =250V, P, = 1250 W.

(b)y Uy =375V, P, = 1875 W.
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Fig. 13.  Waveforms in backward SV mode. (a) Uz =375V, P, = 1875 W.
(b) U3 =500V, P, = 2500 W.

is consistent with the experimental waveforms of the backward
mode in Figs. 12 and 13.

B. Design of Control Strategy

This article focuses on constant current (CC) and constant
voltage (CV) charging technologies. For forward operation,
the converter adopts a dual-loop competitive control strategy
integrating current and voltage loops, while PI control is used
for reverse operation; its control flow is shown in Fig. 7. Taking

frequency from 63 to 100 kHz within 20 p s to meet FHB
mode gain. To prevent shoot-through and current spikes, S
switches from turn-OFF to 50% duty cycle during transition, with
200 ns dead time between its drive signal and S1/S5 signals.
Post-transition, dual-loop control fine-tunes fs within 1 s for
smooth switching. For reverse operation, switching at Uy = 375
V uses pre-enabling mode signals and preclamping resonant
capacitor voltages: as Uy approaches 375 V (hysteresis upper
threshold 370 V), f, adjusts to 150 kHz to smoothly transition
ucr1 t0-0.5U7; Sy isturned ON 10 us in advance via low-voltage
soft start. Post-transition, fs adjusts to the target within 20 us
for smooth switchover.

V. EXPERIMENTAL RESULT

To verify the practical applicability and operational effective-
ness of the DBLLC converter, a 2.5 kW rated-power experi-
mental platform was built. The platform features a 400 V dc
bus voltage and a secondary-side voltage range of 250-500 V.
A photograph of the experimental platform is shown in Fig. §,
and its configuration and component arrangement are detailed
in Table II.
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A. Forward Operation

The forward-mode experimental waveforms of the DBLLC
converter are shown in Figs. 9 and 10, characterizing its opera-
tion under different conditions.

In DHB mode, when the secondary side outputs 250 V/5 A (f
= 100 kHz) and 375 V/5 A (fs = 63 kHz), the key waveforms
are given in Fig. 9(a) and (b), respectively. Here, 1451 and w451
denote the gate-source drive signal and drain-source voltage of
S1. The waveforms show 51 ’s drain-source voltage drops to zero
before the gate-source voltage rises, confirming ZVS. In FHB
mode, for secondary outputs 375 V/5 A (fs = 100 kHz) and
500 V/5 A (fs =68kHz), critical waveforms are in Fig. 10(a) and
(b); ugs1 and g, reflect Sq’s drive and voltage states. Waveform
analysis confirms ZVS is also achieved, showing consistent soft-
switching across voltage ranges.

Notably, in DHB mode, resonant currents ¢,; and i,o have
identical waveforms, indicating balanced current distribution.
This symmetry ensures each transformer transmits half the total
power, validating the dual-transformer equal power-sharing de-
sign. In FHB mode, transformer 77 transmits 2/3 of total power
and T5 transmits 1/3, with ZVS realized for S;-S.

Fig. 11 presents synchronous rectification waveforms in DHB
and FHB modes. In DHB mode (secondary 375 V/5 A, fs =
63 kHz), key waveforms are in Fig. 11(a); ugs2 and ugss are
the gate-source signals of S5 and Sg. The waveforms show Sg
turns ON/OFF synchronously with S to achieve synchronous
rectification. In FHB mode (secondary 500 V/5 A, f; = 68 kHz),
key waveforms are in Fig. 11(b); again, S¢ turns ON/OFF syn-
chronously with .S, for synchronous rectification.

B. Backward Operation

The converter’s experimental waveforms in DV and SV modes
are shown in Figs. 12 and 13, respectively, illustrating its per-
formance under different operational modes.

In DV mode, for secondary outputs of 250 V/5 A (fs =
100 kHz) and 375 V/5 A (fs = 200 kHz), key waveforms are
presented in Fig. 12(a) and (b). Here, u4ss and ugss denote
the gate-source drive signal and drain-source voltage of Ss;
waveform analysis shows the gate-source voltage rises only
after the drain-source voltage drops to zero, confirming ZVS
for Sg. In SV mode, for secondary outputs of 375 V/5 A (fs =
100 kHz) and 500 V/5 A (fs = 200 kHz), critical waveforms are
in Fig. 13(a) and (b); u4.s and uq.s reflect Sg’s drive and voltage
states. Results confirm ZVS is also achieved, demonstrating
consistent soft-switching across configurations.

Notably, power distribution differs between modes: in DV
mode, the two transformers share power equally (each carrying
half the total power); in SV mode, T} transmits 2/3 of total power
and 75 1/3, an intentional design feature of SV mode. Impor-
tantly, switches S5—Sg achieve ZVS in both modes, verifying the
soft-switching design’s effectiveness across the entire topology.

Fig. 14 shows synchronous rectification waveforms in SV
and DV modes. In SV mode (secondary input 375 V/5 A, fs =
100 kHz), key waveforms are in Fig. 14(a); 1455 and ugs; are the
gate-source signals of Sg and S;. The waveforms clearly show

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 5, MAY 2026

8

g

Fig. 14.  Synchronous rectification under reverse operation. (a) SV mode Us
=375V, P, = 1875 W. (b) DV mode Uy =250V, P, = 1250 W.

Fig. 15. Transition waveforms in forward of Uy = 375V, P, = 1875 W.
(a) DHB mode to FHB mode. (b) FHB mode to DHB mode.
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Fig. 16. Transition waveforms in backward of Uy = 375 V,P, = 1875 W.
(a) DV mode to SV mode. (b) SV mode to DV mode.

S1 turns ON/OFF synchronously with Sg to achieve synchronous
rectification.

Figs. 15 and 16 show the DBLLC converter’s mode transition
waveforms. During DHB to FHB and FHB to DHB transitions,
the drive signal uggs of S5 changes: S3 is OFF in DHB mode,
while it generates a 50% duty cycle square wave in FHB
mode. Though switching frequency and inductor currents ¢,1, 2,2
change during transition, secondary voltage U stays at 375 V.
The first resonant network’s input voltage w4 is a 0-U; square
wave in DHB mode and a &+ U; square wave in FHB mode.
All variables operate within safe limits, with no overshoot or
undershoot.

Fig. 16(a) and (b) shows DV to SV and SV to DV transition
waveforms, respectively. The drive signal ug g4 of S4 changes:
Sy is ON in DV mode and OFF in SV mode. During transition,
switching frequency and secondary current 7, amplitude change,
but primary voltage U; remains at 400 V. The first resonant net-
work’s resonant capacitor voltage u.,1 is a 0-U; square wave in
DV mode and a & U; square wave in SV mode. All variables are
within safe limits, with no overshoot or undershoot. In summary,
the proposed converter achieves smooth mode transitions.
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C. Analysis and Comparison of Platform Efficiency

During the forward operation of the converter with syn-
chronous rectification, the efficiency curves of the two modes
are shown in Fig. 17. In the DHB mode, the base efficiency
of the converter is around 96.7%, and the efficiency decreases
more gradually as the output power increases. This is because
synchronous rectification significantly reduces the on-state loss
under large current conditions. The higher the output voltage
at constant power, the lower the corresponding current, and the
advantage of synchronous rectification’s on-state loss becomes
more obvious, resulting in better efficiency performance; con-
versely, at low voltage and high current output, the efficiency is
slightly lower. In FHB mode, synchronous rectification further
raises the converter’s efficiency to over 97%. Notably, lower
output voltage brings the switching frequency closer to the
resonant frequency: at this point, not only is the resonant network
loss minimized, but the timing matching of synchronous recti-
fication is also optimized, thus achieving the highest efficiency.
Additionally, the converter’s efficiency remains relatively low
under light loads. This is because the LLC resonant converter
must increase its operating frequency to stabilize the voltage,
and switching loss becomes dominant at high frequencies; while
synchronous rectification can reduce on-state loss, its effect on
mitigating switching loss is limited.

Fig. 18 presents the efficiency curves of the converter
with synchronous rectification in reverse operation for DV
and SV modes, reflecting further optimized energy conver-
sion performance during bidirectional operation. In DV mode,
at low output voltages, switching frequency is close to reso-
nant frequency—minimizing reactive power loss to the greatest
extent. Meanwhile, primary-side synchronous rectification
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reduces conduction-phase energy loss, raising the converter’s
peak efficiency to 97.5% and improving energy transmission
performance. However, at an output voltage of 375 V, resonant-
related switching frequency increases significantly, making
switching loss dominant and causing efficiency to drop. In
SV mode, at low output voltages, frequency is also near the
resonant point, and synchronous rectification timing is more
in phase with resonant current—minimizing conduction loss
and further boosting efficiency to 97.4%. As output voltage
increases, switching frequency deviates from the resonant point,
increasing switching loss and leading to a downward efficiency
trend.

Table III presents a comparison between the proposed topol-
ogy and reported converters. As shown in Table III, the DBLLC
converter has a small number of switches, which reduces the
cost of the converter. The DBLLC converter expands the voltage
range.

VI. CONCLUSION

This article introduces a variable mode bidirectional LLC
resonant converter with dual-resonant branches, which enables
mode switching between DHB and FHB during forward power
transfer, and between DV and SV modes during reverse oper-
ation through drive signal adjustment. All operational modes
employ variable frequency modulation, streamlining the control
strategy and facilitating wide gain range operation within a
relatively narrow switching frequency range while supporting
bidirectional power flow. A 2.5 kW experimental platform was
developed to validate the design. Test results demonstrate that
the converter achieves full range soft switching across all volt-
age levels, ensures smooth start-up without inrush current, and
avoids current transients during mode transitions. The platform
achieves a peak efficiency of 98% in forward operation and
97.5% in reverse operation, showcasing its high efficiency per-
formance across bidirectional power transfer.
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