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Abstract—A novel bidirectional LCCL resonant de—dc converter
is proposed in this article. By substituting the magnetizing in-
ductance of CLLC with a parallel resonant capacitor, the LCCL
resonant converter obtains enhanced voltage gain regulation capa-
bility compared to CLLC while maintaining zero-voltage switching
(ZVS) for the inverting side and zero-current switching for the
rectifier side during bidirectional power flow. The state of the iso-
lated bidirectional dc—dc converters is thoroughly reviewed in this
article. The operating principle and gain characteristic of LCCL
under bidirectional power flow are explored in detail adopting
time-domain model, which effectively overcomes the drawback of
the lower accuracy of the first harmonic approximation in wide
voltage range applications and guarantees the achievement of ZVS
in time-domain accuracy. A parameters optimization method of
LCCL is provided to address the wide voltage range of battery ap-
plications, which is capable of achieving the required bidirectional
voltage gain and ZVS operation over the designed frequency range
under the desired load conditions while minimizing reactive power.
Finally, a laboratory prototype rated at 1 kW is developed to con-
vert between 400 and 250450 V bidirectional. The experimental
results confirm the feasibility of the proposed LCCL topology and
the validity of the corresponding parameters optimization method.

Index Terms—Bidirectional resonant dc—dc converter, LCCL,
time-domain model (TDM), wide voltage conversion, zero-current
switching (ZCS), zero-voltage switching (ZVS).

I. INTRODUCTION

HE intermittent nature of renewable energy sources makes
T their grid integration and reliability enhancement challeng-
ing, leading to potentially severe dynamic mismatches between
energy supply and demand. Nonetheless, it has been suggested
that the mismatches could be addressed by integrating the bat-
teries of electric vehicles (EVs) into the national grid, which
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would provide a way of dynamic grid stability, but would require
a bidirectional power interface between the grid and EVs for
vehicle-to-grid (V2G) energy transfer [1], [2], [3], [4].
Typically, V2G energy transfer is realized with the involve-
ment of a bidirectional onboard charger (OBC), which typically
incorporates bidirectional dc—dc converters (BDCs) with a wide
voltage range and high efficiency. BDCs can be categorized
as nonisolated and isolated. As galvanic isolation is typically
recommended for safety standards in battery applications, only
the isolated BDCs are discussed in this article [5], [6].
Nowadays, various soft-switching converters focus on min-
imizing switching loss, eliminating electromagnetic interfer-
ence and obtaining an attainable high frequency [7], [8], [9].
Among all the soft-switching isolated BDCs topologies, the
dual-active-bridge (DAB) converter [10] and bidirectional res-
onant converter (BRC) are the two most prevalent topologies.
DAB harvests bidirectional power flow and zero-voltage switch-
ing (ZVS) exclusively via phase-shift (PS) control. In addition,
DAB is appropriate for high-power applications due to its simple
structure [5], [6], [10], [11], [12]. However, excessive circulating
energy and large turn-OFF losses severely limit DAB converter to
maintain high efficiency over a wide gain range [13], [14], [15].
In particular, ZVS will be lost under light load, resulting in a
further deterioration in efficiency. Therefore, various techniques
have been proposed to extend the related soft-switching range
and lower the circulating energy. In [16], a higher voltage bridge
with PS control was developed to extend ZVS range and reac-
tive current was reduced to enhance corresponding light-load
efficiency of DAB. An auxiliary series injection transformer
is introduced for DAB to extend the ZVS range and limit
reactive power in [17]. Similarly, a modified DAB structure
is provided by adding a switch-controlled inductor resonant
tank and the peak efficiency reaches 94.6% with an extended
ZVS range [15]. However, its efficiency is severely diminished
when the voltage gain deviates from unity, leading to a narrow
output voltage range. Many advanced multi-PS control methods
including extended-PS, dual-PS, and triple-PS modulation have
been developed to manipulate the power conversion of DAB
[18], [19], [20], [21], [22], [23], [24], which are dedicated to
achieving different specific objectives, such as extending ZVS
range, reducing reactive current, and minimizing switch loss.
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Besides, switching frequency modulation is also combined with
multi-PS control to improve the performance of DAB [25], [26],
[27], [28].

As the control dimension increases, the capability and flexi-
bility to achieve optimal operation are unquestionably strength-
ened. However, the tradeoff is more complex implementation
and higher hardware cost. Furthermore, the corresponding ef-
ficiency performance of DAB is still inferior to that of its
bidirectional resonant counterpart [29], [30].

For bidirectional OBC applications, the battery voltage varies
considerably throughout the charging and discharging process.
Consequently, the corresponding isolated BDCs should exhibit
a significantly wide output voltage range. However, the perfor-
mance of BRCs is typically not comprehensively optimized for
OBC applications. In order to meet the wide voltage range re-
quirements of batteries and further reduce turn-OFF loss, various
BRCs topologies have been investigated recently. Unlike DAB
with PS control schemes, BRCs usually adopt pulse frequency
modulation (PFM), which possesses exclusive advantage of
zero-current switching (ZCS).

Bidirectional series resonant converter (SRC) is the simplest
resonant converter in structure, with only one additional series
resonant capacitor in comparison to DAB. A new control scheme
is introduced in a bidirectional SRC operating in discontinuous
conduction mode [31]. With the energy accumulated in the
resonant tank, SRC has the potential to achieve a voltage gain
greater than unity. However, the peak efficiency is only 91%
under rated load and the control strategy is complicated. A
step-up bidirectional SRC operating in continuous conduction
mode was presented in [32], which harvests higher efficiency
than the traditional PS DAB over a broad power range. However,
PFM causes the current waveform to have a substantial resonant
component, resulting in a greater core loss. The bidirectional
LLC resonant converter can achieve ZVS and ZCS over nearly
all load ranges, making it a feasible choice. Nevertheless, LLC
remains a conventional SRC with voltage gain less than unity
during reverse operation [33]. In order to extend the voltage
gain range, Zhang et al. [34] introduced an improved LLC
structure that doubles the voltage gain by switching between
half bridge and full bridge. However, the associated resonance
parameter’s design becomes a new challenge in addressing the
wide voltage range of battery applications. A bidirectional LLC
with automatic transition between forward and backward mode
is presented [35]. An auxiliary inductor is inserted to sym-
metrize the resonant tank and improve voltage regulation during
reverse operation. Besides, a modified LLC is proposed to
maximize the light-load efficiency in [36]. However, its control
strategy is complicated and its reverse voltage gain fails to satisfy
the requirements of wide range.

Recently, a novel CLLC resonant tank derived from LLC
with a symmetrical structure has been proposed [8], [30], [37],
which exhibits similar voltage gain characteristics (e.g., both
step-up and step-down) during forward and reverse operation
[30]. However, as the OBC power grade increases, the resonant
inductance of CLLC becomes too small to be realized accurately
[33]. Afterward, some topologies have been evolved to achieve
bidirectional high-voltage gain. SLLC with auxiliary resonant
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Topology of the proposed bidirectional LCCL resonant converter.

Fig. 1.

components harvests higher voltage gain while resulting in more
power loss [38]. A bidirectional LCLL is presented to raise
the voltage gain for reverse operation by adding an auxiliary
inductor [39]. Additional core loss and conduction loss will
come from the current of the auxiliary inductor. In [33], the
CLTC harvests decent gain characteristics and high efficiency
over all load ranges. However, the introduction of auxiliary
transformer leads to more core loss and more complex design
considerations.

Further article is required to address the wide voltage range
requirements of bidirectional OBC applications. Therefore, a
novel bidirectional LCCL resonant converter is proposed in this
article, as shown in Fig. 1. Compared to CLLC, LCCL harvests
similar soft switching characteristics and stronger gain regula-
tion capability. The rest of this article is organized as follows.
The topology derivation and operation principles of LCCL reso-
nant tank are described in Section II. In Section III, time-domain
model (TDM) is adopted to analyze the characteristics of LCCL
converter in charging and discharging modes for typical OBC
applications. Furthermore, a novel design methodology that is
capable of achieving the required bidirectional voltage gain and
ZNS operation over the designed frequency range under the
desired load conditions is developed in Section IV. Experimen-
tal results from a 1-kW laboratory prototype are provided in
Section V to verify the feasibility of the proposed LCCL con-
verter and the validity of the corresponding parameters opti-
mization method. Finally, Section VI concludes this article.

II. TOPOLOGY DERIVATION AND OPERATION PRINCIPLES
A. Topology Derivation

The proposed LCCL resonant tank is shown in Fig. 1. Com-
pared with CLLC, the magnetizing inductor in parallel with
the transformer is replaced by a resonant capacitor Cr. LCCL
resonant converter gathers the advantages of LLC, CLLC, and
LCC. The parallel resonant capacitor C can bring stronger
voltage gain regulation capability to LCCL.

Since LCCL resonant tank may have arbitrary parameters,
LCCL can be classified as D-type LCCL (L, C o, #LsC,5) with
unequal resonant frequency of primary and secondary sides and
S-type LCCL (L,C), = L,C) with equal resonant frequency of
primary and secondary sides, as illustrated in Fig. 2.

Different from S-type LCCL, the unequal resonant frequency
of primary and secondary of D-type LCCL significantly incon-
veniences its calculation and analysis. Actually, the genuine
resonance frequency of D-type LCCL is neither the primary nor
the secondary resonance frequency. By equating D-type LCCL
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Fig.2. D-type LCCL (a) and S-type LCCL (b).

with unequal resonant frequency of primary and secondary to
S-type LCCL with equal resonant frequency of primary and
secondary, the analysis of D-type LCCL can be converted to
the analysis of its equivalent S-type LCCL.

Assuming that the resonant inductors (both L, and L) are
the same for D-type LCCL and the equivalent S-type LCCL.
Therefore, only the part containing the resonant capacitors and
the ideal transformer (i.e., the highlighted region of Fig. 2)
needs to be equated. Equation (1) shows the port voltage
(i.e., u, and uyp) in term of the loop currents (i.e., i, and i) for
the capacitors and transformer part of D-type LCCL shown in
Fig. 2(a). Similarly, the port voltage in term of the loop currents
for the capacitors and transformer part of the equivalent S-type
LCCL shown in Fig. 2(b) is obtained in (2). To ensure that the
equivalent S-type LCCL and the given D-type LCCL possess
exactly the same external characteristics (e.g., port voltages and
loop currents), (2) should be precisely equal to (1). Due to the
reciprocity of passive networks, the equivalence of (2) and (1)
corresponds to only three equations. Therefore, an additional
constraint is necessary to determine the four unknowns (Cp,
Cs, C, n) of the equivalent S-type LCCL. Fortunately, S-type
LCCL implies the inherent constraint L, C,, = L,C,, which is
utilized as C,,/C, = L¢/L,, = H)in (3), where H, represents the
resonant inductor ratio between secondary and primary sides for
the equivalent S-type LCCL and D-type LCCL

T du 1 1 : 1 -
dt g — —
d(ubf u?\,T ) = dt ( ap + CaT) Za + NCaT Zb

Bh=Cas =7 dup 1 oy (1 1 ),
i+ = duar dt — NCur '@\ Cu. T N2Cur ) P
a TN aT ~qy
dug 1 1 1
- | Cap | Cour NCur [’a ]
1 1 1
duy NCar  Cay T N2C.r | LW
(H
dug 1 1 1 i
a |_|CT C nC a
dun || L Ty n i L } ()
e nCr C, T nrcr | L
1 o, 1 1 1 1 1
Cp Ter nCr Cap + G NCour
1 141 - I 14
nCr c. nZCr NCar Cas ' N2Cqr
C,/Cs =Ls/L, = H
(3

To facilitate the subsequent derivation, the normalized param-
eters associated with D-type LCCL are presented as follows,
where H . represents the resonant capacitor ratio between pri-
mary and secondary sides and K, denotes the capacitor ratio
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between parallel resonant capacitor and primary resonant ca-
pacitor:

{Hc = Cap/cas (4)

K, = aT/Cap~

By solving (3), corresponding parameters of the equivalent
S-type LCCL are determined as

(14+N2(K,o (He+Hi)+Hi)+&o)

C,= Cap( IN? (K, +1)H.+2 )
14+N2?(K,(Ho+Hy)+Hp)+Eo
Cs = Cap H;(2N2(K,+1)H.+2) )
Cr = %CapKa (1 - N? (Ka (Hl - HC) +Hl) + 50)
2N
n =

1-N?(Kq(H—Hc)+H;)+&o

where

o = \/(N2Kch — N2(K, +1)H, +1)* + 4N2H;. (6)

B. Operation Principles

In topology derivation part, the equivalence from D-type
LCCLto S-type LCCLhas been provided. Therefore, all analyses
of D-type LCCL can be transformed to the analyses of their
equivalent S-type LCCL. The following analysis of this article
focuses on S-type LCCL.

For the S-type LCCL shown in Fig. 2(b), we have the following
definitions:

k=Cr/C, 7
h=n?C,/Cs =n’L,/L,

where k represents the capacitor ratio between parallel resonant
capacitor and primary resonant capacitor, and & denotes the
symmetry coefficient of S-type LCCL.

Both directions of power flow (e.g., charging and discharging)
of S-type LCCL are regulated with PFM around resonance-like
frequency f;- ;, as defined in (8). In charging mode, the inverting
switches S,,1 & S3 and ;2 & S,,4 operate with 50% duty cycle,
while the rectifier switches Ss1 & Ss3 and Sgo & Sg4 are driven
by synchronous rectification (SR) signals. In discharging mode,
the inverting switches Sg1 & S35 and S & S4 operate with 50%
duty cycle, while the rectifier switches S,1 & S,3 and Sp,0 & Sp4
are driven by SR signals

PN TR SN IS
e hk 2rx\/L,C, hk 2mVL.Cy

(®)
Fig.3(a) and (b) illustrates the typical waveforms when LCCL
operates below resonance-like frequency and above resonance-
like frequency, respectively. Furthermore, Fig. 3(c) depicts
the typical waveform when LCCL operates exactly at resonance-
like frequency. Where Vgp,1(Vasps) is the drive signal of
Sp1(Sp3), Vaspa(Vasp2) is the drive signal of S,4(Sp2), Var
denotes the inverting voltage of the primary resonant tank, 7, and
i represent the resonant current of primary side and secondary
side, respectively, i 7 indicates the resonant current of Cp, u ¢y,
ucs, and ucp represent capacitor voltage of C,, C,, and Cr,
respectively, and T'; indicates one switching cycle.
Since several stages of Fig. 3(a)—(c) are similar, only Fig. 3(a)
is investigated in detail to explain the operation principles of
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(b) Above resonance-like frequency. (c) Resonance-like frequency.

Typical waveforms of LCCL. (a) Below resonance-like frequency.
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Fig. 4. Equivalent circuits for each stage of LCCL operates below resonance-
like frequency. (a) Stage 1. (b) Stage 2. (c) Stage 3. (d) Stage 4. (e) Stage 5.

LCCL. Accordingly, the equivalent circuit for each stage of
Fig. 3(a) is depicted in Fig. 4.

Stage 1 [to, t1): After the parasitic capacitance of inverting
switches has been sufficiently discharged or charged during the
dead time, the resonant current i, begins to flow through the
body diodes of S;,1 & S,3 at time fg.

Stage 2 [t, t2): At time t1, Sp1 & Sp3 turn ON under ZVS
conditions and energy is transmitted to the rectifier side through
transformer. On the rectifier side, resonant current i, in propor-
tion to the difference between resonant current i, and i o7 flows
through S0 & Ss4.

Stage 3 [t2, t3): When i o resonates over its peak, it begins to
decrease until it is equal to the increasing resonant current i,, at
time #5. The resonant current i on the rectifier side decreases to
0 and S0 & Ss4 turn OFF under ZCS conditions at time f5. The
voltage u ¢ also resonates to its peak. The separation of Lg and
C, from the inverting side causes the free resonance between
Ly, Cp, and C7 on the inverting side.

Stage 4 [t3,t4): Attime 3, the voltage of C rresonates to reach
the voltage of n(Us+ucs), Ss1 & Ss3 begin conducting, and the
resonant component of rectifier side once again participates in
the resonance with the inverting side again.
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Fig. 5. Equivalent circuit of the LCCL in (a) P stage, (b) N stage, and (c) O stage.
TABLE I

Stage 5 [t4, t5): At time t4, Sp1 & S,3 turn OFF. i, begins
to charge the parasitic capacitance of Sj,1 & Sp3 and discharge
that of Sp,2 & Sp4 simultaneously. This stage ends up with the
drain-source voltage of S;,1 & )3 reaching voltage U; and that
of S,2 & S,,4 dropping to zero. At time f5, the inverting voltage
V 4 has flipped its polarity from U; to —Uj, the positive half
cycle ends, and the converter initiates the subsequent negative
half cycle.

In addition, the typical waveforms of LCCL resonant con-
verter are quite similar to those of LLC or CLLC, and LCCL
that operates at resonance-like frequency can likewise obtain a
constant voltage gain (4 as discussed later). Therefore, the LCCL
converter inherits the soft switching features of LLC and CLLC
(e.g., ZVS for inverting side and ZCS for rectifier side).

III. CHARACTERISTICS OF LCCL CONVERTER

For typical OBC applications, the input voltage of LCCL
converter is designed to be a constant value, whereas the battery
voltage of output varies significantly during the charging and
discharging processes. Therefore, this article concentrates on
exploring the characteristics of S-type LCCL with wide-range
voltage output.

A. Forward Mode

1) Time-Domain Model: Considering that LCCL adopts
PFM to regulate the output voltage and that the duty cycle
remains constant at 50%, the steady states of the resonant
tank should be symmetrical in both half cycles. The follow-
ing analysis focuses on the positive half cycle when V45 is
positive. Several assumptions are established to simplify the
analysis of TDM: the dead time of drive signals is neglected
for the convenience of calculation and the parasitic capacitance
of switches is ignored (i.e., inverter voltage V 4p can reverse
polarity instantaneously).

Due to the presence of switching actions on both the inverting
and rectifier sides, LCCL behaves as a nonlinear time-varying
system, which leads the analysis of its operating principle more
complicated. Depending on the difference of switching fre-
quency, parameters specifications, and load conditions, LCCL
may go through multiple resonant stages in sequence during
the positive half cycle. According to the conduction states of
rectifier side body diodes, the different resonant stages can be
categorized as P stage (the body diodes of Sy & S5 turn ON),
N stage (the body diodes of S5 & Ss4 turn ON), and O stage (no

ABBREVIATIONS AND NORMALIZATIONS

Circuit Variable Symbol Normalized Variable
Resonant frequency ,=27xf, -
Characteristic impedance Z=(L,/C,)"" -
Capacitance ratio k=C,C, -
Symmetry coefficient h=n’L/L,=n*C,/C, -
Voltage gain M=nU,/U; -
Time t O=w,t
Second resonant frequency  @,=(L,C,C/(C,+#Cp))'"?  w=~((1+k)/k)" >,
Switching frequency =T, 1=
Half-cycle 1/(2f) y=rlfy
capaciio voltge () @/,
eapitorveluge. wlt) mAO) 0/,
Primary resonant current (1) J1(O=Zi\(t)/U,
Secondary resonant current ix(f) JAO)=Z,ir(1)/ U,
Parallel capacitor voltage ucr(t) mer(@)=ucr(t)/U,
Parallel capacitor current icr(f) JerO)=Zic()/ U,
Reflected output voltage nU, M

body diodes turn ON). Fig. 5 depicts the equivalent circuits for
several resonant stages, where C,, = C,/n> and L,, = n’L,.

For the P stage shown in Fig. 5(a), Vop of the resonant tank
is clamped to Us, and the equivalent circuit can be described as
a system of four-order differential equations in (9).

The corresponding normalizations are presented in Table I
to facilitate the relevant derivation. In particular, there are four
dominant normalization bases in (10).

L, dilltp +ucrp +uip =U;
uctp = Lse 22 4+ nUs + uazp

(€))

dusp
dt

. du .
p = CpTltP77/2P = Cse

. du .
inp = Cr =G +igp

Zbase = Lr = \/ Lp/cp; Ubase: Ula

Ibase :Ubase/Zbaseywbase: Wy = (chp)71/2 :(Lscs)il/Q'
(10)

The normalized special solution of P stage is derived in
(11) shown at the bottom of the next page, where k; =
((hk-+h-+1)/(hk))""> = f,. /f, is the normalized resonance-like
frequency. My p(6), j1 p(0), ms p(0), and jo p(f) are the normal-
ized values of uy p, i1 p, us p, and is p during P stage, respectively.
miy po, Jj1pPo, Mapo, and jopo represent the initial values of
my p(0), j1 p(6), ma p(6), and jo p(0), respectively.
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Similar to P stage, the normalized special solution of N stage is
obtained in (12), shown at the bottom of this page. Accordingly,
my n(0), 71 n(0), ma n(0), and jo n(0) are the normalized values of
u1i N, i1 N, U2 N, and io iy during N stage, respectively. my o, j1 N0,
ma No, and js yo represent the initial values of my n(6), j1 n(6),
mo n(6), and jo n(0), respectively.

As shown in Fig. 5(c), the equivalent circuit of O stage
degenerates into a standard LC series network. The normalized
special solution of O stage is derived in (13)

mio (9) _ 1—m100k;chOO + —1+m10£2+mCToo cos (kg@)
. 2 2
+% sin (k20) + mi0o0
j10 (0) = j100 cos (k20) — *Hmolg—rjmcmo sin (k26)

mero (9) — 1=mioo=mcro0 + —1tmi00+tMeT00 (g (kzg)

1+k 1+k
o
+3110$ sin (k20) + meroo
mzo (0) = m200

Jjeo () =0
(13)

where ky = ((k+1)/k)"2, m1 0(8), m70(6), m2 0(6), j1 0(0), and
J20(0) represent the normalized values of u; o, ucT0, U2 0, i1 0,
and i3 o during O stage, respectively. mi oo, mcT00, M2 00, and
J1 00 are the initial values of my (@), mcro(d), mso(6), and
J10(0), respectively.

It should be noted that ks is the normalized series resonant
frequency of C,, Cr, and L,,. In practice, the operation region
of LCCL is usually designed in the ZVS region, and its switching
frequency is always greater than ko.

2) Analysis of Operation Modes: Depending on the se-
quences of the three resonant stages (P stage, N stage, and O
stage) during the positive half cycle, LCCL resonant converter
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has nine possible operation modes: NO, NOP, NP, PN, PON, ON,
ONO, N, and O. For the convenience of subsequent analysis,
the switching frequency range is divided into three distinct
areas: below resonance-like region (ko <f,,<k1) (BRLR), above
resonance-like region (f;,>k1) (ARLR), and resonance-like fre-
quency (f,, = k1). The characteristics associated with each mode
are summarized in Table II.

Each operation mode is subject to several constraints. First,
the current through inductor and voltage across capacitor should
be continuous at the stage boundaries. Second, according to
symmetry, the final values of the capacitor voltage and inductor
current throughout a half cycle of steady-state operation should
be opposite to their initial values. Third, the resonant current of
rectifier side equals O at the joints of each two adjacent stages. In
addition, since the inverting side and rectifier side are separated
during O stage, energy is transferred to load only in P and N
stages. Consequently, the normalized output current /oyt _,, is
derived as follows, where 6 py and 6 p represent the beginning
and ending of P stage, respectively, and 0y and 6 represent
the beginning and ending of N stage, respectively:

Tr/f’n/
Iout?n = fn/ |.72(9)|d9/7r
0

_ fn( / " am@do— [ j2N(9)d9>/7r

Opo Ono
= fa(map(0p) —map(Opo) +man(Ono)
—man(On))/(mh).

Furthermore, the normalized output power P, _j, is obtained
in (15). Besides, there is a unique constraint that applies to NO,
NOP, ON, PON, and ONO. That is, the resonant current of

(14)

mip (0) = T+h+hk T+h

I h(j(lllii(-)};)j;fl)) sin (k10)

j1ip (9) _ ijol-:_’szPo cos (9) _

1+hk—M + —14+M+4mipo+mapo cos (9) + ijOlJ—r&-};zjzpo sin (9) _

—14+M+4m;po+mapo sin (0)

(h+M)+k(fl(J:7}1lz)1;(12)*hm1P0) cos (kle)

4 hlrpo—daro) o (k) + (Pt M) TR (maro b po) iy (k10)

1+h 1+h (1+h)ky
map (0) = — h(flliﬁJg:M) + h(jlpﬂ_zj”(’) sin (6) + % sin (k160) + h(71+M+1nfhP°+m2P°) cos (0)
+ (h+M)+Iﬁ$7f)Z§7hmlP°) cos (k16)
Jap (0) = BEGERRE0 o5 (g) 4 2200120 oo (J;y ) — —LEMEmIpaEmapo gip () — <h+M>+}’j§1<f,j;§;hmlP0> sin (k16)
(1D
min (0) = llt’zm]\,f + 717M+T_~{J}Vlo+m2m cos (0) + mo{:_# sin (0) — (th)Jrk(%lﬁf)’Z‘%*hmlNU) cos (k160)
+ Mdwodano) sin (k)
Jinv (0) = % cos (0) — _1_M+Ti’,\l’°+m”“ sin (0) + w cos (k1)
n (h,—JVI)+k(fl(jrﬂ},:)zz(lj—hm”v0) sin (k16)
maon (0) = —h(_lli}ﬁ;sz) + h(le‘l’j;Zj"‘NU) sin (0) + % sin (k10) + h(_l_MJr{nJ:é"oer"‘N”) cos ()
+ (th)+k(’f1(+th)7€%—hm1N0) cos (k10)
Jon (60) = % cos (0) + % cos (k16) — _1_M+T+”;L’°+m21"° sin (0) — (h_M)Jr];%TZ%’;hmm”) sin (k16)

12)
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TABLE II
OPERATION CHARACTERISTICS OF LCCL RESONANT CONVERTER
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kz<f,,<k1 ﬁ,:k1 fn>kl
Mode NP NOP NO ONO (0] N ONO (0] PN PON ON ONO (0]
Inverting ZVS/ ZVS/ ZVS/
switches 7CS 7CS 7CS ZVS ZVS ZVS ZVS ZVS ZVS ZVS ZVS ZVS ZVS
Rectifier Hard ZCS zcs  zcs  OFF | zes | zes  opr | MM zeg zes | ozes oFF
switches switching switching
Voltage gain Indefinite M>h M=h M>h M<h Indefinite
Output current Large—small Large—small Large—small
Zero-voltage switching (ZVS), zero-current switching (ZCS).
rectifier side is continuous and differentiable when the resonant ;
tank is switching from O stage to P or N stage (i.e., the absolute N stage

value of Vop reaches U, exactly when the circuit is commuting
from O stage to P or N stage). NP is selected as an example to
demonstrate the aforementioned constraints in (16)

Pout?n = MIoulin
= M f,, (map (0p) — map (Opo)

+man (Ono) — man (On)) /(7h) (15)

Jin (On) = jip (Opo) s jan (On) =0
min (On) = mip (Opo) , man (On) = map (Opo)
Jin (Ono) + Jip (Op) = 0, jan (Ono) + j2p (Op) =0
min (Ono)+map (0p) = 0,man (Ono) + map (0p)=0
Ono =0,0p0 = On,0p =7/ fn

o g2 (0)]d0 = — [o jon (O)d6+ [y" jop (0)d0
= (man (On0) — man (On) + map (0p)— map (0po))/h
= —2moan (ON)/h = Tlow n/ fn

(16)

where 6 g represents the beginning of NP mode as 0, 6 p denotes
the ending of NP mode as 7/f,, and 6y or 6 pq indicates the
moment when the resonant tank is commuting from N stage to
P stage. Similarly, nonlinear transcendental equations, such as
(16) can be derived for other modes. However, the analytical
solutions can only be found for N mode. For other modes, only
numerical solutions can be obtained with computer assistance. In
conclusion, the numerical solutions of time-domain response of
LCCL resonant tank for each mode can be accurately obtained.
As a demonstration, the precise waveform of NP mode obtained
through TDM is shown in Fig. 6.

The analytical solution of N mode is derived in (17) and
(18). Actually, jo y(f) of N mode should be nonpositive during
the positive half cycle. Therefore, the load condition (e.g., the
normalized output current /,,,_,) of N mode should be no less
than a critical value. Otherwise, the resonant tank will operate in
ONO mode. The critical load condition of I,,_, is introduced
as I _,, which is derived in (19)

minNo = _ﬂ'hloul_n/(2k1)
JINO = — (h + 1) tan (71'/(2]{11))
maNo = 71'hIoutjz/(le)

Jano =0
M=nh

a7

Normalized Value

0 0.1 02 03 0.4 0.5 0.6 0.7 08 alf,
Normalized angle

Fig. 6. Typical operation waveform of NP mode.

min (0) =1 — cos (0) — tan (7/(2k1)) sin (0)
—mhlow n cos (k10)/(2k1)
—htan (w/(2k)) sin (k16)/k1

jin (0) = sin (0) — tan (7/(2k1)) cos (0)
+7hloy nsin (k16)/2
—htan (7/(2k1)) cos (k16)

man (0) = h — hcos (0) — htan (7/(2k1)) sin (9) (18)
+7hloy n cos (k10)/(2k1)
+htan (7/(2k1)) sin (k10) /K1
Jon (0) = sin (0) — tan (7/(2kq)) cos (6)
—T Lout_n sin (k10)/2
+ tan (7/(2k1)) cos (k16)
Ib_n = Wlkl (19)

3) Mode Boundaries and Distribution: To circumvent the
complexity of solving all the voltage gain curves, the boundaries
between various modes can be derived first to provide more
essential perceptions of LCCL. The mode boundary can be
considered as a critical case of operation modes or a particular
boundary mode, e.g., the mode boundary between NOP and NP
is that Vop of a critical NP mode reaches Us exactly at the
ending of N stage. Consequently, this boundary can be obtained
by solving NP mode equations attached with the extra constraint
of the previously specified critical NP mode. In addition, the
mode boundaries are exclusively associated with the parameters
of the resonant tank, and the load condition is no longer required
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TABLE III
BOUNDARY CONSTRAINTS OF OPERATION MODES

Constraint
mCT.\(‘)M))-mz.’v(aw);M

Mode boundaries Solving mode

ONO/NOP NO or mero(alf,)-maolalf,) =M
NOP/NP NP merv(Opo)-man(Opo)=M
ONO/PON ON mero(Ono)-mao(Ono)=-M
PON/PN PN mcrp(Ono)-map(Ono)=-M

for their derivation. In addition to the regular mode boundary,
three boundary modes exist: NO mode at the boundary between
ONO and NOP modes, ON mode at the boundary between ONO
and PON modes, and O mode under zero-load conditions. All the
boundary conditions are provided in Table III, where m o7 p(0)
and m oy (6) are the normalized values of u opp during P stage
and u oy during N stage, respectively.

For O mode with zero-load condition, no power is delivered
to the rectifier side and all energy is circulated in the inverting
side resonant tank. The analytical solution of O mode under
zero-load is derived as follows:

mioo =0

J1o0 = —tan (ko /(2f5))/ ke (20)

mecroo = 0

mlo(ﬁ) = + (1 — tan (’2“27”) sin (ko) — cos (k:g@))

Jjio(0) = ki ( sin (kof) — tan (;";}”) cos (k29))

mCTO(Q) ki (1 tan (ng:) sin (k20) — cos (kg@)) )
2n

Since the output capacitor is separated from the resonant tank
during the entire switching cycle of O mode, the absolute value
of voltage across parallel capacitor Cr should not exceed the
voltage gain M. M denotes the gain curve of the critical O
mode with zero-load as follows:

™
M Z |mCTO (0)|max = ‘chO <2fn>‘

_ sec (kom/(2fn)) — 1 ~ Mo,
k+1

Fig. 7 depicts the typical mode boundaries and distribution of
LCCL on f,,—M plane, which only depends on parameters k and
h.

4) Comparison of Gain Characteristics With Other Bidirec-
tional Resonant Topologies: Considering that the gain curve
M of the critical O mode can be expressed analytically, the
gain characteristics of the critical O mode were adopted as a
criterion to evaluate the gain capability of different bidirectional
resonant topologies (e.g., CLLC [30] and LCLL [39]). Refer-
ring to the resonance parameter equivalence principle of [30]
and [40], the gain characteristics of LCLL during bidirectional
operations can always be equated to corresponding LLC. Fur-
thermore, according to the conclusion of [30], LLC is merely an
extreme special case of S-type CLLC. Therefore, the critical
O mode gain curve of LLC is the same as CLLC. As a result,
it is only necessary to compare the gain characteristics of the
critical O mode for LCCL and CLLC. The gain characteristics

(22)
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Fig. 7. Typical mode boundaries and distribution of LCCL on f,,—M plane.
(a) Mode boundaries. (b) Mode distribution.

of the critical O mode for CLLC is provided in [30], as follows,
where k;, indicates the ratio of the resonant inductance to the
magnetizing inductance of CLLC inverting side:

1 k
Mo crre = msec (1/ . i 17T/(2fn)> . (23)

To comprehensively compare M o and M ¢, 1, ¢, both of them
are normalized again according to their constant voltage gain
(e.g., fn =k, M = htor LCCL and f,, = 1, and M = 1 for
CLLC), respectively. Therefore, both M and M op ¢ are
introduced as follows as the normalized Mo and _MO‘CLLC,
where f; denotes the relative magnitude of f,, with respect to
the respective constant voltage gain frequency (e.g., f,, = ki for

LCCL and f,, = 1 for CLLC):
M: = Mo
© 2 ; L sec Fam -1
2frk1
(24)

My = ————
L=t T T W+

_ Mo crrc
{MO CLLC — 1

f* = "

.
= Mo crre = A

[ kg .
c( kL+17T/(2fn)>. (25)
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Modes distribution and Py, ax at certain frequency of LCCL in f,—M

The variations of M i and M 1. versus f;: and (korkz,)
are illustrated in Fig. 8, in which k=k 1, h = 1 holds. Obviously,
for f; < 1, LCCL has stronger capability to raise voltage than
CLLC; for f > 1, LCCL possesses superior characteristic to
lower voltage compared to CLLC. Therefore, at the cost of
replacing magnetizing inductance with a parallel resonant ca-
pacitor C, LCCL obtains enhanced voltage gain characteristics
compared to CLLC and LCLL.

5) Output Characteristics Analysis: To analyze the output
characteristics of LCCL elaborately, all operating points of the
entire f,,—M plane are mapped into f,,—M—Pq_, space through
time-domain calculation, as illustrated in Figs. 9 and 10. For
an LCCL operating at a specific frequency (i.e., the arrow line)
depicted in Figs. 9 and 10, as the voltage gain M decreases from
alarger value to 0 gradually, the operating mode of resonant tank
passes through multiple modes in sequence, beginning with O
mode and finally behaving as output short-circuited state with
M = 0. During the reduction of M, P, _j, is zero both in O mode
and output short-circuited state, indicating that Poy,_,, begins by
increasing from O to some peak value P, and subsequently
reduces to 0. However, for an LCCL operating at resonant-like
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frequency f,, = ky, as the voltage gain M decreases from a
larger value to A, the operating mode of LCCL sequentially goes
through O mode, ONO mode, and finally behaves as N mode at M
= h. As previously discussed N mode in (19), LCCL operating at
fn= k1 will remain N mode as long as I,y =1} . Consider the
corresponding Pyt ,, for N mode is Pyt n = Mlous nZhIy 4,
i.e., LCCL operating in N mode can provide an infinite amount
of power. As M continues to decrease from £, the response of
resonant tank will oscillate and diverge, which in practice should
be avoided.

Aiming to analyze the output characteristics of LCCL more
intuitively, both Fig. 10 and corresponding P, at certain
frequency of LCCL are projected to f,,—Pout_n plane, as shown
in Fig. 11. Clearly, for an LCCL operating at a specific fre-
quency (i.e., the arrow line) depicted in Fig. 10, the variation
of Pyt pn 1S nonmonotonic as M decreases, which means that
the relevant projection of Fig. 10 will cover the f,,—P,_, plane
twice. Therefore, Fig. 11 is further split into two subplots in
Fig. 12(a) and (b) illustrated the region where Poy¢_» increases or
decreases monotonically with M decreases at certain frequency,
respectively.

It is not difficult to observe that the mode boundaries
ONO/NOP, NOP/NP, ONO/PON, and PON/PN depicted in
Fig. 9 intersect at the point (k1, &) on f,—M plane. Similarly,
those boundaries shown in Fig. 11 also intersect at a certain point
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TABLE IV
CONSTRAINTS FOR BOUNDARIES INTERSECTIONS

Constraint
mer(Ono)-man(Ono)=-M=-h
or mery(Opo)-man(Opo)=M=h

Solving mode

N

Intersection
ONO/NOP, ONO/PON,
PON/PN, NOP/NP

Py, onf,—Pout_n plane, indicating that the relevant intersection
of those boundaries is a special N mode. Consequently, this
particular N mode can be obtained by attaching corresponding
mode boundary constraints to N mode. The mode boundary
constraints for the intersection are provided in Table I'V.

The output current /,,,_,, and output power Py -, of the inter-
section are derived as follows, which is exactly the load condition
of the critical N mode in (19):

2
— ey - Isz

Iouth (2 6)
Py =hly =2
Finally, the constant P, _, projection of Fig. 10 on f,—M
plane is depicted in Fig. 13. By analyzing Figs. 9-13, it is
concluded that for an LCCL operating in constant P,_, mode,
the gain curves become nonmonotonic if P, , exceeds the
minimum value of P,,,, in BRLR. Therefore, to obtain mono-
tonic gain curves both in BRLR and ARLR, the maximum value
of Poyt_r, should be no greater than the minimum value of Ppyax
in BRLR.
The requirement of inverting side of LCCL to achieve ZVS
during forward operation is described as

|j10‘ Ibasetdead 2 2COSSU1

|j10‘ tdead > 2CossZr (27)
where j;o represents the normalized i; at the beginning of the
positive half cycle, t40.q denotes the dead time, and Cgs is the
output capacitor of corresponding switches.

The gain curves and corresponding ZVS current j;o of LCCL
under different P,,,_,, conditions are precisely obtained through
numerical calculation, as shown in Fig. 14.
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B. Reverse Mode

For the reverse operation of LCCL shown in Fig. 15, the
following definitions are introduced, where subscript R de-
notes the corresponding normalization bases adopted for reverse
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operation:
K = Cp/Cy = ik
{h’ = L,/Le=1/h (28)
ZbasefR = Zr?R =V Lse/cse:th UbasefR = nls,
Ibase_R = Ubase_R / Zbase_Ra Whase_R
= w, = (LeeCoe) 7 = (L,C,) 2. (29)

Clearly, only individual parameters (e.g., K and i) differ
between the reverse and forward modes of LCCL. Therefore,
the corresponding modes analysis and output characteristics of
the reverse mode are similar to those of the forward mode, which
will not be further repeated here.

The constraint of inverting side of LCCL to achieve ZVS
during reverse operation is specified as follows, where joo r
represents the normalized is_g at the beginning of the positive
half cycle:

n |j20_R‘ Ibase_thead Z 2COSSU2

nUQ
7 tdead Z 2Ctoss(]2
r R

n|j20_r|

|j2071%‘ n2tdead > 2COSSZT7R' (30)
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TABLE V

DESIGN SPECIFICATIONS FOR LCCL RESONANT CONVERTER

Parameter Symbol Value
Input voltage U, 400V
Battery voltage range Uspp~ Uy 250V~450V
Rated power Prasea 1kW
Resonant-like frequency 1o 100kHz
Operating frequency range  f in ~ fo. max 75kHz~150kHz

IV. DESIGN METHODOLOGY

According to Section III, only five parameters (L, Cp, k, h, n)
are required to describe LCCL fully. The wide range of battery
voltage poses significant challenges to the design of bidirec-
tional LCCL converter. However, the optimal S-type LCCL that
addresses the wide voltage range of battery applications can be
developed through rational tradeoff of (L,, Cy, k, h, n). This
section will explain the design methodology in detail.

A bidirectional LCCL converter rated at 1 kW is adopted as an
example to demonstrate the proposed design method. Tabulated
in Table V are the corresponding design specifications.

Considering voltage and current levels for bidirectional op-
erations, the SCT3080AL MOSFET is selected for both in-
verting and rectifier sides. By analyzing its datasheet, it is
easy to discern that SCT3080AL’s C,ss decreases monoton-
ically as the drain-source voltage increases. Since the Vg
on the primary side is kept at 400 V, its corresponding Cogg
is estimated to be 119.3437 pF by data interpolation. Sim-
ilarly, as the V;, of the secondary side vary within 250-
450 V, its corresponding maximum C,g is estimated to be
147.1616 pF by data-interpolation when Vg, is 250 V. Con-
sidering parasitic parameters and other nonideal factors, a rea-
sonable margin is reserved for the following analysis. The
output capacitor of primary switches and secondary switches
are set to 125 and 150 pF, respectively. In addition, the dead time
is determined to be 100 ns considering the switching frequency
and device characteristics, specified as follows:

Coss1 = 125pF
COSSQ =150 pF
tdead = 100 ns.

(€29

Initially, the minimum switching f i, for bidirectional op-
erations should be located in BRLR (ko <f;,<<k71), as shown in
(32). Besides, the capacitor ratio for bidirectional operations
should be appropriate. LCCL with too small capacitor ratio k
or k degenerates into an SRC, hence weakening its voltage
regulation capability. Excessive capacitor ratio k or k results
in large circulating reactive power, which reduces the operating
efficiency of LCCL converter. Therefore, the capacitor ratio of
LCCL for bidirectional operations is limited to 0.1 — 0.3 in this
article, as shown in (34)

k>08&h>08& fa2n >k
E>0&K0>0& =2 >k

fr = /ML = 100 kHz
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(32)

where £’5 is the normalized series resonant frequency of Ci.,
Cr, and L. during reverse operation, as follows:

Ky (k' +1)/k = +/(hk + 1)/(hk) (33)
0.1<kE<03 01<k<03 (34)
01<k <03 0.1 <kh <0.3.

Furthermore, the influence of n on the bidirectional voltage
gain of LCCL is characterized in (35). Assuming that LCCL
will experience N mode at f; = f;. ; with the rated load during
bidirectional operations, the relationship between 4 and n can
be determined as

— nUzm — nlUan
{Mm U, ShSMM* U

Mgy, = T}M <h=4<Mpy= T}m
nUzp, nUanr
= <h< 35
v, — — U (35)

where M,,—M s represents the voltage gain range of forward
operation, M r,,,—M r s denotes the voltage gain of reverse op-
eration.

In addition, Fig. 16 presented the typical gain curves of LCCL
under different load conditions of forward operation, where
M, ated denotes the gain curve for rated power, Mo depicts
the gain curve for O mode under zero-load condition, and f;, 5
and f,,,, are the normalized maximum and minimum frequen-
cies according to Table V, as derived in (36). According to
Section III, within the desired operating frequency range, it is
more challenging to raise voltage for heavier loads in BRLR and
difficult to lower voltage for lighter loads in ARLR. To put it in
another way, LCCL can achieve the designed maximum voltage
gain M s and M s under any load condition provided that it is
capable of realizing the designed maximum voltage gain M,
and M s within the designed frequency range in BRLR under
rated load conditions. Similarly, the designed minimum voltage
gain M,,, and M ,, can be attained under any load condition as
long as LCCL is capable of achieving them within the designed

Equivalent circuit of the LCCL in (a) P stage, (b) N stage, and (c) O stage for reverse operation.
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frequency range in ARLR under the lightest load condition
f _ fs,max _ fs,max _ 3 [hk+h+1
A hk (36)
f _ fsmin _ fsmin 3 [hk+h+1
nm = fr - fr,l/kl T4 hk '

The most extreme light-load condition of LCCL is zero-load
conditions, also known as O mode, which has the strongest
capability to raise voltage and the weakest capability to lower
voltage. The gain characteristic M of the critical O mode is
provided in (37). Consequently, it is simple to establish the
following constraints for LCCL whose characteristics satisfy the
forward design voltage gain:

_sec (ko /(2fn)) — 1
Mo = k+1 37)
MRated (fnm) 2 M]\/I (38)

Unfortunately, the gain curve of rated power or M,,teq Can
only be obtained through numerical calculation, which cannot
be utilized for further analytical derivation. Considering that the
gain curve Mo for zero-load O mode is described analytically
and LCCL has the strongest capability to raise voltage at this
time, (38) is compromised and deduced into (40) for further
derivation. Note that the following equation is a necessary but
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insufficient constraint:

MO (fnm) > MRated (fnm) > MM = MO (fnm) > MM
(40
So far, the gain constraints for forward operation have been
derived, as described in (39) and (40), which are further simpli-
fied in (41) and (42), respectively. Here, (41) is a necessary and
sufficient condition, while (42) is a necessary but insufficient
condition

sec (kom/(2fnnr)) — 1

E <M,, (41)
sec (ko /(2fnm)) — 1
o > My, (42)

Correspondingly, there are constraints similar to (41) and (42)
in (43) and (44) for reverse operation of LCCL

sec (kom/(2fnar)) — 1

<M 4
o < Mgm (43)
sec( I27T/(2fnm)) —1
T > Mg (44)

Equations (41), (42), (43), and (44) are further deduced into
(45), (46), (47), and (48), respectively, where D), denotes the
potential solution domain of (k, i) associated with (32) and (34).

By combining (45)—(48), shown at the bottom of the next
page. it is not difficult to determine the possible value of trans-
former ratio n as (49). So far, all the design constraints imposed
by the design specifications are summarized in (32)—(35) and
(41)—(44). Accordingly, for a specific n, the potential design
parameters (k, 1) that satisfy the specifications can be obtained
by combining (32)—(35) and (41)—(44). Fig. 17 depicts the
permissible regions for parameters (k, 1) when n takes several
possible values

0.49337 < n < 2.88267. (49)

The possible design parameters (n, k, h) are now derived.
However, the specific design parameters remain unknown
(e.g., Zy, Ly, Cp). The iterative process of specific design pa-
rameters associated with certain (n, &, 1) are interpreted in detail
below. Considering the manufacturability of transformer, the
transformer ratio n is iterated in steps of 0.1.

Step 1: Given n and the associated permissible region of (k,
h) according to (32)—(35) and (41)—(44).

Step 2: By iteratively choosing (k, h) with given n, the
associated voltage gain ranges M,,,—M s and M p,,—M s are
determined. TDM is utilized to iteratively solve the maximum
normalized power P, that achieves the maximum voltage
gain M, in forward mode and the maximum normalized power
P, ru that is capable of realizing the maximum voltage gain
M R during reverse operation within the designed frequency
range. The normalized rated power P, is specified as the lesser

of P,y and P, gy in (50)
Pn :min(PthaanMt)- (50)

Step 3: The characteristic impedance Z, is determined ac-
cording to nominal power P,t.q and normalized rated power
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Fig.17.  Permissible regions for parameters (k, 1) when n takes several possible
values (a) and related constraints when n = 1.3 (b).

P... The weakest normalized ZVS current |j10|min and |j20_g|min
generated by TDM and characteristic impedance Z,. are adopted
to verify whether or not the full range of ZVS is achieved in both
directions. The related constraints are listed as

Zr = PnU12/Praled

|j10|mintdead > 2Cossl Zr
|j20_R|minn2tdead > 200582 hZ’I"

Pp, - tdead  Prated 5
l720_Rluin ~ 2Cossah Ut
P, = nZtgead Pratea

1710 imin > 2Coss1 U_l2
{ (51)

where |j10|min and |[j20_ r|min TEpresent the weakest ZVS current
during forward and reverse operations, respectively. If the veri-
fication validates that full range of ZV'S has been accomplished,
then the current iteration finishes and Step 4 begins. Otherwise,
decrease the value of P,, to obtain stronger ZVS capability (i.e.,
lesser characteristic impedance Z,.) and go back to Step 3.

Step 4: Check if all (k, h) associated with the given n have
been traversed completely. If so, move on to Step 5. Otherwise,

go back to Step 2 and initiate another round of iterations for (k,
h) associated with the given n.
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Step 5: Check if all permissible values of n have been traversed
completely. If so, the iteration is finished. Otherwise, go back to
Step 1 and start another round of iterations for permissible 7.

The complete iterative procedure is demonstrated in Fig. 18.
After finishing the iterative process, the corresponding P,, and
Z, are obtained for each set of (n, k, k). In addition, the specific
design parameters associated with each certain (n, k, k) can be
derived as

I = S
=V R i
L
Z, = /L
r Cy
— Zr  [hkth+1
Lp—w,,wil hk

k
C, = o/ hEthtl / (Zowr )

= _ _ _k [ hk+ht1 (52)
Cr =kCp = Zrr g hk
.= hlp _ _hz, hk+ht1
ST n2 T nlwe hk
C. = "MC _ _n? hk+h+1
s T Th T hZywr, hk

For various combinations of (n, k, h), the iteration result
with the minimum parallel capacitor is chosen as the optimal
design, because the circulating reactive power is minimized
with the minimum parallel capacitor. However, the equiva-
lent parallel capacitor from inverting side in forward operation
is Cy, while the equivalent parallel capacitor from inverting
side in reverse operation is n>Cy. Therefore, C;+n>C, is de-
fined as the generalized equivalent parallel capacitor in this
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TABLE VI
ITERATION RESULTS
Permissible n (k, h) P, Z, C, CAn*C,

0.5 - - - - -
0.7 - - - - -
0.8 (0.12,0.86) 0.20 32 26.031nF 42.691nF
0.9 (0.14,0.88) 0.25 40 22.462nF 40.656nF

1 (0.12,0.86) 0.28 448 18.594nF 37.187nF
1.1 (0.12,0.86) 0.34 54.4 15.312nF 33.841nF
1.2 (0.12,0.86) 0.45 72 11.569nF 28.229nF
1.3 (0.11,0.91) 0.48 76.8 10.215nF 27.479nF
1.4 (0.25,0.97) 0.79 126.4 9.508nF 28.144nF
1.5 0.1, 1) 0.51 81.6 8.938nF 29.048nF
1.6 (0.11, 1) 0.54 86.4 8.875nF 31.593nF
1.7 (0.12,1.07) 0.61 97.6 8.097nF 31.497nF
1.8 (0.13,1.13) 0.68 108.8 7.487nF 31.744nF
1.9 - - - - -
2.8 - - - - -

The bold entities are the iterative optimal design parameters.

article, which is adopted to evaluate the optimal design pa-
rameters. The iteration results with the minimum generalized
equivalent parallel capacitor of each permissible n are listed
in Table VL.

According to Table VI, the associated permission region (k,
h) for n = 0.5-0.7 and 1.9-2.8 is an empty set. By traversing the
iterative results of n = 0.8-1.8, the optimal design parameters
are obtained in (53). The gain curves of the optimal S-type
LCCL operating in both forward and reverse modes under con-
stant power conditions (e.g., Pout_n and Poyt_n_gr) are precisely
obtained through time-domain calculations. As illustrated in

sec (kam/(2fnnr)) — 1 nUspm, sec (kam/(2fnur)) — 1
3(k,h) € D < M, >
( ’ )E P k+1 — = U1 _(k,h)EDp k+1
nUopm sec (ko /(2fnmr)) — 1
G SRR e
n s Uy sec(kam/(2fnr)) — 1
Uspn, k+1 k=0.11688
h=0.85555
= n > 0.49337 (45)
sec (kom/(2fnm)) — 1 nUan sec (ko /(2 frm)) — 1
3 D > M, — < 4
(k,h) € Dy, ] > My = == < max p =n>0 (46)
sec (Kym/(2fnnr)) — 1 nUzns . sec (kym/(2fnnr)) — 1
3(k,h) € D < Mgy, = 1 >
(k,h) € Dy, E+1 = Mem = U, ~ (k,l;glgpp E+1
Uy -, Sec (kym/(2fnnr)) — 1
nUznr K1 =0 16883
U k! 2fnnr)) — 1
“n< o ! /Sec( 2”2/( flM)) ~ = n < 2.88267 47)
2M + 71 Tesss
sec (Ko /(2fm)) — 1 nUsm, sec (kym/(2fnm)) — 1
d(k,h) € D > M 1 < 48
(k,h) € Dy, R 2> Mpm = U, _(k,I}zlfanDp 71 =n>0 (48)
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Fig. 18.  Flowchart of the proposed design methodology.

Fig. 19, where Poy¢_p,_g is the noamlized output power of reverse

operation

L, = 547.738 uH

n=13

k=011 Cp = 92.8647 nF
h=0.91 = { Cp =10.2150F

Z, = 76.89) L, = 294.936 uH
fr1=100kHz C, = 172.463 nF.

V. EXPERIMENTAL RESULTS AND PERFORMANCE
COMPARISONS

(53)

To verify the proposed LCCL topology and corresponding

theoretical analysis, an S-type LCCL with parameters in

was constructed to satisfy the specifications of Table V. The
key circuit component values are summarized in Table VII. The

experimental setup is presented in Fig. 20.

(53)

Fig. 19.
(a) Charging mode. (b) Discharging mode.
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TABLE VII
KEY DESIGN PARAMETERS OF THE LCCL PROTOTYPE

Components Parameter/Part#
Primary voltage U, 400V
Secondary voltage U, 250V~450V
Primary resonant inductance L, 547.738uH
Secondary resonant inductance L 294.936uH
Parallel resonant capacitance Cr 10.215nF
Primary resonant capacitance C, 92.8647nF
Secondary resonant capacitance C 172.463nF
Turns ratio n 1.3
Resonant-like frequency f, ; 100kHz
Switching frequency f; 75kHz~150kHz
Rated power 1kW
MOSFETs ROHM SCT3080AL

Fig. 20.
platform.

(a) (b)

Experimental setup. (a) LCCL prototype. (b) Experimental test
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Fig. 21.

Experimental waveforms of the prototype operating in forward mode with 1-kW load condition. (a) U; =400 V and Uz =250 V. (b) U; =400 V and

Uz =298.1V.(c) Uy =400V and Uz = 348.7 V. (d) U1 =400 V and Uz =399.4 V. (e) U1 =400V and U =450 V.
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Us =298.1 V.(c) Uy =400V and Up = 348.7 V. (d) Uy =400V and Uz =399.4 V. (e) Uy =400V and Uz =450 V.
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Fig. 23.

Experimental waveforms of the prototype operating in forward O mode. (a) Uy = 400 V and Uz = 250 V. (b) U; = 400 V and Uz = 298.1 V.

(¢) Uy =400V and Uz =348.7 V. (d) Uy =400 V and Uz =399.4 V. (e) U1 =400 V and Uz =450 V.

A. Forward Mode

During forward charging operation, the dc power supply
wired to U; is set at 400 V, and the electronic load wired to
U, is configured to vary from 250 to 450 V under various load
conditions.

Fig. 21 provides the experimental waveforms of the designed
prototype operating in charging mode at several typical volt-
age gains and 1-kW load condition. Clearly, each drain-source
voltage Vpgsyps3 of inverting side in Fig. 21 can always drop to
zero before Vggp3 rises to a high level. Therefore, ZVS for
the inverting side switches is achieved. Similar waveforms are
also presented in Fig. 22 when the load condition is 500 W.
As for zero-load O mode of charging operation, corresponding
experimental waveforms are shown in Fig. 23. Obviously, ZVS

for the inverting side switches is also achieved under this con-
dition. Consequently, the optimized S-type LCCL prototype is
undoubtedly capable of achieving the designed voltage gain and
ZNS during forward operation over the predefined frequency
range and under desired load conditions.

B. Reverse Mode

During reverse discharging operation, the dc power supply
wired to U, is configured to vary from 450 to 250 V, and the
electronic load wired to U; is set at 400 V under various load
conditions.

Fig. 24 shows the experimental waveforms of the designed
prototype operating in discharging mode at several typical
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Experimental waveforms of the prototype operating in reverse mode with 500 W load condition. (a) Uz = 250 V and Uy =400 V. (b) Uz =298.1 V

and Uy =400 V. (c) Uz =348.7 Vand Uy =400 V. (d) Uz =399.4 V and Uy =400 V. (e) Uz =450 V and U; =400 V.
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(c) Up =348.7V and Uy =400 V. (d) Uz =399.4 Vand Uy =400 V. (e) Uz =450 V and Uy =400 V.

voltage gains and 1-kW load condition. Apparently, ZVS for
the inverting side switches is achieved. Similar waveforms are
also displayed in Fig. 25 when the load condition is 500 W.
For zero-load O mode of discharging operation, corresponding
experimental waveforms are shown in Fig. 26. Clearly, ZVS
for the inverting side switches is also achieved under O mode.
Therefore, the optimized S-type LCCL prototype is certainly
capable of achieving the designed voltage gain and ZVS during
reverse operation within the predetermined frequency range and
under required load conditions.

C. Efficiency Test

Figs. 27 and 28 illustrate the efficiency curves of the optimized
S-type LCCL prototype operating in forward and reverse mode
at several typical voltage gains under different load conditions,

respectively. The highest efficiency of the prototype is 97.357%
when U; =400 V and Uy = 424.7 V with 1-kW output power
in charging mode and 96.5% when U; = 250 V and U; =
400 V with 750 W output power in discharging mode. Due to
the implementation of the full load range ZVS, the efficiency
still exceeds 91% even with the minimum load of 250 W.

D. Performance Comparisons

In order to thoroughly demonstrate the performance of the
proposed LCCL, a detailed comparison of the existing topolo-
gies for bidirectional wide-range battery applications and this
article is summarized in Table VIII. Compared to CLLC [30],
CLTC [33], CDT-LC [41], and LCLL [39], which only adopt
PFM to obtain the bidirectional wide-range voltage gain, the
proposed LCCL can achieve the required bidirectional voltage
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TABLE VIII
PERFORMANCE COMPARISONS WITH OTHER PUBLISHED TOPOLOGIES

References Topology Modulation Strategy Switching Frequency Rated Power

Power Range* Gain Range Peak Efficiency Efficiency at Full Load

[30] CLLC PFM 50k~200kHz 1kW
[33] CLTC PFM 45kHz~160kHz S5kW
[41] CDT-LC PFM 65kHz~135kHz 2.5kW
[39] LCLL PFM 65kHz~120kHz 1kW
[42] LLC PWM and Phase-Shift 100kHz 1kW
[32] SRC PFM and PWM 40kHz~80kHz 6kW
[43] DAB  PWM and Phase-Shift 500kHz 3.3kW
This work LCCL PFM 88kHz~120kHz 1kW

50%~100% 1.8X 98.91% 97%~98.4%
0~100% 1.38X 97.1% 93.7%~95.9%
0~100% 1.58X 97% 93.2%~96.1%

Only 100% 1.5X 95.94% 90.4%~95.94%
0~100% 2X 96.5% 93.5%~96%
0~100% 2X 93% 85%~90%

Only 100% 1.5X 98% 90.5%~98%
0~100% 1.8X 97.357% 93.25%~97.35%

*The corresponding topology guarantees that the designed voltage gain and ZVS can be achieved within the specified output power range.
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Fig. 27. Efficiency curves of forward operation.
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Fig. 28.  Efficiency curves of reverse operation.

gain within the narrowest frequency range. This is also consistent
with the conclusion of Section III that LCCL obtains enhanced
voltage gain characteristics at the cost of replacing magnetizing
inductance with a parallel resonant capacitor C 7. Admittedly,
the overall efficiency of LCCL is slightly lower than that of
CLLC [30], which is caused by the fact that CLLC only achieves
a power range of 50%—-100% and the LCCL sacrifices accord-
ingly to achieve a power range of 0%—100%. Generally, both

LLC and SRC utilizing only PFM cannot achieve bidirectional
wide-range output (e.g., both step-up and step-down). Therefore,
both LLC [42] and SRC [32] adopt extra modulation strategies
(e.g., PWM and PS) to address the wide voltage range of battery
applications, which evidently increases the complexity of con-
trol. Even combing with various complex modulation strategies
(e.g., extended-PS, dual-PS, and triple-PS), it is still difficult for
DAB to guarantee the achievement of ZVS over the full power
range (0%—100%). Besides, the efficiency of DAB [43] is still
inferior to that of this article. In comparison, the proposed LCCL
provides a better balance between modulation strategy, power
range, and efficiency.

VI. CONCLUSION

This article proposed a bidirectional LCCL resonant converter
with enhanced voltage gain regulation capability, which pos-
sesses soft-switching features as ZVS for the inverting side and
ZCS for the rectifier side. Based on the port characteristics of
LCCL resonant tank, the topology derivation between D-type
LCCL and S-type LCCL was presented. The operation principles
of the proposed converter have been analyzed and illustrated.
Then, TDM is adopted to characterize S-type LCCL in charg-
ing and discharging operations for typical OBC applications.
Combining the TDM analysis’s conclusions, the corresponding
design parameter optimization method is proposed, which is
capable of achieving the demanded bidirectional voltage gain
and ZVS operation over the specified frequency range under
desired load conditions while minimizing the reactive power.
Finally, an S-type LCCL prototype rated at 1 kW with the opti-
mized design parameters was established to convert between 400
and 250-450 V bidirectional. The experimental results verified
the feasibility of the proposed LCCL topology and the valid-
ity of the corresponding parameters optimization method. The
excellent features of LCCL topology were thoroughly demon-
strated over the entire power range (0%—100%) by experiments.
Specifically, the prototype achieves the designed voltage gain
range of 1.8 times within the switching frequency from 88 to
120 kHz and the measured peak efficiency reaches 97.357%.
Therefore, the proposed LCCL converter provides an alternative
choice for wide output range and high-efficiency bidirectional
dc converter in OBC applications. Future article will be con-
ducted to establish the small-signal model of LCCL topology
to better guide the design of the corresponding closed-loop
controller.
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