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Abstract—To address the wide voltage conversion requirements
in the field of battery charging, the LCL resonant tank adopt-
ing pulse frequency modulation is investigated utilizing the time-
domain model (TDM) in this article. LCL exhibits similar soft
switching characteristics and enhanced voltage gain regulation
capability with a simpler resonant tank than the existing classic
CLLC. The operating principles, mode distribution, and power
transfer properties of LCL during bidirectional operations are
presented and analyzed in detail utilizing TDM. By incorporating
TDM, the low accuracy deficiency of the first harmonic approx-
imation for wide voltage applications is completely eliminated,
and the implementation of full-range zero-voltage switching (ZVS)
with time-domain accuracy becomes feasible. An LCL resonant
parameters optimization method that is capable of providing the
required voltage gain and guaranteeing the achievement of ZVS
with reduced reactive power under desired load conditions during
bidirectional operations is proposed. Finally, the revealed exper-
imental results from a 1-kW prototype validated the correctness
of the TDM theoretical analysis and the effectiveness of the pro-
posed optimization method. The optimized prototype achieves the
designed 1.8 X voltage gain within a narrow switching frequency
range of 88.7-120 kHz and a peak efficiency of 97.306%.

Index Terms—LCL resonant tank, time-domain model (TDM),
wide voltage conversion, zero-current switching (ZCS), zero-
voltage switching (ZVS).

I. INTRODUCTION

ITH the popularity and penetration of electric vehicles
(EVs) in the automotive industry, the demand for charg-
ing infrastructure has been growing significantly [1], [2]. High
power density, wide soft-switching range, and wide voltage
conversion range are the core requirements of battery chargers
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in EV charging applications [3], [4], [5]. In addition, the next-
generation on-board chargers (OBCs) are expected to deliver
bidirectional power flow to perform vehicle-to-grid functions for
advanced grid support features, such as peak cutting and valley
filling [2]. In general, the bidirectional OBC architecture consists
of an ac—dc power factor correction (PFC) stage followed by
an isolated dc—dc stage that regulates the battery voltage and
provides high-frequency galvanic isolation [6]. Considering that
the research on the front-end PFC stage is relatively mature, only
the isolated dc—dc stage of OBC is discussed in this article.

Among various topologies investigated in the literature for
the dc—dc stage of OBCs, resonant converters are a favorable
candidate. A bidirectional series resonant converter (SRC) with
a basic series LC resonant network is the simplest resonant
tank in the structure. However, SRC fails to provide voltage
gain larger than unity, severely limiting its application in the
field of bidirectional OBC. An LLC resonant tank with inherent
capabilities of achieving soft switching to minimize switching
losses allows high-frequency operation while maintaining high
conversion efficiencies [7], [8], [9]. Nevertheless, the LLC reso-
nant tank is inherently asymmetric and behaves as a conventional
SRC during reverse power flow with voltage gain less than unity
[10]. However, this can be tackled with the bidirectional CLLC
resonant tank derived from LLC with a symmetric structure
[11]. However, to address the wide voltage range of battery
charger applications, CLLC requires an extensive frequency
modulation range that deviates from the resonant frequency,
significantly compromising its efficiency, especially under light-
load conditions [10], [12]. To overcome this demerit, a CLTC
resonant tank is presented with decent gain characteristics and
high efficiency over all load ranges with a relatively narrow
frequency modulation range [13]. However, the introduction
of an auxiliary transformer leads to more core loss and more
complex design considerations. To obtain similar performance
with a relatively simple resonant tank, an LCCL resonant tank
is proposed with respect to CLLC through the duality theory
[14], which maintains fairly flat efficiency and narrow frequency
modulation range under all load conditions. Nevertheless, the
design considerations of LCCL are quite complicated, which
hinders its engineering application to some extent.

The dual-active-bridge (DAB) converter has also been in-
vestigated as the dc—dc stage of OBCs [15], which requires
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fewer passive components in contrast to conventional reso-
nant topologies, consisting of two full-bridges isolated by a
high-frequency transformer with a series inductor. Moreover,
DAB implements bidirectional power flow and zero-voltage
switching (ZVS) exclusively through single-phase-shift (SPS)
control at fixed switching frequency, which is desirable for high
efficiency and high power density applications [16]. Nonethe-
less, excessive circulating energy and possible loss of ZVS
under light-load conditions severely limit a DAB converter
to maintain high efficiency over a wide voltage range [17].
Therefore, various modulation schemes have been developed
from single to triple degrees of freedom to enlarge the related
soft-switching range and lower the circulating energy [18],
[19], [20]. Besides the most fundamental SPS, dual-phase-shift
(DPS), extended-phase-shift (EPS), and triple-phase-shift (TPS)
controls were introduced to minimize switching loss and to
reduce the reactive power under light-load conditions [21], [22].
Moreover, pulse frequency modulation (PFM) is also combined
with multi-degree-of-freedom phase-shift (PS) control to ma-
nipulate the power conversion of DAB [23], [24]. While these
complex control strategies offer more degrees of control freedom
and thus a wider range of optimization possibilities, they also
result in more complex implementations and higher hardware
costs. In addition, the related power conversion performance of
DAB remains inferior to that of bidirectional resonant topologies
in the application scenario with a wide range of output voltage
or load conditions of OBC [12], [25].

Besides the series-inductor-based DAB discussed above,
more and more efforts are focused on resonant DAB utilizing
second or higher order resonant tanks. The superiority of higher
order resonant networks over single inductor structures is the
extended soft-switching range and reduced root-mean-square
current, resulting in reduced conduction losses and improved
transformer utilization. This is also the essential distinction be-
tween the aforementioned resonant converter (e.g., LLC, CLLC,
and LCCL) and the conventional DAB topology. Among the
various reported resonant DABs, the LCL resonant network
depicted in Fig. 1 is a promising type due to its symmetrical and
concise structure, which is suitable for bidirectional operations.
Traditionally, the series-inductor-based DAB is analyzed with
the piecewise linear methods. However, within the resonant
DAB, current waveforms become more sinusoidal. Accordingly,
similar to resonant topologies, resonant DAB is generally inves-
tigated utilizing first harmonic approximation (FHA) [26], [27],
[28], [29], [30], which considers only the fundamental compo-
nents of the resonant tank’s response while neglecting corre-
sponding high-order components [31]. The salient disadvantage
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of the FHA is that its accuracy deteriorates when the current
waveform is not so sinusoidal or the switching frequency devi-
ates from the resonant frequency. Unfortunately, these scenarios
are frequently encountered in battery charging applications since
the battery voltage varies considerably throughout the charging
and discharging process. Therefore, the time-domain model
(TDM) is utilized in this article to analyze the characteristics
of the LCL resonant tank for bidirectional OBC application.
The most significant advantage of TDM over FHA is that the
time-domain response of the resonant tank is accurately obtained
irrespective of whether the current waveforms are sufficiently
sinusoidal or not. As a result, more precise power transfer char-
acteristics can be derived and the achievement of full-range ZVS
in terms of time-domain accuracy is guaranteed. In addition, this
article adopts PFM to excite the LCL resonant tank. Therefore,
the rectifier-side switches are naturally zero-current switching
(ZCS) as the conventional resonant topologies and only the ZVS
implementation of inverting-side switches demands additional
design.

To cope with the wide voltage range of bidirectional OBC ap-
plications, the LCL resonant tank adopting PFM is investigated
utilizing TDM in this article. With the proposed method for opti-
mizing parameters, the designed prototype achieves the required
1.8 x voltage gain range within a narrow switching frequency
range of 88.7-120 kHz and implements the full range of ZVS
under the entire load conditions (0—-100%), well demonstrating
its excellent performances. The rest of this article is organized
as follows. The basic operating principles of the LCL resonant
tank are reviewed in Section II. In Section III, TDM is utilized
to investigate an LCL converter during bidirectional operations.
Subsequently, an LCL resonant parameters optimization method
that is capable of providing the required wide voltage range of
the battery charger field and guaranteeing the achievement of
ZVS with reduced reactive power under desired load conditions
during bidirectional operations is developed in Section I'V. Ex-
perimental results from a 1-kW prototype are revealed in Sec-
tion V to confirm the correctness of the TDM theoretical analysis
and the effectiveness of the proposed parameters optimization
method. Finally, the conclusions are drawn in Section VI.

II. OPERATING PRINCIPLES OF LCL RESONANT TANK

For the LCL resonant tank depicted in Fig. 1, the following
definitions are introduced:

h = nst/Lp
f = 1 kit
r Lpn2LS 271'\/L CT (1)
27 7LP+H2LS CT

VT 1
o h + 1 QWm

where & represents the symmetry coefficient and f,- denotes the

resonant frequency of the LCL resonant tank.

PFM is adopted to excite the LCL resonant tank and regulate
the output voltage with switching frequency around resonant
frequency f,. Specifically, in charging mode, the primary-side
switches Sp,1 and Sy,3 and S;,2 and S 4 are driven at complemen-
tary 50% duty cycle, while the body diodes of secondary-side
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switches Sg; and Ss3 and S5 and S,4 are employed for rectifica-
tion. The principle remains similar in discharging mode, except
that secondary-side switches Ss1 and Ss3 and Sgo and S,y are
driven at complementary 50% duty cycle and the primary-side
switches S;,1 and S;,3 and S, and S),4 operate as rectifiers.

Typical waveforms of LCL operating below and above reso-
nant frequency f,. are provided in Fig. 2(a) and (b), respectively.
Furthermore, Fig. 2(c) depicts the typical waveform of LCL
operating exactly at the resonant frequency, where Vgg,4 (¢
=1, 2, 3, 4) is the drive signal of S,; (¢ = 1, 2, 3, 4), Vap
denotes the inverting voltage of the primary resonant tank, i,
and i, represent the resonant current of primary and secondary
sides, respectively, i o indicates the resonant current of C 1, and
T, indicates the switching period.

Due to the similarity of multiple stages in Fig. 2(a)—(c),
only Fig. 2(a) is described in detail to interpret the operation
principles of LCL. The corresponding equivalent circuits for
each stage are illustrated in Fig. 3.

Stage 1 [tg, t1): During the dead band, after the junction ca-
pacitors of inverting-side switches have been adequately charged
or discharged, the resonant current i,, starts to flow through the
body diodes of Sp,1 and S,3 at time f.

Stage 2 [t1, t2): At time t;, Sp1 and S,3 turned ON under
ZVS conditions, allowing energy to be delivered to the rectifier
side via the resonant tank. Meanwhile, resonant current i, flows
through S> and S,4 is proportional to the difference between i,
and i CT-

Stage 3 [12, t3): After reaching its peak, i o starts to decrease
and becomes equal to the increasing resonant current i, at
time 7o. Meanwhile, the resonant current i gradually resonates
to 0, causing Sso and Ss4 to turn OFF under ZCS conditions.
The separation of Ly from the resonant tank results in the free
resonance of L, and Cr after time 5.

Stage 4 (13, t4): At time f3, the voltage of Cr resonates to ex-
ceeds nUs and S1 and S5 start to conduct, causing the resonant
element on the rectifier side to resonate with the inverting-side
resonant tank again.

Stage 5 [t4, t5): With §p; and S,3 turned OFF at time ty4, i)
begins to discharge the junction capacitors of S,2 and S,4 and

(b)

©

Typical waveforms of LCL. (a) Below resonant frequency (NOP mode). (b) Above resonant frequency (NP mode). (c) Resonant frequency (N mode).

=== Us
T U
P U
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O+ T U

Fig. 3. Equivalent circuits for each stage of LCL operating below resonance-
like frequency. (a) Stage 1. (b) Stage 2. (c) Stage 3. (d) Stage 4. (e) Stage 5.

charge that of S;,; and §)3 simultaneously. At the end of Stage
5, the drain—source voltage of S5 and S,4 drops to O and that
of Sp1 and Sp3 reaches U;. Until time 5, the polarity of the
inverting voltage V4p has flipped from U; to —U;, marking
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the end of the positive half-cycle, and initiating the subsequent
negative half-cycle.

Clearly, the response of the LCL resonant tank under PFM
excitation is quite similar to the typical response of CLLC. In
addition, LCL also behaves as a constant voltage source under
resonant frequency f,. excitation (as will be explained later).
Therefore, LCL offers soft-switching capability similar to that
of CLLC (e.g., ZVS for inverting-side switches and ZCS for
rectifier-side switches).

III. CHARACTERIZING LCL RESONANT TANK UTILIZING TDM
A. Forward Operation

As illustrated in Fig. 2, the responses of LCL are symmetrical
in both half-cycles under PFM excitation with a complementary
50% duty cycle. For convenience, the following analysis takes
the positive half-cycle when V 4  is positive as a demonstration.

1) Resonant Stage Analysis: The complexity of LCL opera-
tion stems from its multiple resonance mechanisms. In addition
to the resonance formed by L,,, Cp, and Ly, L,, and Cr also res-
onate when the secondary-side switches are all OFF. Depending
on the differences in parameter specifications, switching fre-
quency, and load conditions, LCL could sequentially go through
multiple resonant stages during the positive half-cycle. The var-
ious resonant stages are classified according to the conduction
states of rectifier-side body diodes as P stage (the body diodes
of Ss1 and S5 turn ON), N stage (the body diodes of Sso and Sy
turn ON), and O stage (no body diodes turn ON) [8], [31]. The
associated equivalent circuits are depicted in Fig. 4, where L,
=n?L,.

In stage P, Vo p of the resonant tank is clamped to Us, and the
equivalent circuit can be described as a system of three-order
differential equations as

i
Ui = L,“32 +ucrp

B
ucrp = Lse% +nUs .
. dn .
i1p = O =G +igp

2

The corresponding normalizations are outlined in Table I to
facilitate the relevant derivations. In particular, there are four
pivotal normalization bases as

Whase = (LpCT)71/2 = 27bease; Upase = Un

Lpase = \/ Lp/CTa Toase = Ubase/Zbase~

By solving (2), the normalized waveforms of the P stage are
derived in (4) shown at the bottom of next page, where h; =

3)

(b)

Equivalent circuit of LCL resonant tank in positive half-cycle. (a) P stage. (b) N stage. (c) O stage.

TABLE 1
ABBREVIATIONS AND NORMALIZATIONS

Circuit Variables SYMBOL Normalized Variables
Characteristic frequency Opas=(L,Cr)""? -
Resonant frequency ,=27f, o,=((h+1)/h) w1

Characteristic impedance Zas=(L,/Cr)"? -
Voltage gain M=nU,/U, -

Time t O=wpaset

Switching frequency S=UT, S =/ foase

Halfcycle 7,2=1/2f) =l

jl (9):Zbase i (t)/ U,
JAOZase (1) Ul

Primary resonant current
Secondary resonant current

i](t)
ix(f)

Parallel capacitor voltage ucr(t) mer(O)=uc(t)/ U,
Parallel capacitor current ici(?) Je{O)=Znase icr()/ Uy
Reflected output voltage nl, M

((h + D/)'? = w,Jwhase is the normalized resonant frequency.
The subscript P denotes the P stage, and j; pg, mcrpo, and
J2 po represent the initial values of j; p(0), mc7p(0), and js p(6),
respectively.

Similar to the P stage, the normalized waveforms of the N
stage are obtained in (5) shown at the bottom of the next page.
Accordingly, the subscript N indicates the N stage, and j; yo,
meTno, and jo o refer to the initial values of j1 y(0), mcorn(6),
and jo n(0), respectively.

For stage O, the equivalent circuit degenerates into a basic LC
series network. The corresponding normalized waveforms are
provided in (6), where subscript O represents the O stage, and
J100 and morog are the initial values of j; o(0) and mcoro(0),
respectively.

Jjio (0) = (1 — meroo) sin (0) + j1oo cos (6)
moro (0) =1+ jioosin () + (meroo — 1) cos (0) .
J20 (0) =0

(6)

2) Analysis of Operation Modes: Depending on the different
sequential combinations of the three resonant stages (P, N, and
0), nine meaningful operation modes exist for LCL resonant
tank: NO, NOP [i.e., Fig. 2(a)], NP, PN [i.e., Fig. 2(b)], PON,
ON, ONO, N [i.e., Fig. 2(c)], and O. The relevant characteristics
of each mode are summarized in Table II. To facilitate sub-
sequent description, the switching frequency range is grouped
into three separate regions: above the resonant region (f;, > h1)
(ARR), resonant frequency (f,, = h1), and below the resonant
region (1 < f,, < hy) (BRR).

As illustrated in Fig. 4, the inverting side and the rectifier side
are disconnected during the O stage, and energy can only be
delivered to load in P and N stages. Therefore, the normalized
output current /o,4_,, of LCL is obtained in (7), where 6 po(6 no)
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TABLE II
OPERATION CHARACTERISTICS OF LCL RESONANT TANK
BRR: 1<f,</, fi=h, ARR: £,>1,

Mode NP NOP NO ONO (6] N ONO (6] PN PON ON ONO (6]
Inverting switches| ZVS/ZCS ZVS/ZCS ZVS/ZCS ZNVS ZVS ZVS ZNVS ZVS ZNVS ZNVS ZNVS ZVS ZVS
Rectifier switches HS ZCS ZCS ZCS OFF ZES) ZCS OFF HS ZCS ZCS ZCS OFF

Voltage gain Indefinite M>h M=h M>h M<h Indefinite
Lout Large—small | 0 [Zy ,, +0)| (0, 1, ,) | 0 Large—small | 0
Hard switching: HS; zero-voltage switching: ZVS; zero-current switching: ZCS.
and 0 p(f ) represent the beginning and end of the P(N) stage,
respectively. Furthermore, the normalized output power P, _»,
is derived in ().
/ fn 3
o= Fo [ L2 (0)1d0/m -
]
0p On £
([ e~ [ ow) 5o 5
Opo Ono
Op
Pout_n = MIoul_n B an (/ j2P (H)de A N stage P stage
0po . :
0 0.5 1 1.5 O(Op) 2 alfy
On Normalized angle
[ <9>d0> / . ®)
Ono Fig. 5. Time-domain waveforms of NP mode.

Each operation mode is subject to several constraints. First,
considering that the energy cannot be changed suddenly, the
inductor current and capacitor voltage (e.g., ji, jo, and mor)
should satisfy the principle of continuity. Second, the steady-
state response of the resonant tank should conform to the previ-
ously discussed half-wave symmetry principle. In addition, the
resonant current of the rectifier side is not only continuous but
also differentiable when the resonant tank is commuting from
the O stage to P or N stage (this condition only applies to NO,
NOP, PON, ON, and ONO). NP mode is picked as an example to
demonstrate these aforementioned constraints in the following:

Jin (On) = jip (0p0),jan (On) =0

morn (On) =merp (Opo)

Jin (On0) +d1ip (0p) =0, jan (On0) + jar (0p) =0
mern (On0) +merp (Bp) =0 ()

Ono =0,0p0 =0n,0p =7/ fn

Op . op I
]9]}\;0 |72 (0)]d0 = 9}1;0 Jap (0)do — Jezifvo Jan (0)d0 = mlow_n/ fn

where 0y or 0 pg indicates the moment of commutation from
the N stage to P stage. During the positive half-cycle of NP
mode, start by N stage that maintains for [0, 6 5], followed by P
stage operating for the rest of the half-cycle [0 pg, 7/f,,]. Accord-
ingly, nonlinear transcendental equations similar to (9) can be
derived for other modes as well. However, the closed-form ana-
lytical solution exists only for N mode, and for other modes, only
numerical solutions can be acquired. In summary, the precise
time-domain response of the LCL resonant tank for each mode
can be obtained accurately utilizing TDM. As a demonstration,
the time-domain waveform of NP mode obtained via TDM is
illustrated in Fig. 5.

The closed-form analytical solutions of N mode are provided
in (10) and (11). Besides, as depicted in Fig. 2(c), jon(0) of
N mode should be nonpositive during the positive half-cycle.
Therefore, the load condition of N mode (e.g., Iout_») should
not be less than a critical value. Otherwise, the resonant tank

Jip (9) _ hjspotjiro

M-1g h+M—(h4+1)mcrpo sin (hle) + h(ij}’LoJr—ljzpo) cos (hle)

h+1 h+1 oy (h-+1)
morp (0) = BEM 4 Sieaiaee i (h16) + (merpo — %) cos (h10) )
o (6) = RS — Gt MG in (1) — B cos ()
jin (0) = hj"’Nh“flleo — ’ﬁ?@ + hiM*,ff(Xff;CTNo sin (h10) + %{f”’“) cos (h10)
mern (0) = % + W sin (h10) + (merNo — %) cos (h10) 5
Ja (0) = haspriive — ity o el RERD in (h,0) — L5pd2e cos (1)
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TABLE III
BOUNDARY CONDITIONS OF OPERATION MODES

Mode boundaries Solving mode Constraint
ONO/NOP NO merv(Ono)=-M or mero(wlf,)=M
NOP/NP NP mend(Op)=M
ONO/PON ON chro(g,\/o):-M
PON/PN PN merp(Oyo)=-M

will enter the ONO mode. This critical load condition of I,
is indicated as I;,_,, and is provided in (12).

Jino = —W\/h(1+h)/2
merno = —Tlouwn/h (1 + h)/2

(10)
Jano =0
M=h
Jin (0) = 7ﬁ + 6+ % sin (h10) — 2’;:11 cos (h10)
meorn (0) =—1in (hsin(hle) + Tout /R (A + 1)cos(h19)) (11)
Jan (0) = =557 + 60— ﬂa% sin (h10) + 5 cos (h10)
2
b 7Th1 ( )

3) Mode Boundaries and Distribution: As Table II states,
different modes have different frequency ranges, voltage gain,
and load conditions (e.g., output current). Therefore, identifying
the mode boundaries and distribution is crucial to apply the
correct mode equations according to the frequency and load
conditions. The mode boundaries could be a critical case of
operation modes or a unique boundary mode, e.g., the mode
boundary between NOP and NP is the critical NP mode that
Vep reaches Us exactly at the end of the N stage. Hence,
this boundary can be obtained by solving the critical NP mode
equations. In addition to the regular mode boundaries, there are
three boundary modes: NO boundary mode between ONO and
NOP, ON boundary mode between ONO and PON, and critical
O mode under zero-load conditions. All the boundary conditions
are listed in Table I1I. Fig. 6 portrays the typical mode boundaries
and distribution of the LCL resonant tank on the f,,—M plane,
which depends only on parameter /.

For critical O mode under zero-load condition, no energy is
transferred to the rectifier side and only reactive power circulates
in the inverting-side resonant tank. The analytical solution of
critical O mode under zero load is given as follows:

{jloo = —tan (2;) (13)
meroo = 0
jio (0) = sin (0) — tan (2;{") cos (0) (14

mero (0) =1 —tan (ﬁ) sin (0) — cos (6)

Note that LCL is usually designed to operate in the ZVS
region for power efficiency concerns. Therefore, the normalized
switching frequency f,, is set to be greater than 1 to guarantee
Jioo <O0.

The reason why the rectifier-side body diodes are all OFF in
O mode is that the peak voltage of the parallel capacitor Cp
never exceeds the output voltage. Therefore, the gain curve Mo
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(a) Typical mode boundaries and (b) distribution of LCL on the f,,—M

of critical O mode is derived as

MO = "ITLCTO (0)‘max = ’mCTo (;;)’ = sec <27‘;> — 1.

4) Comparison of Gain Characteristics With Other Bidirec-
tional Resonant Topologies: Since only the gain curve of the
critical O mode can be expressed with a closed-form analytical
solution, the gain characteristics of the critical O mode were
selected as a criterion to evaluate the gain capability of different
bidirectional resonant topologies (e.g., CLLC [12] and LCCL
[14]). Referring to [12], the gain characteristic of the critical
O mode for CLLC is provided in (16), where k;, denotes the
ratio of resonant inductance to magnetizing inductance on the
inverting side. Similarly, the gain characteristic of the critical O
mode for LCCL is derived in [14] and rewritten in (17), where
k¢ represents the ratio of the parallel resonant capacitance to
resonant capacitance on the inverting side.

Mo crrc = ﬁ sec (\/ kLk—Li— 1”/(2fn)>
Mo rccr = l<:01+1 (sec (, / kck: 17T/(2fn)> — 1) .

a7

(16)
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To compare Mo, Mo_crrc, and Mo_rccr, fairly, each of
them is normalized according to their constant voltage gain (e.g.,
fo=hi,M=hfor LCL,f,=1,M¢crc=1for CLLC, andf,, =
((hcke+he+ 1)/(hckc))1/2, M1 cor, =hotfor LCCL, where ho
is the symmetry coefficient of S-type LCCL [14]). Consequently,
Mp, My o po>and MG ;o are provided in (18)—(20) as the
normalized Mo, Mo_cr1.0, and Mo_ 1 cor respectively, where
fn is the normalized f,, with respect to the respective constant
voltage gain frequency (e.g., f,, = hy for LCL, f,, = 1 for CLLC
and f,, = (hckc + ho + DI(hcke)'? for LCCL).

Ht v (e (o) 1)
. - = MH=—sec|——)—1 (18)
{fn = " h 2 fhy
Mo crre = M
fi=%= (19)
k
M} crre = T sec (\/ kLiﬂ/@fZ))
Mo rocr = _MOELCCCL
fr= e =
C h%kcc
1 ol
Mo reer = wemrern | 5o 2\/= hohoiioit |
fn thC
(20)

The variations of M¢,, M{ oo, and Mg ;oo versus
frand h (or he) are depicted_ in Fig. 7, where h=he, k =
kr, = 0.2 holds. Clearly, both LCL and LCCL offer superior
capability to step-up voltage than CLLC when f;; <1, and both
LCL and LCCL possess stronger characteristics to step-down
voltage compared to CLLC when f;;>1. In addition, both the
step-up and step-down voltage capabilities of LCL are slightly
inferior to that of LCCL. Considering that LCL requires fewer
resonant components than LCCL, LCL achieves a better balance
between cost, complexity, and voltage regulation capability.

5) Power Transfer Characteristics: To comprehensively de-
rive the power transfer characteristics of LCL resonant tank,
the entire f,,—M plane (i.e., Fig. 8) is mapped into f,,-M-Pqoyut
three-dimensional space utilizing time-domain calculations, as
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illustrated in Fig. 9. It is not difficult to observe that for an LCL
operating at a specific frequency (i.e., the arrow lines presented
in Figs. 8 and 9), as the voltage gain M progressively decreases
from a large value to 0, the operating mode of LCL goes through
various modes in sequence, beginning with O mode and finally
exhibiting an output short-circuit state (i.e., M = 0). During
the process of M reduction, Py j, first grows from O (i.e., O
mode) to some peak Pp,.x and subsequently drops to O (i.e.,
output short-circuit state) again. However, for an LCL operating
at resonant frequency f,, = h;, as M progressively decreases
from a large value to A, the operating mode of the resonant tank



ZHAO et al.: ANALYSIS AND DESIGN OF LCL RESONANT TANK WITH REDUCED REACTIVE POWER FOR BIDIRECTIONAL OBC APPLICATIONS

T T T

—— ONO/NOP
—— ONO/PON

PON/PN
~——— NOP/NP
N mode

251

n

— Por
Forbidden
region

Normalized output power Pou

\
\
0.5 \e
(1, Py,

1 12 1.4 1.6 1.8 2 22
Normalized switching frequency f,

Fig. 10. Modes distribution and Ppax at a certain frequency of LCL in the
fn_Poutin plane‘

TABLE IV
CONSTRAINTS FOR BOUNDARIES INTERSECTIONS

Constraint
mer(Ono)=-M=-h
or merv(Opo)=M=h

Intersection Solving mode
ONO/PON, ONO/NOP,

PON/PN, NOP/NP

N

sequentially passes through O mode, ONO mode, and eventually
behaves as N mode at M = h. As previously claimed N mode in
(12), LCL operating at f,, = hy can maintain N mode providing
that Ious_nlp_n. Therefore, the relevant P, , for N mode is
Pout_n = Moy _nhly_,, i.e., LCL operating in N mode can
provide unlimited power. As M continues to decrease from £, the
response of the resonant tank will oscillate and diverge, which
should be avoided in practice.

Intended to obtain power transfer characteristics of LCL more
visually, both Fig. 9 and relevant P,,,, at a certain frequency are
projected to the f,,—Pout_» plane, as depicted in Fig. 10. Evi-
dently, the variation of Poy¢_,, is nonmonotonic as M decreases
at a specific frequency (i.e., the arrow lines shown in Figs. 8
and 9), which means that the projection of Fig. 9 will cover the
frn—Pout_n plane twice. Therefore, Fig. 10 is further divided into
the two subplots in Fig. 11, illustrating the variation of P,y
monotonically increasing or decreasing with the decreases of M
at a certain frequency respectively.

It is not difficult to notice that the mode boundaries (i.e.,
ONO/PON, PON/PN, ONO/NOP, and NOP/NP plotted in Fig. 8)
intersect at (h1, h) on the f,,—M plane. Likewise, those boundaries
depicted in Fig. 10 also intersect at a special point P,_,, on
the f,—Pout_» plane, implying that this intersection of those
boundaries is a special N mode. Accordingly, this special N
mode can be derived by appending associated mode boundary
constraints, which are provided in Table IV.

The load conditions (e.g., output current I, , and output
power P;_,,) of the intersection are obtained in (21), which is
precisely the same load condition of the critical N mode in (12).

2
Iout_n = Thy Iy n

S . 21
Py = hlyp = 2 @

mhy
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Finally, to obtain the constant power gain curve of LCL, the
constant P, _, contours of Fig. 9 are projected to the f,—M
plane in Fig. 12. In a comprehensive analysis of Figs. 8-12, it is
not difficult to notice that the constant power gain curves become
nonmonotonic in BRR if P,,;_,, exceeds the minimum value of
P..x in BRR. Therefore, in order to obtain monotonic constant
power gain curves in practice, the designed maximum Pgyy
should not exceed the minimum value of P, in BRR.
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(b) corresponding ZVS current j1.

In addition, the condition for the inverting side of LCL to
achieve ZVS during forward operation is given as

|710] Tasetacad = 2CossU1 = |j10] tacad = 2C0ss Zpase  (22)

where jio is the normalized i; at the beginning of the positive
half-cycle, and C,4s denotes the output capacitor of correspond-
ing switches.

The constant power gain curves of LCL for different Poyt_»,
conditions and corresponding ZVS current j;o are accurately
obtained through time-domain calculations, as illustrated in
Fig. 13.

B. Reverse Operation

As for the reverse operation of LCL described in Fig. 14,
the following definitions are provided in (23) and (24), where
subscript R denotes the corresponding normalization bases of
reverse operation.

Whase_R = (LseCT)_1/2 = 27bease_Ra Ubase_R =nlU,

Zbase_R =\ Lse/OT == \/EZbasey Ibase_R - Ubase_R/Zbase_R

(23)
W=1L,/Le=1/h
{f " fowe . = VR HI =1 &9
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TABLE V
DESIGN SPECIFICATIONS

Parameters Symbol Value
Input voltage U, 400 V
Battery voltage range Uz — Usi 250-450 V
Resonant frequency 1 100 kHz
Operating frequency range Soomin Js, max 75-150 kHz
Rated power Pratea 1 kW

Apparently, only the parameter i~ differs between the reverse
and forward operations of LCL. Therefore, the corresponding
modes analysis and power transfer characteristics of the reverse
operation are similar to those of the forward operation and will
not be repeated.

Besides, the requirement for the inverting side of LCL to
achieve ZVS during reverse operation is specified in (25), where
Jj20_r 18 the normalized is_p at the beginning of the positive
half-cycle.

1 |720_R| Ibase_Rtaead = 2C0ssUs
n |j20_R| nU2/Zbase thead > 2C'osstZ

|720_R| 7*tdead > 2Cos5 Zbuse R- (25)

IV. DESIGN CONSIDERATIONS

For bidirectional EV charger applications, the wide voltage
range of the battery presents a considerable challenge to the
design optimization of the bidirectional LCL resonant tank. In
this section, TDM is utilized to search for the optimal LCL pa-
rameters (L, Cr, h, n) to address the aforementioned challenge.

A 1 kW bidirectional LCL converter is implemented to
demonstrate the proposed design method. All the design speci-
fications are listed in Table V.

Considering the voltage and power ratings summarized in
Table V, Sct3080al SiC MOSFET is chosen for both the primary
and secondary full bridges. To achieve ZVS during bidirectional
operations, the output capacitance C,s of both primary and
secondary switches should be determined first. Taking into
account the voltage levels of the primary and secondary sides
and the relevant datasheet of Sct3080al, the C, 45 of primary and
secondary switches are determined to be 125 pF and 150 pF,
respectively. In addition, the dead band in this article is 100 ns
as

Cossl =125 pF

OOSSQ = ].50pF
tdead = 100ns

(26)

To begin with, to ensure that LCL experiences N mode (con-
stant voltage gain) at f; = f,. during bidirectional operations
under rated load, the following two conditions should be sat-
isfied: 1) the designed minimum switching frequency fs min
should be limited within BRR; 2) considering the uncertainty
of n, the voltage gain range of both forward-operating M,,—M y;
and reverse-operating M r,,—M r s should consistently contain
the constant voltage gain (i.e., # and ') during bidirectional
operations. The corresponding derivations are described in (27)
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h>0and L2z >
h'>0and 2 > 1

Foase_
fr = hlfbase = h/lfbasefR = 100kHz
3
shi>1 7 9
4
= -<h< < 27
{3h’1>1 9 7 @7
nUzm _ nUspy
Mm:TllShSAfM—% 1
/!
Mpm = 37 SW =% < Mru = 7
8 8
= —h<n<-h. 28
gh<n<: (28)

In addition, several typical constant power gain curves of
Fig. 12 are redrawn in Fig. 15, where M, ,t.q indicates the gain
curve of rated load for the design, Mo describes the gain curve
of critical O mode under zero load, and f,,)s and f,,, are the
maximum and minimum normalized frequencies for forward
operation, which are provided in (29). By observing the different
constant power gain curves in Figs. 12 and 15, it is not difficult
to conclude that boosting voltage for heavier load conditions is
more difficult within BRR, while lowering voltage for lighter
load conditions is more challenging within ARR, that is, for
the qualified LCL parameters that meet the design requirements,
which should be capable of achieving the required maximum
voltage gain M), (and M) under rated load conditions and
the designed minimum voltage gain M, (and Mg,,) under the
lightest load condition during bidirectional operations within the

(b)

Equivalent circuit of the LCL resonant tank in positive half-cycle for reverse operation. (a) P stage. (b) N stage. (c) O stage.

required frequency range.

f _ fomax _ femax _ ;\/E

nM Foase fr/h1 2 h (29)
f — fs,min — fs,min _ 3 h+1 ’

nm fbusc fr/hl 4 h

The most extreme light-load condition of LCL is the critical
O mode under zero-load conditions, which has the strongest
capability to step-up voltage and the weakest capability to
step-down voltage. Accordingly, the gain characteristic Mo of
critical O mode is provided in (30). Consequently, for the LCL
parameters satisfying the design specifications, it is not difficult
to derive the following conditions in (31) and (32) for forward

operation.
Mo = sec (2?;) 1 (30)
Mgated (fnm) > M (3D
Mo (fam) < My,. (32)

Unfortunately, M, ,t.q does not have a closed-form solution
and cannot be utilized for further analytical derivation. Consid-
ering that M of the critical O mode is described analytically
in closed form and that LCL possesses the strongest capability
of boosting voltage under critical O mode, (31) is compromised
into (33) for further derivation. It is important to note that the
following equation is a necessary but insufficient condition:

Mo (fam) > Mrated (fum) > My = Mo (fam) > M.
(33)
Up to now, the conditions for forward operation have been
obtained in (32) and (33), which are further reduced in (34) and
(35), respectively.

sec <2f:M) —1< M, (34)
sec (szm) — 1> My,. 35)

Similarly, the constraints for reverse operation are provided
in (36) and (37), where fr,as and frnm, listed in (38) are the
maximum and minimum normalized frequencies for reverse
operation. Subsequently, (34)—(37) are further reduced to (39)-
(42), shown at the bottom of the next page respectively.

T
sec — 1< Mgm
(QfRan) =

(36)



4270
:
S
2
8
;
= L
§
IS
05l -
0.8 0.9 1 1.1 12
Symmetry coefficient h
Fig. 16.  Permissible region for parameters (n, h).

sec< T >12MRM (37)
2fan
frow = 25 = g = VAET
from = 5258 = 7 = VR A1

Combining the derivation of (39)—(42), the possible range of
transformer ratio n is determined in (43). As a result, all the
conditions stemming from the design requirements are listed
in (27)—(28) and (34)—(37). Finally, the possible (n, h) values
that satisfy the design requirements are obtained by combining
(27)—(28) and (34)—(37), and the relevant permissible region of
(n, h) is illustrated in Fig. 16.

0.47913 < n < 2.96834. (43)

So far, only the specific resonant parameters (e.g., Zpases Lp,
C 1) associated with certain (n, 1) remain unknown and will be
obtained through the following iterations.

Step 1: Given n and the related allowable & according to (27)—
(28) and (34)—(37).

Step 2: Utilizing the (n, h) picked in Step 1, the corresponding
voltage gain ranges M,,—M; and M g,,—M rs are specified
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for bidirectional operations. TDM is adopted to derive the
normalized maximum power P, that achieves M, in for-
ward operations and the normalized maximum power P,y
that is capable of realizing M), during reverse operation,
both of which should be guaranteed within the required fre-
quency range. Accordingly, the normalized rated power P, is
determined as the lesser of P, and P,z -
P, = min (Pyare, Parise) - 44)
Step 3: The characteristic impedance Zj,,s. is obtained from the
rated power P, ,teq and normalized rated power P,,, and both
the ZVS conditions of bidirectional operations are utilized to
judge whether the full range of ZVS is achieved. The relevant
derivations are provided in (45), where |j10|min and |j20_g|min
are the minimum ZVS current during bidirectional operations
respectively.

If it is confirmed that the full range of ZVS is achieved, the
current Step passes and Step 4 begins; otherwise, reduce P,, to
enhance the ZVS capability and reiterate Step 3.

Zbase - Pn U%/R‘ated
|j10|mintdead Z 2Cosslzbase
|j20_R|minn2tdead > 200352\/EZbase

bolmin ~ 2Coser UP
n tdead Pmlcd
= 45
20_Rlimin > 2C,.2Vh UP 43)
P, - tdead Praea

Step 4: Check if all h associated with the given n have been
iterated. If so, proceed to Step 5; otherwise, initiate iteration
for another & associated with the given n.

Step 5: Check if all allowable n have been iterated. If yes,
the iteration ends; otherwise, initiate iteration for another
allowable n.

The flowchart of the iteration is illustrated in Fig. 17. After
the completion of iterations, both P,, and Z;,s. for each (n, h) are
yielded. Moreover, the specific resonant parameters associated

79 s nU m s nUzm
3h€(§,7),sec(2an)—1<M = 2w > I?zlg ( (2an)_1):> e >sec(2f ) ‘h:%
97 7 (39)
=>n> UZ; (sec (2f:M > n> é SSec <%) — 8) ~ 0.47913
79 U.
Elhe<,>,sec< i )—12MM:>n2M§ max (sec( T )—1)=>n>0 (40)
9’7 2 frm 1 he(1,2) 2fnm
79 s nU: : s U s
Fh € (5,7),sec (2fRnM) — 1= Mgm = 1/ o he(3.2) (Sec (2fnnM) 1) AUy = 56C (2fRnM) - ‘h:g
9°7
U, s s ~
—n < U2M/(sec (5725) - 1‘h:% = n <8/ (9sec (V) - 9) ~ 2.96834
(41)
7)o (a7 o () )
Jhe |-, =),sec —1> Mgy =1 < max | sec —1)=n>0 (42)
<9 7) <2fan) M / Ul he(%,%) 2fan
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with certain qualified (n, &) are derived as follows:

L — Zbdwe
V LpCr =< Cr =4/ 1—i_h/ ZdeCwT
7 =4/
base = CT L T’ — thdse
n2 - n2w,

(46)

For a certain eligible (n, i), the constant power gain curves of
the related LCL during bidirectional operations are precisely
obtained through time-domain calculations, as illustrated in
Fig. 18, where P,y _n_r is the normalized output power of
reverse operation. Furthermore, for each operating point of
desired load conditions, the corresponding normalized time-
domain waveform of the positive half-cycle is also obtained,
as depicted in Fig. 19, where 6, is the zero-crossing moment
of the inverting-side current j;. Consequently, the associated
charge Q, for a given operating point is defined as the integral
of the inverting-side current in the same direction as the inverting
voltage during the positive half-cycle and the corresponding
backflow charge Q} is defined as the integral of the inverting-side
current in the opposite direction as the inverting voltage during
the positive half-cycle, as derived in (47) and (48), respectively.

ComeTn U, 1 T
S (Ddt = ——

Qa:
/"z Zbase Whase 0.

“hase

()5

Ji (e)dwbaset
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7UlCT/f" 1 (6)do
0.

47)
o v, 1 (%
o Whase 1 .
Qb_ /0 " (t)dt Zbase Whase 1 (e)deaset
ez
—U Lv) L,C / 41 (0)d6
1/(\/@ VECr [0
ez
=U,Cr / 71 (6)do. (438)
0
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Fig. 20.
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Experimental setup. (a) Experimental test platform. (b) LCL proto-

Apparently, the power related to Qy, is the circulating reactive
power. To describe the effective power for a certain operating
point more intuitively, the corresponding effective charge Q. is
defined as the difference between the associated charge Q, and
the absolute value of the backflow charge Oy, as derived in (49).
Finally, the effective charge factor 7 is defined as the ratio of the
effective charge Q. to the associated charge Q, in (50).

. 0.
Qe:QaleblelcT/Gf i (e)delUloT/o i (G)do’

_uven ([T (0)d6 — " (0)d6
0. 0
R ST

n
([ 0rae
9. =
(o) ([ om)
0 0=

Obviously, the larger the 7 is, the smaller the percentage of
backflow charge (i.e., circulating reactive power) of the corre-
sponding operating point. Accordingly, the value of 7 is 1 when
the inverting side presents purely resistive (i.e., #, = 0) and 0
when the converter is operating in zero-load O mode [i.e., 0,
= 7/(2f,,)]. Therefore, the effective charge factor 7 is adopted
to evaluate the quality of the operating point. However, there
are an infinite number of operating points for a certain eligible
(n, h), as shown in Fig. 18. Considering that the rated-load
condition is the most significant characteristic of the converter,
the average of the effective charge factor n for all operating
points on the rated-load gain curve is adopted to characterize the
performance of corresponding design parameters, as derived in
(51). Besides, since there are also reverse operating conditions,
the effective charge factor npr for reverse operation is also
derived in (52), where 0,5 is the zero-crossing moment of the
inverting-side current for reverse operation.

(49)

n

(50)

N
n= m/N (51)
1=1
0.r o
=gt =1 (| [ ren@as]) /([ senor0)
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TABLE VI
ITERATION RESULTS

Permissible n (n, h) P, Zbase My
0.5 - - - -
0.6 - - - -
0.7 (0.7,0.78) 0.52 83.2 0.7043
0.8 (0.8, 0.78) 0.63 100.8 0.7356
0.9 (0.9, 0.78) 0.76 121.6 0.7573
1.0 (1.0, 0.78) 0.95 152 0.7960
1.1 (1.1,0.79) 12 192 0.8395
12 (1.2, 0.85) 131 209.6 0.8440
13 (1.3,0.91) 1.42 2272 0.8474
1.4 (1.4,0.97) 1.53 2448 0.8496
1.5 (1.5, 1.03) 1.63 260.8 0.8498
1.6 (1.6, 1.09) 1.73 276.8 0.8482
1.7 (1.7, 1.15) 1.83 292.8 0.8478
1.8 (1.8, 1.20) 1.97 315.2 0.8489
1.9 (1.9, 1.26) 2.08 3328 0.8488
2.0 (2.0, 1.28) 2.12 339.2 0.8317
2.1 - - - -
2.9 -

Similarly, the average effective charge factor 75 of all operat-
ing points on the rated-load gain curve during reverse operation
is derived in (53). Considering that the characteristics of both
forward and reverse operations are equally weighted for LCL,
the bidirectional average effective charge factor 775 is defined as
the average of 77 and 7 in (54), which is utilized to evaluate the
performance of various eligible combinations of (n, 4). In other
words, the iteration result with the maximum 7z is selected as
the optimal design. The iteration results with the maximum 7p
of each allowable n are presented in Table VI.

Nr

M=y mir | Nr (53)
ip=1

e = (g +1)/2. (54)

According to Table VI, the associated permissible & of n =
0.5-0.6 and 2.1-2.9 is a null set. By comparing the bidirectional
average effective charge factor 1) of various iterations, the op-
timal design parameters are determined in (55). In addition, the
constant power gain curves of the optimal LCL during bidirec-
tional operations are accurately obtained through time-domain
calculations, as depicted in Fig. 18.

Zf 1'83 L, = 582.716 uH
7 as0sq = | Cr=8567nF (55)
fbai 100 ks Ly = 266.7545 unH

V. EXPERIMENTAL RESULTS

To verify the correctness of the theoretical analysis and the
effectiveness of the proposed parameters optimization method,
an LCL prototype was implemented with parameters provided in
(55) and the relevant specifications are enumerated in Table V.
In addition, the key circuit component values are recapitulated
in Table VII and the experimental setup is given in Fig. 20.
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300 V. (c) Uy =400V, Uz =350 V. (d) Uy =400V, Uz =400 V. (e) Uy =400V, Uz =450 V.
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Fig. 23.

400 V. (c) U2 =350V, U1 =400 V. (d) Uz =400V, Uy =400 V. (e) Uz =450V, U; =400 V.

TABLE VII

KEY DESIGN PARAMETERS

A. Forward Operation
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Experimental waveforms of the prototype during forward operation under 1 kW load condition. (a) U1 =400V, Uz =250 V. (b) Uy =400V, Uz =

Experimental waveforms of the prototype during forward operation under zero-load O mode. (a) U; = 400 V, Ua = 250 V. (b) U; =400V, U =

Experimental waveforms of the prototype during reverse operation under 1 kW load condition. (a) U2 = 250V, Uy =400 V. (b) U2 =300V, Uy =

Fig. 21 provides the detailed experimental waveforms of the

Components Parameter/Part#
Primary voltage U, 400 V
Secondary voltage U, 250-450 V
Primary resonant inductance L, 582.716 uH
Parallel resonant capacitance Cr 8.567 nF
Secondary resonant inductance Lj 266.7545 uH
Turns ratio n 1.5
Resonant frequency f; 100 kHz
Switching frequency f; 75-150 kHz
Rated power 1 kW
MOSFETs ROHM SCT3080AL

prototype during forward operation at several typical voltage

gains and constant 1 kW load conditions. It is not difficult to
notice that the drain—source voltage Vpg,3 can always drop
to zero before §,3 turns ON, which is exactly the indication
that ZVS for S,3 has been achieved. Similar waveforms im-
plementing ZVS for forward operation are shown in Fig. 22, in
which the load conditions are zero-load O mode. Therefore, the
optimized LCL parameters derived by iteration are undoubtedly

capable of offering the required voltage gain and guaranteeing
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Fig.24. Experimental waveforms of the prototype during reverse operation under zero-load O mode. (a) Us =250V, U1 =400 V. (b) U2 =300V, U; =400 V.

(c) U =350 V, Uy = 400 V. (d) Uy = 400 V, U = 400 V. () Uy = 450 V, Uy = 400 V.
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the achievement of ZVS under desired load conditions during
forward operation.

B. Reverse Operation

Fig. 23 presents the detailed experimental waveforms of the
prototype during reverse operation at several typical voltage
gains and constant 1 kW load conditions. Clearly, ZVS for switch
Ss3 is achieved. Similar waveforms achieving ZVS for reverse
operation are also listed in Fig. 24, in which the load condi-
tions are zero-load O mode. Consequently, the optimized LCL
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Fig. 27. Estimated loss breakdown of the prototype at typical voltages and
1 kW load condition during (a) forward mode and (b) reverse mode.

parameters derived by iteration can provide the required voltage
gain and guarantee the achievement of ZVS under required load
conditions during reverse operation.

C. Efficiency Analysis

Figs. 25 and 26 present the measured efficiency curves of the
LCL prototype during bidirectional operations under different
load conditions. The peak efficiency of 97.306% is achieved at
rated load conditions when U; = 400 V, Uy = 425 V during
forward operation. Owning to the achievement of the full range
of ZVS with reduced reactive power, the efficiency of over 91%
is maintained even under light-load conditions.
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TABLE VIII
PERFORMANCE COMPARISONS OF THE PROPOSED LCL WITH EXISTING WORKS

Topology Modulation Strategy ~ Switching Frequency ir;lr}:cl; Rated Power Power Range* Gain Range E ff{::ii;cy Efficiency at Full Load
SRC[32] PFM and PWM 40—-80 kHz * 6 kW 0%—-100% 2.0 x 93% 85%—90%
LLC[33] PWM and PS 100 kHz * 1 kW 0%-100% 2.0 x 96.5% 93.5%—96%
DABJ6] PWM and PS 500 kHz * %k ok 33kW Only 100% 1.5x 98% 90.5%—98%
LCL-DAB[27] DPS 50 kHz * 1 kW Only 100% 2.0 x 95.3% 93.1%-95.3%
LCLL[34] PFM 65-120 kHz * 1 kW Only 100% 1.5 95.94% 90.4%—95.94%
CLLC[12] PFM 50—200 kHz b 8.8 ¢ 1 kW 50%—-100% 1.8x 98.91% 97%—98.4%
CLTC[13] PFM 45-160 kHz * 5 kW 0%-100% 1.38x 97.1% 93.7%—95.9%
CDT-LC[35] PFM 65-135 kHz * Kk Kk 2.5 kW 0%—-100% 1.58 x 97% 93.2%-96.1%
LCCL[14] PFM 88—-117.9 kHz >k Kk 1 kW 0%—-100% 1.8 x 97.357% 93.25%-97.35%
This work PFM 88.7-120 kHz Jodkok 1 kW 0%-100% 1.8 x 97.306% 93.81%—97.306%

*Power range that both the full range of ZVS and the designed voltage gain are achieved.

""" represents the unit of quantization, where % denotes the less accurate analytical approach, i.e., FHA, and % %% indicates the analysis method with excellent
precision, i.e., TDM adopted in this article for resonant topology and piecewise linear method for DAB.

For the proposed LCL resonant converter, due to the achieve-
ment of full-range soft switching (i.e., ZVS for inverting-side
switches and ZCS for rectifier switches) and synchronous rectifi-
cation refer to [36], its power losses mainly include the following
three parts: 1) inverting-side (i.e., primary side for forward mode
and a secondary side for reverse mode) switch losses Py iny,
including turn-OFF loss P iny and conduction 10ss Peop inv; 2)
rectifier side (i.e., secondary side for forward mode and primary
side for reverse mode) switch losses Py rec, 1.€., only conduction
loss Pcon rec; 3) magnetic losses, including transformer losses
P, inductor losses P, and inductor losses Pr,. Specifically,
Pr, Pryp, and Pr can further be subdivided into corresponding
magnetic core loss and copper loss.

Accordingly, the estimated loss breakdown (i.€., Psw inv> PLp-
Pr,Pr and Py, o) of the prototype at typical voltage gains and
1 kW load condition during bidirectional operation are derived
in Fig. 27. Clearly, thanks to the achievement of full-range
soft switching and the excellent device characteristics of SiC
MOSFET, the estimated switch losses are consistently small.
Especially, the rectifier side losses Pgy rec after synchronous
rectification is performed. Moreover, it is found that magnetic
losses (i.e., P, P7, and Pr,) are the dominant part of the losses,
which implies that there is still much potential for the optimiza-
tion of the relevant magnetic components (i.e., Ly, T, and L),
and the conversion efficiency of the prototype can further be
improved in the future by optimizing the design of the magnetic
components. Besides, the inductor losses of the inverting side are
consistently larger than those of the rectifier side, and a similar
scenario can also be observed for the switch losses. This is due to
the presence of circulating reactive energy on the inverting-side
resonant tank even after optimization, which results in extra
losses of switches and magnetic components on the inverting
side. On the other hand, it is exactly the reactive power on the
inverting side that provides the proposed LCL with a wide range
of voltage regulation capability.

D. Performance Comparisons

To comprehensively demonstrate the potential benefits of
the proposed LCL, the performance comparison of LCL with

existing works for bidirectional OBC applications is summa-
rized in Table VIII. It is well known that neither SRC nor LLC
can provide a bidirectional wide voltage gain range if only PFM
is adopted. As a result, both SRC [32] and LLC [33] utilize
additional modulation strategies (e.g., PWM and PS) to handle
the requirement for a wide voltage gain range, which inevitably
increases the complexity of the control implementation. As for
DAB [6] and LCL-type DAB [27], even with the introduction
of more sophisticated multiple PS modulation strategies (e.g.,
EPS, DPS, and TPS), they still suffer from loss of ZVS when
operating over the full power range (0%—100%). Besides, exces-
sive reactive power still exists for DAB operating under OBC
applications. Therefore, the efficiency performance of DAB [6]
and LCL-type DAB [27] is to remain inferior to that of the pro-
posed LCL. Compared to the resonant tank configuration (e.g.,
CLLC [12], CLTC [13], LCCL [14], LCLL [34], and CDT-LC
[35]) specifically optimized for bidirectional wide voltage gain
applications adopting only PFM, both the proposed LCL and
LCCL [14] are capable of realizing the design voltage gain
with the narrowest frequency range. Admittedly, the overall
efficiency performance of this work is slightly inferior to that
of CLLC [12] since the CLLC is designed to realize a power
range of 50%—100%, while the LCL of this work is compromised
accordingly to achieve the entire power range of 0%—100%. Ob-
viously, the proposed LCL requires fewer resonant components
to provide superior performances similar to that of LCCL [14]
under bidirectional OBC applications. Therefore, the proposed
LCL provides a better tradeoff between cost, voltage regulation
capability, ZVS, and efficiency.

VI. CONCLUSION

The LCL resonant tank adopting PFM is optimized for bidi-
rectional OBC applications utilizing TDM in this article. The
basic operating principles of LCL are reviewed and presented
first. Then TDM is utilized to characterize the LCL resonant
tank during bidirectional operations. With the accurate findings
of TDM, an LCL resonant parameters optimization method is
proposed to address the wide voltage range of battery charger
application, which is capable of providing the required wide
voltage gain and guaranteeing the achievement of ZVS with
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reduced reactive power under desired load conditions during
bidirectional operations. Finally, a 1-kW LCL prototype with an
optimized resonant tank was constructed. The revealed experi-
mental results confirmed the correctness of the TDM theoretical
analysis and the effectiveness of the proposed parameters op-
timization method. Moreover, the superior performances of the
LCL resonant tank over the entire power range (0%—100%) were
well proven. Specifically, the optimized LCL prototype achieves
the designed 1.8 voltage gain within a narrow switching fre-
quency range of 88.7-120 kHz, with a measured peak efficiency
of 97.306%.
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