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Design Methodology of Bidirectional Resonant
CLLC Charger for Wide Voltage Range Based on
Parameter Equivalent and Time Domain Model
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Abstract—The bidirectional CLLC resonant converter has dis-
tinguished potential in battery chargers and energy storage systems
for its advantages in soft switching and bidirectional power flow
capability. However, traditional CLLC converters generally adopt
symmetrical design to maintain bidirectional symmetrical charac-
teristics, which means the secondary LC network is designed to
be equal to the primary LC network after reflection. The symmet-
rical design is only suitable for voltage grade matching scenarios
where a wide voltage range is not required, such as CLLC-type
dc transformers. Whereas in the field of bidirectional chargers,
due to the wide voltage range of battery, there are significant
differences in the characteristics required between charging and
discharging mode, which makes symmetrical design no longer
applicable. To cope with this issue, this paper proposes a novel
design methodology of CLLC based on parameter equivalent and
time domain model. With the parameter equivalent principle, the
CLLC resonant tank with arbitrary parameters is investigated to
satisfy the requirements of wide voltage range for bidirectional
charger application. Compared with the symmetrical design, the
proposed method can meet the requirements of bidirectional gain
within preset frequency range and guarantee the achievement of
zero-voltage switching under required load conditions with the
minimum reactive power. In addition, the area product capacity of
the magnetic part of the CLLC resonant tank is minimized based
on the parameter equivalent principle. Finally, experiments have
been performed on a 1 kW prototype to confirm the validity and
feasibility of the proposed design methodology.

Index Terms—CLLC resonant converter, parameter equivalent,
time domain model, wide voltage range, zero-voltage switching
(ZVS).

1. INTRODUCTION

ITH the development of electric vehicles (EV), energy
storage systems, and dc microgrid, the demand for
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bidirectional power flow is becoming increasingly common.
The traditional unidirectional battery chargers are gradually
becoming obsolete because they cannot address the challenge
of feeding energy back to the grid, and the new bidirectional
chargers are becoming a research hotspot.

A typical bidirectional EV charger consists of an ac/dc con-
verter for power factor correction and a galvanically isolated
bidirectional dc—dc converter for safety in battery applications
[1]. Due to the output voltage and current are regulated by dc—dc
stage, the characteristic of the bidirectional chargers is mainly
dependent on the bidirectional dc—dc converter. Among various
bidirectional isolated topologies, CLLC resonant converter is
considered to be a promising topology due to its bidirectional
energy flow capability, soft switching, and symmetrical structure
[2]-[7]. A variable CLLC topology structure is proposed to
achieve the asymmetrical power transmission capability for both
the charging and discharging modes while the current stress
almost doubled [8]. A sensor-less synchronous rectification
algorithm combined phase shift modulation for CLLC converter
is presented to improve efficiency and expand the voltage reg-
ulated range [9]. In order to track the maximum efficiency, the
variable dc-link voltage technique is employed to maintain the
operating frequency always close to resonant frequency of the
CLLC converter [10], [11]. Although the variable dc-link voltage
can broaden the output voltage of the converter, the voltage
regulation capability of the CLLC converter is still indispensable.

Compared with LLC, typical CLLC has an extra LC series
network on the secondary side to form a five-element resonant
tank [12], [13]. In order to maintain symmetrical characteristics
during bidirectional operation, the secondary LC network is
designed to be equal to the primary LC network after reflection
(n*Lg = L, Cs= n2Cp) [13], as shown in Fig. 1. This design
implementation is considered as symmetrical CLLC. In fact,
since CLLC resonant converters may have arbitrary parameters,
depending on whether the primary resonant frequency is the
same as the secondary resonant frequency, CLLC can be divided
into D-type CLLC (L,,C, # LosC,) with different primary
and secondary resonant frequencies and S-type CLLC (L,C,, =
L;C;) with the same primary and secondary resonant frequen-
cies, as shown in Fig. 2. Obviously, symmetrical CLLC (n*L, =
L, Cs= nsz) is only a special case of S-type CLLC (h =1 as
discussed later).
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Fig. 2. D-type CLLC and S-type CLLC. (a) D-type CLLC. (b) S-type CLLC.

Recently, the design and optimization of CLLC resonant
tanks are attracting more attention. The existing research on
the parameter design of CLLC converter can be summarized
into first harmonic approximation (FHA) [12], [13], [15]-[23]
and time domain model (TDM) [14], [25]-[26]. A common
disadvantage of FHA is that its accuracy gets worse as the
switching frequency deviates from the resonant frequency for
FHA only accounts for the fundamental components of the
resonant tank’s response while neglecting corresponding high-
order components [14]. Many researches adopting FHA focus on
symmetrical CLLC for CLLC-type dc transformers application
[15]-[20], where narrow voltage regulated range is required.
Due to the resonant frequency of the CLLC-type dc transformer
is susceptible to parameters variations, a robust design scheme
is proposed to handle the parameters deviation issues [15].
Artificial intelligence algorithms can also be adopted to optimize
design parameters and system efficiency [16], [17]. Moreover,
unlike the dc transformers that only achieve voltage grade match-
ing in [15]-[17], symmetrical CLLC designed for bidirectional
chargers in [12], [13], and [21]-[23] are capable of handling the
wide-range voltage of battery. Although the proposed design
methods achieve bidirectional wide-range voltage gain for bat-
tery applications, it cannot guarantee the realization of full-range
zero-voltage switching (ZVS) in terms of time-domain accuracy
since FHA can only obtain a low-order approximation of the
time domain response. In addition, considering that symmetrical
CLLC is a special case of the S-type CLLC, together with the
more common D-type CLLC, it is unreasonable to focus on
only the symmetrical CLLC to handle wide-range voltage gain
requirements. The required operating frequency range would be
flagrant large if symmetrical CLLC is employed to achieve the
bidirectional gain requirements of battery application, which
seriously affects the performance of the converter [24]. An
asymmetric parameters methodology adopting statistical design
of experiments and FHA is proposed for CLLC converters to
narrow the switching frequency range for wide-range voltage
applications in [24]. However, due to the inaccurate flaw of FHA,
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the design methodology still cannot guarantee the achievement
of full range ZVS in terms of time domain accuracy.

The largest advantage of TDM over FHA is that precisely
time domain response of resonant tank is obtained. Therefore,
more accurate voltage gain characteristics is derived and the
achievement of full range ZVS in terms of time domain accuracy
is guaranteed. The research in [25] proposed a time-domain
model of resonant CLLC for fast parameter scanning. However,
Sun et al. [25] do not presented detailed circuit state expressions
and cover the entire circuit operating states. A more detailed
analysis adopting time domain solution of operating modes for
CLLCisintroduced in [26], butit does not provide corresponding
parameter optimization design method for wide-range voltage
application. In [14], the design criteria are presented through
time-domain analysis for symmetrical CLLC under dc trans-
former application to get an optimized solution. Comprehensive
comparison of aforementioned existing research, few literatures
based on TDM analyzed CLLC resonant converters with arbi-
trary parameters (e.g., D-type CLLC and S-type CLLC) for pa-
rameters optimization design of wide-range voltage application.

In this article, a novel parameters design methodology for
bidirectional CLLC chargers based on parameter equivalent and
TDM is presented. Based on proposed parameter equivalent
principle, all the design freedom of CLLC resonant tank is
utilized to meet the bidirectional gain for on board charger
(OBC) applications. Different from conventional design, the
proposed method can realize the required bidirectional gain
within preset frequency range and guarantee the achievement of
ZVS under desired load conditions with the minimum reactive
power. Meantime, the AP capacity of the magnetic part of the
CLLCresonant tank is minimized based on parameter equivalent
principle. The rest of this article is organized as follows. The
parameter equivalent principle of CLLC resonant tank is derived
in Section II. In Section III, TDM is used to analyze the voltage
gain and output characteristics of the CLLC converter with
arbitrary parameters in charging and discharging modes under
typical OBC applications. And then, a novel design method-
ology that guarantees the bidirectional voltage gain and ZVS
are achieved within preset frequency range under required load
conditions is summarized in Section IV. With the parameters
equivalent principle, a method that minimizes the AP capacity
of the magnetic part of the CLLC resonant tank is introduced in
Section V. The design methodology is verified by experiments
in Section VI. Finally, Section VII concludes this article.

II. PARAMETER EQUIVALENT

Compared with S-type CLLC, the different primary and
secondary resonant frequencies of D-type CLLC brings great
inconvenience to subsequent analysis and design. In fact, neither
the primary resonance frequency nor the secondary resonance
frequency is the genuine resonance frequency of the D-type
CLLC resonant tank. By equating D-type CLLC (L,,C), +
L,;C,) with different primary and secondary resonant frequen-
cies to S-type CLLC (L,C, = L,C,) with the same primary
and secondary resonant frequencies, as shown in Fig. 2, the
analysis of the D-type CLLC can be simplified to the analysis of
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its equivalent S-type CLLC. Meantime, the resonant frequency
of the equivalent S-type CLLC is exactly the genuine resonant
frequency of the corresponding D-type CLLC.

Equation (1) shows the terminal voltages in term of the loop
currents for the magnetic part of the D-type CLLC shown in
Fig. 2(a). Similarly, the terminal voltages in term of the loop
currents for the magnetic part of the equivalent S-type CLLC
shown in Fig. 2(b) can be derived in (2). To ensure that the equiv-
alent S-type CLLC and the given D-type CLLC have precisely
the same electrical characteristics (e.g., terminal voltages, loop
currents, voltage, and current waveforms), (2) should be exactly
equal to (1). Due to the reciprocity of passive network, the
equivalence of (2) and (1) corresponds to only three equations.
Considering that there are four unknowns (L, Ls, Ly, n) to
be determined in the equivalent S-type CLLC, an additional
constraint need to be attached. In fact, S-type CLLC inherently
implies constraint L, C,, = L,Cj, which is adopted here as L,/L,,
=C,/Cs=H_.in(3). Where H . represents the resonant capacitor
ratio between primary and secondary sides both for S-type and
D-type CLLC. N and n are, respectively, the transformer ratio
for D-type and S-type CLLC

dig d(ia‘i’iib) di,
Ugq = Lap,c;t + Lam i = (Lap + Lam)ﬁ

Lam dip
Up = Lﬁnijjdh’;é “!‘Las%:%%
+(Las + Sep) 42
L L Lom dig
- |:’ua:| _ [ apL"L'im am NLzmn:| |: li] (1)
Ub N Los + 5 | L3
AN
= ; 2
[w} [ fo Lo+ 2| | @
Ly+Lm Lo 1 _[Lap+Laem L
L;Ln L+ Ly, Lam Los + LNagL (3)

To simplify the subsequent analysis, the relevant normalized
parameters of the D-type CLLC are introduced in (4), where H;
denotes the resonant inductor ratio between secondary and pri-
mary sides for D-type CLLC, and K, indicates the inductor ratio
between primary resonant inductor and magnetizing inductor
for D-type CLLC

Hl = Las/Lap
{ Ka: Lap/Lam~ (4)

By solving (3) with L,/L, = C,/Cs = H,, corresponding
equivalent S-type CLLC parameters are acquired in

Ly = Lap (14 N? (H. + (He + Hy) Ko) — &)
/(2N?H_.K,)

Ls = Lap (1+ N? (He + (He + Hy) Ka) — &0)
/(2N?K,)

Ly, = Lap (-1 4+ N2 (H. + (H. — H)) K,) + &)
/(2N?H.K,)

n=(-1+N?(H.+ (H. - H)) Ka) + &)
/(2N H,)
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where

€0 = AN?H, + (1 + N2HK, - N2H,(1+ K,))*. (6)

Moreover, if C, tends to infinity in S-type and D-type CLLC,
which means there is no resonant capacitor on the secondary
side. If we solve the constrained (3) again, L of equivalent S-
type CLLC will be 0 as in (7), which means the equivalent S-type
CLLC is an LLC resonant tank now

Ly = Lap + LapN?H; /(1 + N*H, K,)
L;=0

Ly = Loy /(Ko + N?°H K?)
n=N/(1+N?*HK,).

@)

For a S-type CLLC, as shown in Fig. 2(b), we have definitions
in
k=L,/Ly, @)
h= nQLS/Lp = nQC’p/CS.

Where & is the inductor ratio between primary resonant induc-
tor and magnetizing inductor, and £ is the symmetry coefficient
for S-type CLLC. For h = 1, S-type CLLC is exactly the tra-
ditional symmetrical CLLC resonant tank. If 2 = 0 in (8), then
there are no resonant inductor or capacitor on the secondary side.
Meantime, the S-type CLLC degenerates into an LLC resonant
tank.

Similarly, for a certain given S-type CLLC shown in Fig. 2(b),
there are infinite number of D-type CLLC shown in Fig. 2(a)
with the same electrical characteristics equivalent to it. The
corresponding terminal voltages in term of the loop currents for
the magnetic part of the equivalent D-type CLLC and the given
S-type CLLC are shown in (1) and (2), respectively. To ensure
that the equivalent D-type CLLC and the given S-type CLLC
have precisely the same electrical characteristics (e.g., terminal
voltages, loop currents, voltage, and current waveforms), (1)
should be exactly equal to (2). Due to the reciprocity of passive
network, the equivalence of (1) and (2) corresponds to only three
equations. Considering that there are four unknowns (L, Lqs,
Lgm, N) to be determined in the equivalent D-type CLLC, an
additional constraint need to be attached. By defining the similar
symmetry coefficient H for D-type CLLC in (9), the given S-type
CLLC can be equivalent to corresponding D-type CLLC with the
same electrical characteristic

- Lo+ L2 | 9

n

{Lp+Lm Lo
- L

After solving (9) with NzLaS/Lap = H, corresponding equiv-
alent D-type CLLC parameters are acquired in
Lop =L, 2k (hk+h+1)+H+1-¢)/(2k (hk+1))
Los =Ly (2hHE? +2(h+1)Hk+ H+1— &)
/(2Hk: (k+1)n?)
Lam = LP (61 —H + 1)/(2k (hk + 1))
N=n(& —H+1)/(2hk + 2)
(10)
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< A i< A} < A —— = =
c >~ T e c, > e c, ~ T e Circuit Variable 1/ZSymbol - Normalized Variable
(a) (b) (©) Resonant frequency , = (L,Cp)"* = (L,C,)""* = 2xf; -
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Fie.3. Th il D CLLC H=0 (b)H=h H— Inductance ratio k=L,/L, -
18- - ree special D-type -@H=0.(0)H=h.(c) H= +oo. Symmetry coefficient h=n’LJL,=n*C,/C, -
Voltage gain M=nU,/U, -
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Secondary resonant _ 1n _ 1
where frequency 1= ((LytLn)Cp) 1= (140 o,
Switching frequency fo=UT, fo=Lflf
Half period 1/2f5) y=alfy
& = \/H (4k (hk+h+1)+ H+2)+1 (I1)  Primary resonant _
: u(f) m(0) = ui()/ U
capacitor voltage
where H can vary from O~infinity in (10). When H = 0, there is ~ Secondary resonant 1(?) mo(0) = ux()/Us
. . . capacitor voltage
no inductor on the secondary side; when H = h, the equivalent  pyinary resonant
.. . i1 J10) = Zi,(t)/ U,
D-type CLLC returns to the original S-type CLLC; when H  inductor current
. . . . . . Secondary resonant . N
approache.s 1n.ﬁn1ty, there is no inductor on the primary side, ;4 oo (1) JA0) = Z,ir(0)/ Uy
as ShOWIl. mn Flg. 3. . i\//([)%;tgan?zmg inductor un(t) mn(0) = (D) Uy
Meantime, when H takes the three special values, (10) can be se
. ) Magnetizing inductor i (f @) =70 (U,
further simplified to current in(?) Jnl0) = Z,in()/ Uy
Reflected output voltage nl, M

Lop = Ly(hk+h+1)/(hk+1)

Las =0 o
Lam = Ly/(k (hk + 1)) with =0 (12)
N =n/(hk +1)
Lap - LP
2
Las = hLy/n* = L, with H = h (13)

with H = +o0

N=(k+1)n.
(14)

It can be concluded from the parameters equivalent process
that the crucial difference between CLLC and LLC is whether
there is a resonant capacitor on the secondary side. Both CLLC
and LLC can contain resonant inductor on both the primary and
secondary sides, or only one side of the primary and secondary
sides contain resonant inductor.

III. CHARACTERISTICS OF CLLC CONVERTER

In Section II, the parameter equivalent principle of CLLC
resonant tank has been presented. Therefore, we only need to
analyze the characteristics of S-type CLLC, which is equivalent
to analyzing D-type CLLC with arbitrary parameters.

For typical OBC applications, the input voltage on the primary
side of the CLLC converter is generally a fixed value, and the
battery voltage on the secondary side fluctuates in a wide range.
Therefore, this article mainly analyzes the characteristics of
S-type CLLC converter under OBC scenario. Following the
definitions in (8), only five parameters (L,, Cy, k, h, n) are
required to describe S-type CLLC completely. The following
analysis defines the forward power flow and the reverse power
flow as the charging mode and discharging mode, respectively,
as shown in Fig. 1.

A. Forward Mode

1) Time Domain Model: Since switching actions occur on
both the primary and secondary sides, the CLLC resonant con-
verter represents a nonlinear time-varying system, which com-
plicates the analysis of its operating principle. The converter may
operate in several resonant stages within one switching cycle
depending on the specification of the parameters, switching
frequency, and load conditions. Considering the CLLC converter
adopts variable frequency control to regulate the voltage and the
duty cycle is fixed to 50%, the operational states of the resonant
tank in both half cycles are symmetrical. The upcoming analysis
focuses on the positive half cycle when S,1, Sp3 turn ON and
Sp2, Spa turn OFF. During the positive half cycle, according to
the conduction states of secondary body diodes, the converter
can be simplified into three equivalent circuits as P stage (the
body diodes of Ss1 and Ss3 turn ON), N stage (the body diodes
of Ss2 and Sy turn ON), and O stage (all body diodes turn OFF).
As shown in Fig. 4, where L, = n’L,, Cy. = C,/n’.

During the P stage, the body diodes of S, and Sg3 turn ON,
then the output voltage of the resonant tank V¢p is clamped
to Us. According to the circuit in Fig. 4(a), the four-order
differential equations are established in

di di
Lm lgzp + Lp gtp +uip = Ul
dimp )
Lm dtp - Lse d2tp + ugp + nUQ
. du . du
lip = OpTltpleP = Cse diP

11p = i2p + imp.

5)

For the convenience and generality of the analysis, all the
following variables are normalized based on the base values in
Table I. As can be seen from Table I, there are four main bases
for normalization in

Zbase — Zr =\ Lp/Cp; Ubase - Ul

Ibase:Ubase/Zbase7 Whase = wr:(LpCp)il/QZ(Ls 05)71/2- (16)



ZHAO et al.: DESIGN METHODOLOGY OF BIDIRECTIONAL RESONANT CLLC CHARGER FOR WIDE VOLTAGE RANGE

12045

Fig. 4.

Through solving (15), the normalized special solution of the
P stage is shown in (17).

mlp(e) —
+ 515 ((m1po + mapo — 1) cos (6)

+ (J1po + hj2po) sin (0)+ (hmipo — h — mapo) cos (k16)
+ h(jipo—j2po)sin(ki6) )

k1
jrp(0) = Mk Sm(hkifi)*sm(f?))
+ 717 (1 = mypo — mapo) sin ()
+ (j1po+hjzpo) cos @) + k1 (h+mapo — hmipo) sin (k16)

+h (jipo — j2po) cos (k10))
M (cos(0)h+cos(k10))
h+1 : -M

M (cos(0)—cos(k10))
h+1 : +1

mgp(e) =
—&—h%rl(h (m1po + mapo — 1) cos (0)

+h (jipo+hjopo)sin (0)+(h + mapg — himy po) cos (k16)
+h(j2P(])€;ij0) sin (k10))

. M (hsin(0)+kq sin(k160
]2P(9) __ M( (h2h+i) (k10))

+ﬁ((l —mipg — Mapo) sin ()
+ (d1po + hiapo) cos (6) + PHEmEGRERE) sin (k)
+ (japo — Jipo) cos (k1))

A7)

Where k1 = (/’lk/(hk + h + 1))1/2, mi po, M2z po, j1 PO> and
J2po are the normalized initial value of primary resonant ca-
pacitor voltage, secondary resonant capacitor voltage, primary
resonant inductor current, and secondary resonant inductor cur-
rent, respectively. my p(6), mo p(0), j1 p(8), and j; p(f) are the
normalized value of u; p, usp, i1 p, and isp during P stage,
respectively. Moreover, (17) is a precise time domain description
of the resonant tank’s responses during P stage, and it is not hard
to notice that the current or voltage responses contain not only
the resonant frequency part (w,.) but also the other harmonics part
(kiw.). Hence, compared with the conventional FHA model, the
exact operating behaviors can be obtained based on TDM, which
includes not only the fundamental harmonic component (f;) but
also all other higher harmonic components (Kf;, K = 2~+00).
Similar to the P stage, the normalized special solution of the N
stage can be derived in (18).

Accordingly, m1 yo, M2 N0, 1 N0, and jo yo are the normalized
initial value of primary resonant capacitor voltage, secondary

Equivalent circuit of the CLLC resonant tank in different operating stages. (a) P stage. (b) N stage. (c) O stage.

resonant capacitor voltage, primary resonant inductor current,
and secondary resonant inductor current. my n(6), mopn(0),
Jin(0), and jo n(6) are, respectively, the normalized value of
Ui N, Us N, i1 N, and io v during N stage

— M (cos(0)—cos(k10
( (h)+1 (F10) 4 1

min(0) =
+%+1((m11v0 + mano — 1) cos ()

+ (Jinvo + hjano) sin (8) + (hmino — h — mano)
cos (k1) + h(leo*jz)]i\io)SiH(kl@))

in(0) = —M(klsin}fille)fsin(e))
+h%r1((1 — miNo — Mano) sin (0)

+ (Jino + hjano) cos (8) 4 k1 (b + mano — hmino)
sin (k160) 4 h (jinvo — Jano) cos (k10))

mon (0) = —Al(cos(sziLL-&l-cos(hQ)) M
+h%r1(h (mino + mano — 1) cos (0)

+h (jino + hjano) sin (0) + (h + mano — hmino)

cos (ki) + g0l sin (k0))
Jon () = M(hsin(zziﬂ)sin(kle))

+ 727 ((1 = maino — mano) sin ()
+ (Jinvo + hjano) cos (6) + kl(hmmogh*m”") sin (k10)
+ (J2no — Jino) cos (k10)).

(18)

Different from P or N stage, the resonant tank in O stage
degenerates into a typical LC series resonance network, as shown
in Fig. 4(c), and the magnetizing current is equal to the resonant
current in O stage. Utilizing the same derivation, the normalized
special solution of O stage is derived in

mio(0) = jioosin (k20)/k2

+ (m1oo — 1) cos (k20) + 1

J10(0) = ji00 cos (k20) — ka (m100 — 1) sin (k20)
mao(0) = maoo

J20(0) =0

(19)

where ko = (k/(k + 1)2, m1 00, m200, and ji oo are the
normalized initial value of primary resonant capacitor voltage,
secondary resonant capacitor voltage, and primary resonant in-
ductor current, respectively. m1 o(6), ma 0(8), j1 0(0), and j2 o(0)
are the normalized value of uy o, u2 0, i 0, and iy o during O stage,
respectively.
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TABLE II
OPERATION CHARACTERISTICS OF CLLC RESONANT CONVERTER

k<f,<1 f=1 f>1
Mode PN PONO PON PO OPO (6] P OPO (0] NP NOP OP OPO o
Inverting ZVS/ ZVS/ ZVS/ ZVS/
switches 7CS 7CS 7CS 7CS ZVS ZVS | ZVS | ZVS ZVS ZVS ZVS ZVS | ZVS ZVS
Rectifying Hard 7CS 7CS zcs  zcs  OFF | zcs | zes  orF | Mo zes | zes  oFF
switches switching switching
Voltage gain M>1/M<1 M>1 M=1 M>1 M<1 M>1/M<1
Output current Large—small Large—small Large—small

Zero-voltage switching (ZVS), zero-current switching (ZCS).

Note that k5 is the normalized serial resonant frequency of L,,,,
L, and C,,. In practice, the operation region of CLLC converter
is set in the ZVS region and the normalized frequency range is
always higher than k.

2) Analysis of Operation Modes: According to the analysis
and simulation verification, for different parameters specifica-
tion, switching frequency, and load conditions, ten valuable
operation modes are recognized, which are named after the
sequence of different stages: PO, PON, PN, PONO, NP, NOP,
OP, OPO, P, and O modes. Among them, PO, PON, PN, and
PONO can be observed in the below-resonance region (f,, < 1)
(BRR), NP, NOP, and OP exist in the above-resonance region
(fr, > 1) (ARR). Besides, P mode only appears at the resonant
point (f, = 1), and O mode is the cut-off mode as no power
is transferred to the rectifying side. Especially, OPO mode can
operate in all three regions abovementioned. All valuable modes
and corresponding characteristics are summarized in Table II.

Each operation mode is restricted with several constraints.
First, at the joints of adjacent stages, the capacitor voltage and
the inductor current should be continuous. Second, by symmetry,
once the resonant tank reaches a steady state, the final values of
the capacitor voltage, and inductor current should be opposite to
their initial values. Third, the resonant current of rectifying side
equals O at the boundary of every two adjacent stages. Fourth, due
to the disconnection between the inverting side and rectifying
side in O stage, the energy is transferred to load only in P and
N stage, and the secondary resonant current is rectified by a
full-bridge, then the normalized output current I, , can be
derived in (20). Where 6 pg and 0 p represent the start and end
moment of stage P, ¢, and 6y represent the start and end
moment of stage N

7/ fn
Iout_n - fn/o |]2 (9)|d9/7r
i [ e @ao— [ jaw )0
—fn(/apohP() _/QNOJZN() >/7r

= fn (ma2p (0p) — map (Opo) + man (Ono)

—MmMoN (9]\7))/(71'}?,) (20)

Meantime, it is not hard to derive the normalized output power
Pout_nin(21). Moreover, there is still an additional constraint for
several special operating modes. That is, during a half switching
cycle, the voltage of the transformer is continuous when the
circuit operates from O stage to P or N stage. To put it in

another way, the absolute value of Vp reaches U, precisely
when the circuit is commuting from O stage to P or N stage. This
additional constraint just applies to PONO, PON, OPO, NOP,
and OP modes. PO mode is taken as an example to demonstrate
the mode equation set in (22) as follows:

P out_n — M Ioul_n

= M fn (m2p (0p) — map (Opo) + man (Ono)
—man (0n)) /(h)

7/ fn
=1fn/0 ya(e)de/w

= fu(ma (7/fn) —m1(0))/m
=2 fnmy (0)/7

Jip (0p) = jio (Bo0) , j2pr (0p) =0
mip (HP) = mio (900) , M2 p (QP) = M20 (900)
J1p (Bpo) + jio (o) = 0,j2p (Opo) =0
mip (Opo) + mio (0o) = 0,map (Opo) + mao (fo) =0
0po = 0,000 = 0p,00 =7/ fn
Jorr i2p (0)|d0 = (map (0p) — map (0p0))/h
= WIoutfn/fn

21

(22)

where 6p or 6o represents the moment when the circuit is
commuting from P stage to O stage, #py denotes the start
moment of PO mode as 0, and 6 indicates the end moment of
PO mode as 7/f,,. Ious_n denotes the normalized output current
of current PO mode. During a half switching cycle of PO mode,
start by P stage maintains for [0, 6p], followed by O stage
operating for the rest of the half-cycle [0 g, 7/f,,]. Similarly,
other modes can also list the nonlinear transcendental equations
like (22). However, the analytical solutions can only be acquired
under P mode and for other modes, only numerical solutions
can be obtained with advanced numerical calculation tools like
Mathematica/MATLAB. By solving mode equation set like (22),
the numerical solutions of voltage and current responses of
CLLC resonant tank in each mode are precisely derived. As
an illustration, the precise operation waveform of PO mode is
shown in Fig. 5.

As for P mode, it is no hard to derive its analytical solutions
in (23) and (24). In the positive half cycle of P mode, j, p(6)
should be nonnegative, combined with the analytical solution of
J2p(0), the normalized output current /o, _,, of P mode should
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Fig. 5. Operation waveform of PO mode.

be no less than a certain critical value, otherwise, the converter
will enter OPO mode. The corresponding critical value 11 _,, is
derived in (25) as follows:

mipo = *Wlout_n/Q

maopo = —Tlou_nh/2

Jipo = —ki (h+ 1) tan (k17 /2)/h (23)
Japo =0

M=1

myp(0) =1 — wlow pn cos (0)/2 — cos (k160)
—ky sin (0) tan (ky7/2)/h — tan (ky7/2) sin (k16)
Jip(0) = kq (hsin (k10) — tan (ky7/2) (hcos (k10)
+cos (0))) /h+m Lo nsin (0)/2
maop(0) = —1 — wlyy nhcos (6)/2 + cos (k10)
—ky sin (0) tan (ky7/2) + tan (ky7/2) sin (k1 0)
Jop(0) = —kq (sin (k10) + tan (ky7/2) (cos (6)
—cos (k10))) /h + Tlow n sin (0)/2

(24)

2k

(hk+h+ 1) 25)

Iy n =

3) Mode Boundaries and Distribution: In fact, besides the
ten modes mentioned previously, there are still several useless
modes exist in the region where f,, is higher than ky. Such
as PNO, PNPO, PNP, and NPNP modes. Different operations
modes of CLLC converter require different load conditions,
voltage gain, and frequency range. Therefore, to avoid the
complexity of solving all the voltage gain curves, it is crucial
to derive the boundaries and distribution of modes. The modes
boundary can be seen as a special case of the operation modes.
For example, the mode boundary between PO and PON is that
Vep reached —Us exactly at the end of O stage for PO mode.
Therefore, the mode boundary can be obtained by solving the
PO mode equation set attached with this extra constraint. And
it should be noticed that mode boundary only depends on the
parameters of the resonant tank, since then, the mode boundary
can be solved without load conditions. In addition to normal
modes, there are two boundary modes, which are OP mode at
the boundary between NOP and OPO modes, and O mode under
zero-load condition, all the mode boundary constraints have

{mwo =0
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TABLE III
BOUNDARY CONSTRAINTS OF OPERATION MODES

Mode boundaries Solving mode Constraint

OPO/PO PO Myp(Opo)-map(Opo) = M
PO/PON PO Mmyo(lfy)-mao(@lfy) = -M
PON/PN PN Mup(Ono)-map(Ono) = -M
PON/PONO PON Jop(0)=0
PN/others PN J2p(0)=0
PONO/others PNO Mp(Ono)-m2p(Ono) = -M
NP/NOP NP M (Opo)-man(Opo) = M
NOP/OPO OP Muo(Oro)-mao(Oro) = M

Others: PNO, PNPO, PNP, and NPNP modes.

been listed in Table III. Where 6 p( represents the start moment
of stage P, 8 indicates the start moment of stage N. m,, p(6),
mo p(0), and js p(0) are the normalized value of u,,p, us p, and
io p during P stage, respectively. m,,o(6) and moo(6) are the
normalized value of u,,o and us o during O stage. m,, ny(0) and
mo n(0) are the normalized value of u,, y and us y during N stage.

As for O mode under zero-load condition. For this boundary,
no power transfers to the rectifying side, and all energy is
circulating in the inverting side resonant tank. Output capacitor
is cut off from the resonant tank during the whole cycle of O
mode. It is no hard to derive the analytical solution of O mode
under zero load in (26) and (27). Where m1 o(0), m,,0(#), and
J10(0) are, respectively, the normalized value of u; o, u,, 0, and
io

J100 = —ka tan(kam/(2f,)) (26)
mi1o(0) =1 — cos (ke (m — 2f,0)/(2fn)) sec (kam/(2fn))
J10(0) = —kasec (kom/(2fs)) sin (k2 (1 — 2£,0)/(2fn))
Mmo (0)=cos (ke (1—21,0)/(2fn)) sec (ko /(2fn))/(1+E).
27

Due to the output capacitor is cut off from the resonant tank
during the whole cycle of O mode. The absolute value voltage
across magnetizing inductor should no bigger than voltage gain
M, as shown in

M 2 |mmo(0) | nax = [mmo(7/(2fn))]

= sec (ko /(2fn))/(k + 1). (28)

Especially, there are three special voltage gain M in (29).
Where M, denotes the minimum voltage gain that O mode can
achieve at f,, = 1 when inductor ratio k tends to 0, M5 represents
the maximum voltage gain that OPO mode can achieve at f;,
= 1 when inductor ratio k close to infinity, and M3 indicates
the minimum voltage gain that O mode can achieve when f,
approaches infinity

M, = 1133% sec (kam/(2fn))/(k + 1) =1
=1
My = lim sec(kom/(2f)/(k+1)|  =4/x 9

Ms = fliinoc sec (kam/(2fn))/(k + l)f;zll/(l +k).

n
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Fig. 6. Typical mode boundaries and distribution of CLLC on f,,-M plane.

(a) Mode boundaries. (b) Mode distribution in BRR. (¢) Mode distribution in
ARR.

Typical mode boundaries and distribution of CLLC on f,,-M
plane are determined by parameter k and 4, as shown in Fig. 6.
After solving all those boundaries equation sets, the character-
istics of the CLLC resonant tank can be precisely obtained by
solving different mode equations. Different from LLC converter,
with different values of &, there are three possibilities for soft
switching ON the inverting side. The CLLC resonant converter
always has two resistive boundaries in BRR (ko <f,,<1). If
0<h<1, these two resistive boundaries divide BRR into two
ZVS areas and one zero-current switching (ZCS) area; if h = 1,
these two resistive boundaries divide BRR into two ZVS areas
and two ZCS areas; if & > 1, these two resistive boundaries
divide BRR into one ZVS area and two ZCS areas, as shown in
Fig. 7.

4) Output Characteristics Analysis: In addition to the vari-
ous situations analyzed previously, there is also a special case of
a short circuit on the output side, which means M = 0. Under this
circumstance, no energy is flowing to the output, and all energy
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is circulating in the resonant tank. Different from O mode, the
resonant tank is P or N stages during the whole half cycle. With M
= 0, the analytical solution of the output short circuit is derived
in (30) shown at the bottom of this page.

Due to the CLLC converter with a short circuit on the output
side resonates at several frequencies, therefore, these special
frequencies in (31) should be excluded

fn#{l/(zq_l)

=1.2.3....
ki/(2q—1) 97 2%

€1y

The output current under this circumstance can be derived by
combining (20) and (30) as in

7/ fn
e, e /R cos 0

— tan (7/(2f,)) cos (0) — ky sin (k10) + sin (0) |d6.

1, out_n —

(32)
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If CLLC resonant tank operates in PN or NP mode under short
circuit circumstance, (32) can be further simplified to

2 fn(sec(kim/(2fn))—sec(m/(2fn))) 7 PN mode

2 o (scc(/ (20 steks /(2 )
n =) L 2222 NP mode.

(33)

Ioutfn =

As shown in Fig. 8, for a CLLC converter operating at a
certain frequency, if the voltage gain M gradually decreases
from a large value to 0O, the operating mode of the resonant
tank starts from O mode, goes through several modes in turn,
and finally reaches the state of a short circuit on the output side.
During the decreasing process of M, the output current increases
monotonically, until the output current reaches the maximum
value under the state of short circuit on the output side, which is
the output current corresponding to (32). However, for CLLC
converter operating at the resonance point f,, = 1, when M
gradually reduces from a large value to 1, the operating mode of
the resonant tank sequentially undergoes O mode, OPO mode,
and finally enters P mode. Similarly, the output current increases
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TABLE IV
CONSTRAINTS FOR BOUNDARIES INTERSECTIONS
Intersection Solving mode Constraint
OPO/PO, NOP/OPO,
NOP/NP P Myp(Opo)-map(Opo) = M =1
PO/PON, PON/PN P mmp(g‘vo)-mzp(agvo) =-M=-1

monotonically as M decreases. As analyzed for P mode in (25),
as long as Ioyt n=1p1 n, the CLLC converter operating at f,, =
1 will enter the P mode. In other words, the CLLC resonant
converter operating in P mode can output infinite current. When
M continues to decrease from 1 of the CLLC converter operating
at f,, = 1, the response of the resonant tank will oscillate and
diverge, which should be avoided in practical applications.

By solving the mode equations, the gain curves of the res-
onant tank under different /,,; , conditions can be accurately
obtained, as shown in Fig. 9.

By observing Fig. 8§, it is not difficult to notice that the
mode boundaries OPO/PO, NOP/OPO, NOP/NP, PO/PON, and
PON/PN intersect at the point (1, 1) onf;,-M plane. Similarly, the
mode boundaries OPO/PO, NOP/OPO, and NOP/NP intersect
at a certain point at f,, = 1 on f,,-Ioyt_» plane, and the mode
boundaries PO/PON and PON/PN intersect at a certain point at
fn = lon f,-Ioyt_n plane, which means that the corresponding
operating conditions is a special P mode when the mode bound-
aries intersect atf,, = 1. In other words, the corresponding special
P mode can be solved by attaching the relevant mode boundary
constraints to P mode. And the mode boundary constraints for
intersections are listed in Table IV. Where 6 py represents the
start moment of stage P, 0y indicates the start moment of
stage N.

For OPO/PO, NOP/OPO, and NOP/NP boundaries intersec-
tion of P mode, it is no hard to obtain the corresponding /oy n

my(0) =1 — hsec(k1m/(2fn)) cos(ky (m—2fn0)/(2fn))+tan(m/(2fn)) sin(0)+cos(0)

h+1

jl (0) _ —hky sec(kim/(2f))sin(ky (7r72f,,,g—)i_/1(2fn))7tan(7r/(2fn)) cos(0)+sin(6)

(30)

ma(0) =

h(tan(kim/(2f)) sin(k10)—tan(mw/(2f,)) sin(0)+cos(k10)—cos(0))
h+1

2
. (9) _ Fatan(kim/(2fn)) cos(k16)—tan(m/(2fn)) cos(6) —ki sin(k10)+sin(0).

J2

h+1
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in (34), which is exactly the output current of the critical P mode
in

2k
(hk+h +1)m

Similarly, itis not hard to derive the normalized output current
of PO/PON and PON/PN boundaries intersection in

Ioul_n - - Ibl_n~ (34)

2(k + 2)

Iy = ———""—"—+— 35
T (hk+ b+ ) (35)

Poul_n - M-[out_n‘ (36)

The normalized output power of (21) is redrawn in (36).
Similarly, as shown in Fig. 10 and Fig. 11, where Py, ,, and
Pya_p are the normalized output power of certain P modes corre-
sponding to I, and I2_,,. Fora CLLC converter operating at a
specific frequency, as voltage gain M gradually decreases from a
large value to zero, the normalized output current monotonically
increases to the maximum value. The operating mode of the
circuit starts in O mode, then passes through several modes,
and finally reaches the state of short circuit on the output side.
During this process, the normalized output power is zero in the
O mode and the output side short-circuit state, which means that
the normalized output power first increases from O to a certain
maximum value P,,,, and then decreases to 0. However, for
the CLLC converter operating at the resonance point f,, = 1,
when M gradually reduces from a large value to 1, the operating
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mode of the resonant tank sequentially undergoes O mode,
OPO mode, and finally enters P mode. As analyzed before, the
CLLC resonant converter operating in P mode can output infinite
current, which means there is no maximum output power during
the process, the output power increases monotonically during
this process. In other words, the CLLC resonant converter oper-
ating in P mode can output infinite power. Through numerical
calculation, it is easy to obtain the normalized output power of
operating point for the entire f,,-M plane in Fig. 12, and the
maximum output power P, at certain frequency, as shown in
Figs. 10 and 11. Moreover, the projection of constant P,
gain curves on f,,-M plane is also obtained in Fig. 13.

For OBC applications, the battery is usually charged in a con-
stant Poyt_,, mode. By analyzing Figs. 10-13, it is not difficult
to conclude that if a CLLC converter that operates in constant
Pout_n mode and the voltage gain increases monotonically with
the decreasing f;,, then the maximum P, , should no bigger
than the minimum value of the maximum output power Py, at
certain frequency in BRR of the CLLC converter, otherwise, the
gain curves under constant P, _, mode will be nonmonotonic
in BRR.

For CLLC converter operates in forward mode, the constraint
for inverting side to achieve ZVS can be described in

‘le‘ Ibasetdead 2 2CossU1

\jm\ ldead = 2CossZr (37)
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where j1¢ is the normalized value of i; at the start moment of the
positive half cycle in forward mode, C,ss is the output capacitor
of corresponding MOSFETS, and fqeaq 1 the dead time.

Through numerical calculation, it is easy to obtain the gain
curves and the ZVS current j;o of the corresponding operating
point when CLLC converter is operating under constant Pyt
mode, as shown in Fig. 14.

Itis not difficult to find that ZVS is most likely to be lost when
the Py, reaches the maximum in BRR or the minimum (even
O mode) in ARR for CLLC converters operating in constant
Pout_n mode.
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For typical resonant converter analysis, both equivalent output
resistance R, and quality factor Q are, respectively, defined in

- nUz
Req B Ioulfnlbase (38)
\ L,/C Iou nI ase \/ L,/C, out_n
Q — p/ p _ t_ntb P/ 14 — I t_ . (39)

Req nUg M

Therefore, for a CLLC converter operating at a specific fre-
quency, as M gradually decreases from a large value to zero,
the normalized output current monotonically increases to the
maximum value. The operating state of the circuit starts in O
mode, then passes through several modes, and finally reaches
the state of a short circuit on the output side. During this process,
the quality factor Q increases monotonically from O to infinity,
as shown in Figs. 8 and 15. Where Q31 ,, and Q2 ,, are the
quality factor Q of certain P modes corresponding to /51 ,, and
Iya_p.

By solving the mode equations and mode boundary equations,
the gain curves of the resonant tank under different quality factor
Q can be accurately obtained, as shown in Fig. 16.

B. Reverse Mode

When CLLC converter operates in reverse mode, energy is
transferred from U, to U;. As shown in Fig. 17, similar to
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forward mode, we have following definitions in:

K = Lee/Ly = hk
{h/:Lp/Lse:]./h (40)
ZbasefR = erR =V Lse/cse
= hZ,, Ubase_r = nUz,
Ibase_R - Ubase_R/Zbase_R; Whase_R
= w, = (LeCoe) V% = (L,C,) Y2 (41)

where subscript R indicates for corresponding normalization
bases for reverse operation.

However, for OBC applications, Us varies as battery dis-
charged, which violates the definition of normalization base.
In order to be consistent with the forward mode, the voltage and
current normalization bases defined by the forward mode in (42)
are still adopted in reverse mode analysis

Ubase = U17 Ibase = Ubase/Zbase- (42)

It is not difficult to derive that there is a conversion coefficient
between the voltage base of forward mode and reverse mode, and
there is also a conversion coefficient between the current base
of forward mode and reverse mode, as shown in (43), where M i
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is the voltage gain of reverse mode

Ubuse _ U —

mese_R nUsz MR (43)
Thase — Ubase / Zbase — hM

Tvase_ R Ubase_R / Zbase_R R

After all definitions have been established, it is easy to obtain
the analytical solutions of P stage for reverse mode in (44).

Where k1 = (WK (WK +k +1)"2, m1 po_r. mapo_rsj1 Po_Rs
and jo po_g are the normalized initial value of primary resonant
capacitor voltage, secondary resonant capacitor voltage, pri-
mary resonant inductor current, and secondary resonant inductor
current during reverse mode. mip_r(0), map_r(9), j1p_r(9),
and jo p_r(0) are the normalized value, respectively, of u1 p_g,
usp_Rr,i1p_r,and izp_p

Correspondingly, the analytical solutions of the N stage and
O stage in reverse mode can be obtained, which will not be
repeated here. Compared with the forward operation, only the
relevant parameters (W, k) are different when CLLC converter
operates in reverse operation. Therefore, the corresponding op-
eration modes and mode distribution are similar to the forward
operation, which will not be repeated further.

Similar to forward operation, the normalized output current
Iout_n_r and output power Pt _,,_ g of reverse mode can be de-
scribed in (45) and (46), respectively. Where my_r(6), ma_r(0),
j1_r(0), and jo_gr(#) are the normalized value of u; g, us g,
i1_r,and iy_g, respectively, and subscript R denotes for reverse
mode. 0 pg and 6 p represent the start and end moment of P stage,
O no and 6y represent the start and end moment of N stage

7T/fn
Lo = fo / 1 (0)|d6 )
0

_ < /0 " iim r (0)d6 / R (9)d0> I

PO Oxo
= fn (mip_r (0p) —mip_r (0po) + min_r (On0)
—min_r(On)) /7 (45)
Puut_n_R - 110ul_n_R

I out_n_R

1 m/fn
e ARG

e o (/) = o (0))/m
-2

Wﬁfan’R (0)/x.

Accordingly, both Qr and R, g forreverse mode are defined

in

(46)

Ur
R U1 47
¢-R Ioulfn?RIbase “n
B h\/m . IoutfnfRIbaseh\/m _
QR — 7 = U - out_n_Rh'
eq_R 1
(48)

Considering that & is a constant, then the three operating
conditions of constant /,,¢_»_g, constant P, r and constant
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Fig. 17.

resistive load (Q ) for the CLLC converter operating in reverse
mode can be regarded as the same situation for analysis. The
following analysis takes constant Py, _,_ g as an example.

Similarly, for a CLLC converter in reverse mode operating at
a certain frequency, as the voltage gain My gradually decreases
from a large value to zero, the normalized output power mono-
tonically increases from zero to infinity. The operating state of
the circuit starts in O mode, then passes through several modes,
and finally reaches the state of a short circuit on the output side.
As shown in Fig. 18, where Py, ,, g and Pyy_,, g are defined
in (49) similar to forward mode

2(K'+2) (49)

_ 2k’
Pblfn?R = h(WE+H+1)7
P2 n R = poomsne
For CLLC converter operates in reverse mode, the constraint
for inverting side to achieve ZVS can be described in (50). Where
J20_r 1s the normalized value of iy_p at the start moment of the
positive cycle in reverse mode

n |j207R | Ibasetdead > 20055 U2

2C(oss Z’I"_R

hMRg |j20_r| >
| B | thdead

(50)
For the convenience of the ZVS derivation, the generalized
ZNS current jzvs - in (51) is adopted

Jzvs_r = hMRgjoo_gr. (5D

Through numerical calculation, it is easy to obtain the gain
curves and the generalized ZVS current jzys-r of the corre-
sponding operating point when the CLLC converter is operating
under constant Py, _, gr mode in reverse mode, as shown in
Fig. 19.

Equivalent circuit of the CLLC resonant tank in different operating stages of reverse mode. (a) P stage. (b) N stage. (c) O stage.

TABLE V
DESIGN SPECIFICATIONS FOR CLLC RESONANT CONVERTER

Parameter Symbol Value
Bus voltage U, 400 V
Battery voltage range Usp ~ Ust 250 V-450 V
Rated power P 1 kW
Resonant frequency f 100 kHz
Operating frequency range S min ~ 5. max 50 kHz—-200 kHz

It is easy to derive that for CLLC converters operates under
constant Po,t,_,_r mode in reverse operation that ZVS is most
likely to be lost when the Py, _n_g reaches the maximum in
BRR or the minimum (even O mode) in ARR.

IV. DESIGN METHODOLOGY

According to Section III, the characteristics of CLLC con-
verter are determined by parameters /4 and k. Although the
wide-range voltage of battery brings great challenges to the
design of the bidirectional CLLC converter, through reasonable
design of parameters h# and k, the optimal S-type CLLC that
satisfies the design specification can be obtained. In this section,
the design methodology will be explained elaborately.

The following design process takes a bidirectional CLLC
converter with a rated power of 1 kW as an example, and the
corresponding design specifications are listed in Table V.

Considering voltage and power grades for bidirectional op-
erations, SCT3080AL MOSFET from ROHM semiconductor is
chosen for both sides. It is not difficult to find that the C,gs
of SCT3080AL decreases monotonically with the increase of
the drain-source voltage through datasheet. Considering that the
Vs on the primary side is constantly 400 V, the corresponding
Coss can be obtained by data interpolation to be approximately

1

mlP_R(e) == ( Mg (cos(0)h'+cos(k'10))

h'4+1

1

1 (_ Mp(h'sin(6)+k'1 sin(k'10))

ij_R(G) =~ hMg

map_g(0) = %R(N[R(Cos(i?;iOS(k/la))
(j2po_r + W j1po_r)sin (0) + (R'mapo_r — h' —mipo_r) cos (k'10) +
. M k’l sin k/lg ain(6

jop_r(0) = gy (el sl 0) (@)

+ 1+ 45 ((mapo_r +mipo_r — 1) cos (0) +

W (j2ro r—J1P0 r)sin(k'16) ))
k'

+ h%l((l — mapo_r — Mipo_gr)sin (0) +

(J2po_r + W jipo_r) cos (0) + k't (W' +mipo_r — W'mapo_gr) sin (k'10) + 1’ (jaro_r — jipo_r) cos (k'10)))
— Mg+ ﬁ(h/ (mapo_r + M1PO_R — 1) cos ) +

h (jQPO_R + h’ijO_R) sin (9) + (h’ +mipo R — hm?PO_R) cos (klle) + h (JlPo,R*lejfiR)sm(k 10) ))

(44)

AESY) + 31 (L —mapo_r — m1po_r)sin (0) +
(jaro_r + Wj1po_r) cos (9) + & mzPO’RhTh —mireo 8) sin (K10) + (j1po_r — jaro_r) cos (K'16))).
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64.8298 pF, and the V4, on the secondary side fluctuates within
250 V=450 V, and the corresponding maximum C,g can be
obtained by data interpolation to be approximately 80.0486 pF
when Vs on the secondary side is 250 V. In the following
analysis, reasonable margin is reserved, the output capacitor
Coss1 of primary side is set to 70 pF, and the output capacitor
Coss2 of secondary side is set to 85 pF. Meantime, considering
the device characteristics and switching frequency, the designed
dead time is 200 ns, as shown in

Cossl =70 pF
C’oss2 =85 pF
tdead = 200 ns.

(52)

First, set the transformer ratio n as an undetermined value, and
the influence of n on the bidirectional voltage gain of the CLLC
converter can be described in (53). Assuming that there are both
voltage boost and step down during bidirectional operation, the
range of n can be obtained in

M, = 7”%27” <1< My = 7”%2]”
Mpm =

where M,,, and M), are the minimum and maximum voltage
gain for forward operation, M p,,, and M), are the minimum
and maximum voltage gain for reverse operation, respectively.

As shown in Fig. 20, which illustrated the typical gain curves
of CLLC under different load conditions for forward operation,
where M.,q represents the gain curve for rated power, Mo

8
= -<n<16 (53)
m<1<MR]W:m 9

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 10, OCTOBER 2022

A\ * Pmode
A\ —-—-Cut_off

5]
T

Voltage gain Mz
=
B

0.6 0.8 1 12 14 16
Normalized switching frequency f,
(a)

oo
1)
o
kS

=3
o
T

S
=
T
.
N

e
>
T

Normalized ZVS current jzrs r

S
%
T

! — — Cut_off

02 04 06 08 1 12 14 16
Normalized switching frequency f,
(b)

Fig. 19.  Gain curves under different Poyt_,,_r (a) and corresponding ZVS
current jzvs g (b).

T T T T

Rated load
Light load

Som JSuvt

Fig. 20. Typical gain curve of CLLC under different load conditions.

indicates the gain curve for O mode under zero-load condition
or Cut-off boundary, f,,5s and f,,,,, are the maximum and mini-
mum normalized frequency according to design specifications.
According to Section I1I, within the desired operating frequency
range of both forward and reverse mode, the heavier the load,
the more difficult it is to boost voltage in BRR; the lighter the
load, the more difficult it is to step down voltage in ARR. In
other words, as long as the CLLC can achieve the designed
maximum voltage gain Mj; and Mp), within the designed
frequency range in BRR under rated load condition, then the
CLLC can reach the designed maximum voltage gain M, and
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M s under any load condition. Similarly, as long as the CLLC
can achieve the designed minimum voltage gain M,, and Mg,,
within the designed frequency range in ARR under the lightest
load condition, then the CLLC can reach the designed minimum
voltage gain M,,, and M p,,, under any load condition. The most
extreme light-load condition is the O mode under zero-load
condition. At this time, CLLC has the strongest capability to
boost voltage and the weakest capability to step down voltage.
The gain capability of the critical O mode is M o shown in (54),
which is the lower boundary of (28). Therefore, for CLLC with
parameters that satisfy the forward design voltage gain, it is not
difficult to obtain the following constraints in (55) and (56),
where MRated(fnm) 1 the voltage gain for rated power at f,,,
and M o(f,,nr) 1s the voltage gain for zero-load O mode at f;, 5/

sec (kam/(2/n))

Mo=—"""7 o
MRated(fnm) Z MM (55)
MO(an) é Mm (56)

Unfortunately, the gain curve for rated power M,.,¢0q can only
be obtained by numerical calculation, which cannot be adopted
for further analytical analysis. Considering that gain curve Mo
for zero-load O mode can be expressed analytically and CLLC
has the strongest capability to boost voltage at this time, (55)
is compromised and transformed into (57) for further analysis,
where M o(f,,,,) is the voltage gain for zero-load O mode at f;,,,.
Note that (57) is a necessary but insufficient constraint at this
time

Mo (frnm) > Mraed(frnm) > Mar = Mo(fum) > My
(57)
So far, the gain constraints for forward operation have been
obtained, as shown in (56) and (57), which are expanded in (58)
and (59), respectively. Here, (58) is a necessary and sufficient
condition, and (59) is a necessary but insufficient condition

sec (kam/(2fnnr))
o < M,, (58)
k 2 nm
sec ( 21:/(1f ) > My (59)

By taking M as Taylor expansion, inequalities in (60) and
(61) hold. Therefore, more stringent constraints are established
in (62) and (63) to ensure that (58) and (59) hold

sec (kam/(2f1)) _ 1 (60)
k+1 _(k+1)(1—7;2f]§)
sec (kam/(2fn)) L (©61)
k1 (k+1)(1 = T5* + 357)
e < My, (65
(k+1)(1 = 55)
1 > My, (63)
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Fig. 21. Gain constraints for forward and reverse mode. F.1 indicates the
forward voltage step down constraint refer to (64), F.2 denotes the forward
pseudovoltage boost constraint refer to (65), and F.20 illustrates the genuine
voltage boost constraint related to (55) for forward operation. R.1 indicates the
reverse voltage step down constraint refer to (66), R.2 denotes the reverse pseudo
voltage boost constraint refer to (67), and R.20 illustrates the genuine voltage
boost constraint related to (55) for reverse operation.

Furthermore, (62) and (63) are further simplified into (64) and
(65). Correspondingly, there are constraints similar to (64) and
(65) in (66) and (67) for CLLC operates in the reverse mode,
where M,,,, My, M g, and M s are defined in (53)

1 8fan

Ek>——-1) ——— 64

o <Mm > 8f3]% — 72 &)
M]u 384f’nm - 487T2f71m + 71'4)

8\/7 s f’”"MJ%/I 487T2fnnLMM+27T4fnmM]\/[+192f7§m
M2, (384 4, — 4872 f2, + 74)°

(65)

1 SfEM
S .
b o <MRm 1) anM - (66)

24(16 £ Mpar—72 2 Mprar—8 fim )
Mpar (3841, —48m2 f2,, +74)
_8\/> ™ fnnz J\/[R]\[7487T frwn Mpn 4274 fn7n Mg n +192fnm
( 84fn7n 7487r2fnm +7"4)

K >

(67)

The constraints corresponding to (64)—(67) have been plotted
in Fig. 21, where the dash-dot line (F.20 and R.20) described the
genuine voltage boost constraint related to (55) for bidirectional
operation with different colors, which in fact cannot be obtained
analytically.

For CLLC converters, the typical value of the inductance
ratio is generally 0.1-0.3. Excessive k or k' will increase the
circulating reactive power and reduce the system efficiency.
It can be seen from Fig. 21 that if the CLLC can achieve the
zero-load minimum voltage gain under bidirectional operation
within the designed frequency range, then one of the forward
or reverse inductance ratio k or K will be always bigger than
0.5, which should be avoided in practice. Considering that in
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TABLE VI TABLE VII
POSSIBLE CRITICAL VALUE ITERATION RESULTS
Iteration values M,~My, M, ~Mpy Iteration point h P, Porm Z,. L,

n=148,k=0.12 0.925-1.665 0.6-1.081 n=148k=0.12 582 0.03848 0.0192 6.1568 51.3/w,
n=147,k=0.13 0.918-1.654 0.604-1.089 n=147,k=0.13 4.16 0.09296 0.0464 14.8736  114.412/w,
n=146,k=0.14 0.912-1.643 0.608-1.096 n=146,k=0.14 1.63 0.32919 0.16405 52.67 376.217/w,
n=145k=0.15 0.906-1.632 0.613-1.104 n=145k=0.15 1.04 0.469 0.2342 75.04 500.26/w:
n=144,k=0.161 0.9-1.62 0.617-1.112 n=144,k=0.161 0.87 0.5 0.2488 80 496.89/w,

0.893-1.61 0.621-1.119 0.79 0.515 0.2563 82.4

n=143,k=0.172

n=143,k=0.172 479.06/w,

OBC applications, the zero-load step-down requirements during
forward charging operation are more practical. In contrast, the
zero load or even light-load step-down requirements during
reverse discharge operation are not indispensable. Therefore,
it can be considered to partially sacrifice the reverse light-load
voltage step down capability to mitigate the forward and reverse
inductance ratio k and k at appropriate value. The following
analysis assumes that the minimum load condition for reverse
operation to achieve the minimum voltage step-down Mg, is
50% of the rated load.

As illustrated in Fig. 21, since the genuine voltage boost con-
straint (F.20) must be more demanding than the pseudovoltage
boost constraint (F.2) for forward operation, the minimum k&
that satisfies the forward regulation voltage constraint must be
on the boundary of the forward zero-load voltage step down
constraint (F.1) and locate on the left side of the intersection
of forward pseudo voltage boost constraint (F.2) and forward
zero-load voltage step down constraint (F.1). It is not difficult to
derive the coordinate of the intersection in

n = 1.4832
{ k=0.1138 ° (68)

A series of possible values of (n, k) and the corresponding
voltage gain range of bidirectional operation can be obtained by
taking values to the left of the intersection (68) on the forward
zero-load voltage step down boundary constraint (F.1), as shown
in Table VI.

So far, for each possible design value (n, k, h), only A is still
missing. The iterative process of & value is explained in detail
as follows.

Step 1: Given the initial iteration value kg, design values n,
k, and the corresponding voltage gain range M,,~Mj,; and
M ppy~Mp . TDM is adopted to solve iteratively within the
designed frequency range for the maximum normalized power
P, ¢ that can achieve the maximum voltage boost gain M, in
forward mode, the maximum normalized power P, that
can realize the maximum voltage boost gain My, during
reverse operation, and the minimum normalized power P, g,
that can achieve the minimum voltage step down gain M g,,, in
reverse mode. Finally, the designed normalized rated power

P, is defined as the smaller between P,z and P, in
Pn = min(PthaanMt)~ (69)

Step 2: Judging whether the minimum normalized power Pz,
for reverse mode is less than 50% of the rated power P,,.

Meantime, the lower limit of P, g,,/P,, is also limited to 0.5-
tolerance, where tolerance is the iteration error limit, the value
in this article is 0.005. If P,,g.n/P,, > 0.5, increase the value
of h and return to Step 1 to continue iteration; if P, p,,/P, <
0.5-tolerance, decrease the value of / and return to Step 1 to
continue iteration.

Step 3: Calculate the corresponding characteristic impedance
Z, according to the rated normalized power P,, and rated
power Pi.teq, and comprehensively consider the minimum
normalized ZVS current |jzvs: glmin and |j10|min obtained by
TMD and Z, to judge whether the bidirectional full range ZVS
is realized. The corresponding constraints are shown in

Zr = PnU12/Prated
|jZVS_R‘minn2tdead > 2Coss2h Z;
|j10|mintdead > 2cosslzr

where |jzvs_glmin and |j1o|min are the minimum ZVS current
during discharging and charging operations, respectively. If the
verification finds that the full range of ZVS has been achieved,
then the current iteration is ended and the corresponding design
value is accepted. Meantime, another set of (n, k) value iteration
starts. Otherwise, increase the value of / and start Step 4.

(70)

Step 4: Similar to Step 1, recalculate P, pre, Prrusts Prnrms Prs
and P,z 1s also recorded as P,,g,,o. Note that there should
be P,,rm/P,, < 0.5-tolerance at this time.

Step 5: While keeping P,, unchanged, adjust P,,g,, so that 0.5-
tolerance < P, z,n/P, < 0.5 is satisfied.

Step 6: Similar to Step 3, verify whether the full range of ZVS
has been achieved. If the verification finds that the full range
of ZVS has been achieved, then the current iteration is ended
and the corresponding design value is accepted. Meantime,
another set of (n, k) value iteration starts. Otherwise, continue
with Step 7.

Step 7: While reducing P,, adjust P,g,, to maintain 0.5-
tolerance < P,pn/P, < 0.5. Meantime, always observe
whether P,,r,, is not less than P, r,,o. Otherwise, increase
the value of & and return to Step 4.

Step 8: Similar to Step 3, verify whether the full range of ZVS
has been achieved. If the verification finds that the full range
of ZVS has been achieved, then the current iteration is ended
and the corresponding design value is accepted, meantime,
another set of (n, k) value iteration starts. Otherwise, return
to Step 7.

The overall iterative process is shown in Fig. 22, and the
iteration results are listed in Table VII. For each set of (n, k)
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Fig. 22.  Design flowchart of the proposed design methodology.
values, after the iterative process is done, the corresponding s,  follows:
P, P, rm, and Z,. can be obtained, which can always guarantee L 8f2,,
the achievement of the designed bidirectional voltage gain and k= (Mm ek fZy—m2
. (73)
full range of ZVS. K= (A —1) fiina
. . . . - 2 2
For different set of (n, k) values, this article chooses the itera- Mpm 8fam —m
tion result with the maximum magnetizing inductance L., as the Pogrm/Po=F (74)
. . . o . . nmom n —
optimal design, because the maximum magnetizing inductance
means the minimum circulating reactive power. The correspond- K = hok = (1— F) 1 1 812y (75)
. . . . = 0 = _— —
ing magnetizing inductance can be calculated through Mp, 8f2,, —m?
NimeNimen (1= F)(g — g :
I Ly, LGy L,/Cp  Z, an Mrm 87y (L=F)(g0—— 1)
m - - . = = -
k k kw, 0 82 T
( 1 ) __nM M
M,, 8f2a 2 "

Traverse the iterative results, the optimal design parameters
can be obtained in

n— 145 L, = Z= = 119.429 uH

E=0.15 Ly, = ka,T =796.19 uH

h—1.04 ={ Cp= 5 =21210F

Z, = 75.040 Lo="ke'= bz _ 59,076 uH
fr = 100kHz Cy ="l — % = 42.8771F.

(72)

The initial value of kg for the iteration is generally obtained
by trial and error. A rough method to estimate /g is introduced in
this article. Itis not difficult to obtain the constraint boundary that
satisfies the bidirectional zero-load voltage step down in (73).
Assuming that the minimum load condition that can achieve
the designed step-down gain during reverse operation is part of
the rated load, as shown in (74). Considering that only need
to achieve light-load step-down during reverse operation, the
boundary constraint of the reverse inductance ratio k¥ can be
relatively alleviated, and 1-F in (75) is used to approximately
denotes the corresponding alleviation effect. Therefore, it is not
difficult to derive the corresponding initial value of A in (76) as

(76)

With F = 50%, in this article, the initial value of /iy can be
further simplified in

- (jull:{m - 1) - 5n(9n — 8)
o = 2(;- —1) 16(8—5n) n

V. AREA PRODUCT (AP) OPTIMIZATION

According to Section II, for a certain given S-type CLLC,
when the symmetry coefficient H varies from O to infinity, there
are infinite kinds of D-type CLLC equivalent to it. Since the
equivalent process is externally equivalent, the inflow current
and port voltage of the resonant tank remain unchanged, and
only the voltage of the magnetic components and the current of
the magnetizing inductance changed, which means that in the
infinite number of equivalent D-type CLLCs, there must exist
a parameter design that minimizes the total loss or the sum
of the AP capacity of the magnetic components. Considering
that AP is the multiplication of effective cross-sectional area of
magnetic core (A.) and window area of magnetic core (Ay),
the AP maximum capacity is adopted to denotes the volume
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Fig. 23.  Gain curves of the designed CLLC for bidirectional operation. (a)
Charging mode. (b) Discharging mode.

and cost of the magnetic components of CLLC. In this article,
the AP capacity is selected as the optimization target, and
TDM is adopted to find the optimum equivalent D-type CLLC,
which minimizes the sum of the AP capacity of the magnetic
components.

For transformers and inductors, AP capacity have different
definitions, as indicated in (78), where k. is filling factor, J is
wire current density, B, is the magnetic flux peak density for
inductor core, and AB is the magnetic flux peak to peak density
for transformer core. In order to guarantee the consistency of
the comparison results, it is assumed that k., J, and B,, are
the same for the inductance and transformer in the following
analysis. Where .5 and Ijcax are the root mean square (rms)
value and peak value of the inductor current, respectively. u,, is
the voltage on the magnetizing inductor and #y~79+T7/2 is half
a switching cycle when u,, is positive. I, ;s and I ;s are the
rms value of primary coil current i, and secondary coil current
i, respectively. I, peak 18 peak value of the magnetizing current
im- N is the transformer ratio

LI s Tpeax
AP, = Ll
Ap, _ Ut 5 FOT
T —
Ve
Lyt L ) L i [0 T572 (78)
= %2Bo T
_ ¢ prms+ N )Ln121m peak __ )LTYLITTL peak
- ke2Bp, J - ke B,,LJ

According to Section II, compared with S-type CLLC, the
magnetizing current in equivalent D-type CLLC has been
changed, and the current of the primary resonant L, and sec-
ondary resonant inductor L, remain unchanged. For forward
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Fig. 24.  Variations of AP capacity for L. (a) Variations of AP capacity for
Ly in forward mode under different load conditions. (b) Maximum AP capacity
AP LapMax and AP [qp R Max for Ly during bidirectional operations.

mode, it is no hard to derive the magnetizing current i,,, of
the equivalent D-type CLLC in (79). Where i; and iy are the
resonant inductor current in Fig. 4, respectively, for primary and
secondary side
iam

— i, —is/N =iy —niy/N. (79)

Furthermore, the AP capacity of each magnetic component
during forward mode can be obtained in (80). Where APy,
AP, and APy are the AP capacity of L,,, L, and trans-
former T of equivalent D-type CLLL during forward operation,
respectively.

Similarly, it is easy to derive the magnetizing current i4,,r
of the equivalent D-type CLLC and the AP capacity of each
component during reverse mode in (81) and (82), respectively.
Where i1 p and iz i are the resonant inductor current in Fig. 17
for primary and secondary side, respectively. APrq,r, APrasR,
and AP rp are the AP capacity of L, L, and transformer T of
equivalent D-type CLLL during reverse operation, respectively.

It is not difficult to find that all AP capacity contain
c,Uu 12(k B, J)~ ! terms, therefore, normalizing the AP capacity
based on C,Us%(k.B.,,J)~" to simplify the following analysis.

Through time-domain calculations, it is no difficult to obtain
the gain curves on the f,,-M plane and f,,-M r plane when the
designed S-type CLLC operates in both forward and reverse
modes under constant power (e.g., Pout_pn and Poyt,_n_r) condi-
tions, as shown in Fig. 23. Furthermore, it can also obtain the
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variations of the AP capacity of magnetic components when
the CLLC converter operates in both forward and reverse mode
under different load conditions within the designed voltage gain
and the symmetry coefficient H of equivalent D-type CLLC
varies from O to infinity. The AP capacity of L,, is taken as
an example here, as shown in Fig. 24(a). It is not difficult to
find that the maximum AP capacity is always achieved with the
maximum output power considering only the effect of output
power (e.g., Pout_n and Poyt_p_r) on AP capacity, which applies
to Ly, L, and transformer 7 for bidirectional operations.
Similarly, by traversing the output power (e.g., Poy;_n and
Pout_n_r), it is not difficult to obtain the maximum AP capacity
(e.g., APropMax and AP 1., rMax for L,y,) that the magnetic

AP _ LaplpsIppes . Lp  2k(hk+h+1)+H+1-&;
Lap — keBomJ ~ kB J 2k(hk+1)

]1rms\/L /C, Jl,peak\/L /C,
CpU2 2k(hk+h+1)+H+1-£,

T keBmJ 2k (hk—+1) J1,mmsJ1,peak
AP _ LasIs msls peak L, 2]7,Hk2+2(h+1)Hk+H+17£1
Las — ke B J ~ k.B.J 2Hk(k+1)n?

. U, - Uy
n, S n y
J2,rms L,/Cyp J2 peak \/LP/C
CpoU7 2hHK?>+2(h+1)Hk+H+1-€; .

= keBnJ 2Hk(k+1) J2,rms.J2,peak
I <
_ Up,ms+ =) Lam Lam peak
APr = keBomJ
_ Ly &

N2 rms _ nig
= %BmJ 2k(hk+1)(21 s+~ ) (i1 — R ) peak
CpU? &1-H41 2hk+2
keBm Jm(jl rms T &— H+1-72 rma)(]l
2hk+2
T 6— H+1]2)peak

(80)

tgmr = tsp/N — ipr = niar/N — i1g (81)

KeBm J kB J 2k (hk+1)

. l]1 .
J1R,rms /G, J1R,peak

LanIyr s Do i ned L, -
APLapR _ Laplpr,msIpropek p  2k(hk+h+1)+H+1-&

Uy
VLp/Ch
C,U}? 2k(hk+h+1)+H+1—¢; -
kB J 2k (hk+1) J1,rmsJ1,peak
LasIsRoms Ls R pec
APrusr = W
_ L, 2hHEK42(h+D)HE+H+1-¢&;
T keBmJ 2HK(k+1)n2

nj2R Lnjgﬁ» dkL
L[y RN L IC,
_ CpU? 2hHE*+2(h+1)Hk+H+1-¢;
T keBmdJ 2Hl~c(k+l) J2,rmsJ2,peak

APTR (IpR rms+M)LamIa7nR peak

ko B d
— L, &1 Ni2 R, ms nispg .
= 5B 2k(hk+1)(le,l’mS + =) (PRE = i1R ) peak
_ GpUP &- 2hk+2
= FeBnJ 2k(hk+1) J1Rms + = 1J2R,ms
2hk+2

J2R — J1R
§i-H+1 peak

(82)

components may reach under the condition of certain voltage
gain M and specific symmetry coefficient H when the CLLC
converter operates in both forward and reverse mode, as shown
in Fig. 24(b). In order to facilitate comparison, the bidirectional
voltage gain ranges M,,~M s and M g,,~M rys are uniformly
converted to forward voltage gain range M,,,~M , in Figs. 24(b)

v
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Fig. 25.  Variations of AP capacity. (a) Variations of maximum AP capacity
AP prap Max(H, M) and APLqp Max(H) for L. (b) Variations of maximum
AP capacity with H for each magnetic component. (c) Variations of sum of

maximum AP capacity for magnetic components with H.

and 25(a). Where axis M also denotes 1/Mp, for reverse opera-
tion. Moreover, by comparing the maximum AP capacity (e.g.,
APropMax and APrq,rvax for Lyy,) during bidirectional oper-
ation comprehensively, the variations of maximum AP capacity
of the magnetic components (APyq, max(H, M) for L,,) are
obtained, and by traversing the voltage gain M, the variation of
the maximum AP capacity of the magnetic components with
symmetry coefficient H (e.g., APrq, max(H) for L,,) can be

obtained, as shown in Fig. 25(a) and (b).

By adding the variations of the maximum AP capacity of each
magnetic component (e.g., Lap, Lqs, T) with H in Fig. 25(b), the
variation of the total maximum AP capacity of the magnetic
components with H for CLLC converter can be obtained, as

shown in Fig. 25(c).

Obviously, when H = 0, the total maximum AP capacity of the
magnetic components is minimized, the secondary inductance
L, is O at this time, and the corresponding design parameters

of equivalent D-type CLLC are shown in

_ hk+h+1
Lap = LMl — 996 875 ul
LaS =0
Lp J—

N = 25 =1.254

™~

+
Cp ij =21.21nF
n2C n?
Cy = "5 = 14— = 42.877nF.

(83)
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TABLE VIII
KEY DESIGN PARAMETERS OF THE CLLC PROTOTYPE

Components Parameter/Part#
Primary voltage U, 400 V
Secondary voltage U, 250 V-450 V
Primary resonant inductance L, 226.875 uH
Secondary resonant inductance L, 0
Magnetizing inductance L, 688.754 uH
Primary resonant capacitance C, 21.21 nF
Secondary resonant capacitance Cy 42.877 nF
Turns ratio N 1.254
Resonant frequency f, 100 kHz
Switching frequency f; 50 kHz-200 kHz
Rated power 1 kW
MOSFETs ROHM SCT3080AL

Circuit

(@) i )

Fig. 26  Experimental environment. (a) Experimental test platform. (b) CLLC
prototype.

VI. EXPERIMENTAL RESULTS

To demonstrate the proposed design methodology, a D-type
CLLC resonant converter with parameters in (83) was estab-
lished based on specifications given in Table V. The key circuit
components and the semiconductor device are listed in Ta-
ble VIII. The picture of the prototype is shown in Fig. 26(b), and
the corresponding experimental platform is shown in Fig. 26(a).

A. Forward Mode

In the forward charging mode, the dc power supply connected
to U; is fixed at 400 V, and the electronic load connected to
U, is programmed to vary from 250-450 V under several load
conditions to simulate the charging process.

Fig. 27 illustrated typical waveforms during dead time
tgead When CLLC achieve ZVS for forward mode. Where
Vasp1(Vasps) is the drive signal of S,1(Sp3), Vaspa(Vasp2) is
the drive signal of S,4(Sp2), Vpsp1(Vpsps) is the drain-source
voltage of S,,1(Sp3), Vpspa(Vpsp2) is the drain-source voltage
of §,4(Sp2), Vap denotes the inverting voltage of primary side
and i¢, indicates the resonant current of C,,. Considering that
the drive signals Vgsp1 and Vg3 are identical, the electrical
quantities associated with S,; (e.g., Vgspi, Vpsp1) and Sp3
(e.g., Vasps, Vpsps) should be identical. Similarly, the electrical
quantities associated with S,4 (e.g., Vaspa, Vpgpa) and Syo
(e.g., Vasp2, Vpsp2) should be identical too. As shown in
Fig. 27, at the beginning of t4cad, i ¢p Starts discharging the Cogs
of §,1(Sp3) and charging the Cogs 0f Sp4(Sp2). If Vpsp1(Vpsps)
can decrease to 0 or Vpgpa(Vpgp2) can increase to U; before
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Vaspa(Vasp) Vaspi(Vasps)

tdead t

Uy

Vispi(Vpsps) Vispa(Vpsp2)

Fig.27.
mode.

Typical waveforms during 7qead When CLLC achieve ZVS for forward

the ending of #4eaq, then corresponding antiparallel diodes start
to conduct and §,1(Sp3) can switching with zero voltage at
the ending of 74eaq, Which is how the ZVS achieves. While
Vpspa(Vpsp2) increases or Vpg,1(Vpsps) decreases in fqead,
the voltage polarity of Vap isreversing (e.g., from -U; to Uy ) and
the relationship among Vpg,4(Vpsp2), Vpsp1(Vpsps) and U o g
are shown in (84). Obviously, If Vpg,1(Vpsp3) can decrease to
0 or Vpspa(Vpsp2) can increase to U, before the ending of
tdead, then V4 p can reverse the voltage polarity within 74eaq
too. Therefore, this manuscript selects whether Vo p can reverse
the voltage polarity in 74e.q as an indication of whether ZVS is
achieved or not

Vbspa + Vpspr = Us

Vbsps — Vbspt = Vas

= Vag = U1 — 2Vpsp1 = 2Vpsps — Uy. (84)

Fig. 28 shows measured voltage and current waveforms of
the designed D-type CLLC operating in forward mode at several
typical voltage gains with 1 kW load condition. To be consistent
with the analysis in Sections III and IV, the voltage gain M =
nUs/Uy in Figs. 28 —30 and M = U;1/(nUs) in Fig. 31 and
32 are defined by S-type CLLC parameters in (72). It is not
difficult to find that for all typical operating points in Fig. 28,
the primary inverting voltage Vg can always reverse the voltage
polarity within the dead time t4caq. Therefore, ZVS for the
inverting side MOSFETs are achieved. Similar waveforms can
also be observed in Fig. 29, which shows key waveforms of the
prototype operating at several typical voltage gains with 250
W load condition. For zero-load O mode in charging mode,
as shown in Fig. 30, except for Fig. 30(e), all typical operating
points fully realized ZVS. As the switching frequency continues
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Fig.32.  Key waveforms of the CLLC prototype under S00W load condition in reverse mode. (a) Uz =250V, U1 =400 V, M = 1.10345. (b) Uz = 281.69 V,
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0.613.

to increase, due to the actual device parameters deviate from the
design parameters and the existing of corresponding parasitic
parameters, the inverting side MOSFETs start to achieve ZVS
partly, as shown in Fig. 30(e). By observing the typical wave-
forms of the forward mode, it is not difficult to conclude that the
D-type CLLC prototype obtained by the proposed design method
is definitely able to achieve the designed voltage gain and ZVS
when operating in forward mode within the preset frequency
range and under full range of load conditions.

B. Reverse Mode

In the reverse discharging mode, the dc power supply con-
nected to Us is programmed to vary from 450-250 V to simulate
the discharging process, and the electronic load connected to U,
is fixed at 400 V under several load conditions.

Fig. 31 shows the key waveforms of the designed D-type
CLLC operating in reverse mode at several typical voltage gains
with 1 kW load condition. It is no difficult to find that ZVS for
the inverting side MOSFETS are achieved. Similar waveforms can
also be observed in Fig. 32, which shows key waveforms of the
prototype operating at several typical voltage gains with 500 W
load condition. Therefore, it is not difficult to conclude that the
D-type CLLC prototype obtained by the proposed design method
is definitely able to achieve the designed voltage gain and ZVS
within the preset frequency range and under designed range of
load conditions when operating in reverse mode.

C. Efficiency Test

Finally, the efficiency curves of the D-type CLLC prototype
operates in forward and reverse mode under different load condi-
tions and voltage gains are shown in Figs. 33 and 34, respectively.
Due to the realization of synchronous rectification refer to our
previous research [9], the highest efficiency of the prototype in
charging mode and discharging mode are 98.84% and 98.91%,
respectively. According to the trend of the efficiency curves in
Figs. 33 and 34, the prototype can obtain higher bidirectional
efficiency when the voltage gain is around 1 due to operating near
the resonance frequency. Besides, when the voltage gains deviate
from 1, both the efficiency of charging mode and discharging
mode begin to drop gradually.
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Fig. 33.  Efficiency curves of forward operating mode.
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Fig. 34.  Efficiency curves of reverse operating mode.

VII. CONCLUSION

This article proposed a novel design methodology for CLLC
converters. First, based on the port characteristics of the CLLC
resonant tank, the parameter equivalent principle is presented
to convert D-type CLLC and S-type CLLC. Then, TDM is
used to analyze the voltage gain and output characteristics of
S-type CLLC in forward and reverse modes in typical OBC
applications. With the conclusions of TDM analysis, a novel
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design methodology is proposed, which can guarantee the re-
quired bidirectional voltage gain and ZVS is achieved with the
minimum reactive power within the designed frequency range
under required load conditions. With the parameters equivalent
principle introduced before, a method to minimizes the AP
capacity of the magnetic part of the equivalent D-type CLLC
is provided. Finally, a D-type CLLC prototype based on the
optimized design parameters was established, the experimental
waveforms verified that the designed D-type CLLC converter can
achieve the required bidirectional voltage gain and ZVS within
the preset frequency range under required load conditions.
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