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An Intuitive and Noniterative Design Methodology
for CLLC Chargers Employing Simplified
Operation Modes Model

Ruizhi Wei

Abstract—This article mainly focuses on the simplified opera-
tion modes (SOM) model and resonant parameter design for the
CLLC charger. Based on the mathematical and detailed operation
waveform assumptions, the voltage gain model expressions and
the operation mode boundaries are calculated directly, providing
the high efficiency and high reliability of the CLLC converter. The
proposed SOM model is more accurate in depicting the voltage
gain compared with the conventional fundamental harmonic ap-
proximation model. Moreover, the SOM model is more intuitive
and has less computational complexity than the complicated and
unsolvable time-domain model. As for the parameter design pro-
cess, the inductance ratio k£ and characteristic impedance Z, are
selected instead of specific inductances and capacitances. Relying
on the SOM model, a step-by-step parameter design methodol-
ogy is studied, which avoids repetitive iterations and streamlines
the procedure. The voltage gain range, efficiency, soft-switching
operation, mode boundaries, and system stability are considered
comprehensively and realized in this process. The simulations and
experiments validate that the proposed SOM model is accurate,
and the design methodology is straightforward through a 1-kW
CLLC charger prototype with 97 % peak efficiency.

Index Terms—Characteristic impedance, CLLC converter,
inductance ratio, simplified operation modes (SOM) model.

1. INTRODUCTION

HE isolated bidirectional dc—dc converters (IBDCs) play
T essential roles in electric vehicles charging, dc microgrids,
data center power supplies, and energy storage systems (ESSs),
etc [17, [2], [3], [4], [5]. One of the promising IBDC candidates
is the CLLC converter due to its high conversion efficiency,
excellent full range of soft-switching characteristics, high flexi-
bility, and low electromagnetic interference [6], [7], [8]. Besides,
compared with the conventional LLC resonant converters, the
CLLC converter can realize bidirectional boost and buck mode
operation.
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Fig. 1.

The applications of the CLLC converter can be classified into
the CLLC dc transformers (DCXs) and the CLLC dc chargers, as
shown in Fig. 1. For the CLLC-DCX, the switching frequency is
close to or equal to the resonant frequency. As a result, the major
functions such as galvanic isolation and constant voltage gain
can be achieved [9]. To widen the output voltage range, two-
stage structures like CLLC-DCX+dc/dc [10] or ac/dc+CLLC-
DCX [11] are commonly used. For the CLLC dc chargers, the
pulse frequency modulation (PFM) method is always employed
to widen the output voltage range. In this application, high sys-
tem efficiency and excellent reliability are required. However, it
is challenging to find the appropriate resonant parameters (two
inductors, one transformer, and two capacitors involved in the
resonant tank) that give CLLC converters good performance.

The existing research regarding the parameter optimization of
the CLLC converter can be cataloged into two the following main
methods: 1) firstharmonic approximation (FHA)-based; 2) time-
domain model (TDM)-based parameter design methods. The
FHA-based method is simple and straightforward, where the re-
lationship between the voltage gain and the switching frequency
is easy to obtain [12], [13], [14]. The idea of the FHA-based
method is to decompose the square wave voltage using Fourier
decomposition. In this process, the high-order component is
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ignored, and only the effect of the fundamental harmonic is
considered. The accuracy of the FHA model is acceptable when
the CLLC converter works near the resonant frequency. This
is because the current and voltage waveforms in the resonant
tank are close to the sine wave, so the higher-order harmonics
can be neglected. Therefore, the FHA model is adopted in the
CLLC-DCX application, where narrow frequency and output
voltage regulation ranges are needed. Huang et al. [15] proposed
a robust circuit parameters design scheme considering the real
inductances and capacitances variation. [16] focused on the
resonant frequency, considering the power loss optimization
based on the artificial intelligence algorithm. In contrast to
the conventional symmetrical parameters design method, [17]
proposed a detailed asymmetric parameter methodology, nar-
rowing the switching frequency range and reducing power loss.
Similarly, [18] illustrated a semiAl-based asymmetric param-
eters design approach that can achieve against the parameter
variations and ensure good power transfer ability. However, one
of the FHA model’s disadvantages is that the approximation
results are not accurate enough when the operation frequency is
far from the resonant frequency. The approximation will cause
significant obstacles in optimizing the parameters of the dc
charger. To improve the accuracy of the FHA model, considering
the influence of higher odd-order harmonics, [19] proposed an
extended harmonics approximation-based parameters method.
Nevertheless, the accuracy is still unsatisfactory.

To improve the gain model’s accuracy, a more precise TDM-
based analytical method known as operation mode analysis
(OMA) is proposed. The resonant voltage and current expres-
sions for a specific resonant model can be adequately obtained,
and then the operating characteristic can be determined. The
operating modes under various frequency and load conditions
can be obtained by combining the operation stages at different
times in the time-domain [20]. Then, the time domain solutions
can be derived by combining the boundary conditions. How-
ever, although OMA improves analytical accuracy, the implied
nonlinear relationship with trigonometric items makes the visu-
alized gain model solution problematic. Although examining the
parameters individually across the satisfactory parameter range
may be a viable strategy, the high calculation cost makes this
method difficult to implement. Hence, some modified TDM-
based methods are proposed for the LLC and CLLC converters
to simplify the computation. Fang et al. [21] provided an approx-
imation method for peak gain estimation. Liu et al. [22] proposed
amodified gain model obtained by combining frequency domain
and time-domain analysis. However, this model is inadequate
since only switching frequencies below the resonant frequency
are examined. Cao et al. [23] introduced a simplified TDM-
based gain model based on the superposition principle and the
energy conservation law. Zhao et al. [24] proposed a design
methodology of CLLC based on parameter equivalent principle
and time-domain model. To summarize, the prior research’s
computation amount employing TDM-based approaches is still
huge, and iteration is mandatory and unavoidable, which makes
it challenging to implement the design process in practice.
Another modeling method could also be employed to analyze
the resonant converter that is the Laplace-related methods [25],
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TABLE I
COMPARISON AMONG THE MODELING METHODS

FHA OMA LBSM SOM

Domain Frequency = Time  Laplace Time
Accuracy * KAk K *kkk *kk
Simplicity *kkk * * Hokk
Applicable to DCM No Yes Yes Yes
Symbolic solution Yes No Yes Yes

DCM: discontinuous conduction mode
The bold entities are the method proposed by this research.

[26]. In [26], a generalized Laplace-based steady-state modeling
(LBSM) method is proposed to determine accurate closed-form
steady-state solutions for a broad class of power converters. Nev-
ertheless, the method per se is still complex To summarize, the
comparison results among the previously discussed modeling
methods are listed in Table I.

In conclusion, with the tradeoff between model accuracy and
calculation difficulty in mind, a novel simplified gain model with
operation boundaries is proposed in this research. In this process,
some necessary approximations are considered to solve the time-
domain expressions. The main contributions of this article can
be summarized as follows.

1) An accurate and low-computation SOM model for the
CLLC converter is proposed. Compared with the inac-
curate FHA model and the complicated TDM, this pre-
sented SOM model is more accurate and straightforward
due to the mathematical and detailed operation waveform
assumptions. Moreover, the operation boundaries are also
investigated, which is vital to ensure reliability and effi-
ciency in the operation of CLLC converters.

2) An intuitive and comprehensive parameter design proce-
dure for the CLLC converter is proposed. Based on the pre-
viously introduced SOM model, a step-by-step illustration
of the parameter design methodology without iteration
using the inductance ratio k and characteristic impedance
Zy is demonstrated. Besides the essential voltage gain
requirement, in this procedure, soft switching, system
stability, efficiency, current/voltage stress, and reliability
are also taken into consideration to attain excellent system
performance.

The rest of this article is organized as follows. Section II
presents the SOM model. Section III introduces the parameter
design consideration and methodology. Section IV validates the
system using simulations and experiments. Finally, Section V
concludes this article.

II. SOM MODEL

The system configuration is shown in Fig. 2. Eight MOSFETSs
@Q1~Q4 and S|~y constitute the CLLC converter. The reso-
nant frequency f, of the converter based on the CLLC resonant
tank can be expressed as

1 1

f= 5 /LyCop 27V InnCirs

)]
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Fig. 2.

Circuit diagram of CLLC charger.

Fig. 3. Equivalent circuit of the CLLC converter.

where Ly, Ly, Crp, and Cyg are the series inductor and capacitor
of the primary and secondary sides, respectively.

This CLLC converter regulates the output voltage using the
PFM method. In the charging mode, the primary-side switches
Q; (i =1, 2,3, 4) work at the switching frequency fs, where
@1 and @4 are driven with 50% duty-cycle, and Q)2 and Q)3 are
complementary to (1 and Q4. The secondary-side switches S;
are not driven, and the body diodes are used for rectification. In
the discharging mode, the principle remains similar, but .S; are
controlled by the same 50% duty-cycle signals, and ); operate
as the rectifier. The switching and resonant angular frequency
are defined as wy and wy., respectively. The ratio ws /w; is defined
as the normalized frequency wy. Cj, is the dc-link capacitors,
and C, is used as the capacitive filter. The turn ratio of the
transformer is n. The system input dc voltage and the output
voltage are V;, and V,, respectively. The resonant currents of the
primary and secondary sides are iy, and 7,;. The current iy, is the
magnetizing current.

The equivalent circuit of the CLLC converter is shown in
Fig. 3. To unify the characteristics in charging and discharg-
ing mode, secondary-side resonant parameters are designed to
match the value of primary-side parameters after reflection [17].
Thus, the CLLC resonant converter acquired symmetrical reso-
nant parameters that can be expressed as

Ly =Ly = Lrp = nQLrs )
Crl = Cr2 = CVrp = C’rs/n2.

Basically, the magnetizing inductance L, is designed to be k
times that of Lyp, i.e.,
Ly
k= —=——. 3
Ly  n2Lg )
All the operation modes of CLLC converters can be classified
into three stages as P, N, and O [27], as shown in Fig. 4. The
input and output voltage in the P stage have the same polarity.
On the contrary, the input and output voltage in the N stage have
the opposite polarity. The converter works in the O stage if the
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nV,

ir1 Lrl

Vin L

(b)

Fig. 4. Three equivalent circuits in different stages. (a) P stage. (b) O
stage. (c) N stage.

secondary side current remains zero. The detailed expressions
and working waveforms are analyzed as follows.

A. Three Operation Stages

The P stage equivalent circuit is shown in Fig. 4(a). According
to Kirchhoff’s law, the circuit can be expressed by

dim P din, p _
L= + Loy —3— +ucr,p = Vi

di dim
Lr2 letp + Ucr2, P + nVo = Lm dt’P

. duc, p
i1, P = C(rl at (4)
. -C duce, p
2, p = Uno—g;

i1, p = i2,p + tm,P

where i, p and ¢» p are the reflection resonant currents of the
primary and secondary sides at the P stage, respectively. ucyi, p
and ucy, p are the capacitor voltage.

Using the Laplace and inverse Laplace transforms for (4), the
resonant current time-domain is given as

iy1,p = P1cos ¢ — Pysin ¢ + ki Pysin (k1¢) + Ps cos (k1¢)
%)

where ¢ = w,t, P;, P>, P3, and P, are the variables to be

determined. The intermediate parameter k; is defined as

[1
M=V T ©

Similar to the primary-side resonant current, the secondary-
side resonant current can be stated as

iyo,p = Py cos ¢ — Pasin¢ — ky Pysin (k1¢) — Pscos (k1¢) .
(7
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TABLE II
CLLC CONVERTER CHARACTERISTICS IN DIFFERENT OPERATION MODES
Switch
frequency wn <1 wn =1 wn > 1
O%igf“ PN PON PO OPO 0 P 0 OP OPO NOP NP
%?“Wﬁm' ccM DCM DCM  DCM OFF ccM OFF DCM DCM DCM CCM
ontinuity
Voltage .
Gain Buck and boost mode Boost mode Cutoff mode | Unity mode | Cutoff mode Buck mode
Load . .
Condition Heavy—light Independent Light—heavy

CCM: continuous conduction mode; DCM: discontinuous conduction mode

Based on the current and voltage relationship between capac-
itors and inductors, the voltages of the capacitors are

verl,p = —2Zo(Prsin g + Py cos ¢ — Py cos (k1¢))
— Zo 12 sin (k1) + Vin

vere,p = —Zo(Py1sing + P cos ¢ + Py cos (k19))
Zo 12 sin (k1¢) — nV,

®)

where Zj is characteristic impedance, which can be given as

|L L
Zo= | =2 =n? =",
0 Gy " ‘/Crs ©)

Similarly, the O stage [Fig. 4(b)] expressions can be described
as

irl,O = 01 COs (k2¢) - 02]{32 sin (k2¢)
ver,0 = —Zo(Oz cos (ka¢) + L sin (ka¢)) + Vin

2

(10)

where O; and O, are the variables to be determined. The
intermediate parameter is defined as

1
ky =) ——.
2 E+1

Likewise, the N stage [Fig. 4(c)] is expressed as

iv1,N = N1cos¢ — Nasin¢g + ki Nysin (k1¢)
+ N3 cos (k1¢)
iy2. N = Ny cos¢ — Naysin¢g — ki Nysin (k1¢)
— Nj cos (k1¢)
ver, N = —Zo(N1sin ¢ + Na cos ¢ — Ny cos (k19))
— Zo 72 sin (k1) + Vin
—Zo(Ny sin ¢ + Ny cos ¢ + Ny cos (k1¢))
+ Zog—f sin (k1¢) + nV,

a1

Ucr2,N =

12)

where Ny, Ny, N3, and N4 are the variables to be determined.
With various combinations of the three operation stages, the
CLLC converter can acquire different operation modes, which
is shown in Table II [28]. In practice, the boost (fs < f;) and
buck (fs > f;) modes are essential to regulate the chargers in a
wide voltage range. When fs < f,, the PO mode is preferred.
In this mode, the primary-side switches can realize zero voltage
switching (ZVS), and the secondary-side switches can realize
zero current switching (ZCS). In addition, the voltage gain is
monotonic, which increases as the frequency decreases. The
PN/PON modes should be prevented because the soft switching
may be lost. Also, in these modes, the voltage gain curve
is nonmonotonic, which may lead to the dysfunction of the

Uce M

Fig. 5.  Waveforms in P mode.

feedback controller. When fs > f;, the NP mode is recom-
mended. This is because the output power is too low, and
high efficiency cannot be guaranteed when the CLLC converter
works in other modes. Furthermore, as shown in Table II,
the converter works in the OPO mode when a light load is
applied. When f; > f;, a very high switching frequency is
required to obtain a small voltage gain in the OPO mode. Thus,
the phase-shift control or circuit reconfiguration methods can
be used to improve the poor voltage regulation ability [29]. The
OPO mode when fg < f, will be discussed in Section II-C. The
following are the main recommended CLLC converter operation
modes.

B. Operation Model in P Mode

When f; equals to f;, the CLLC converter works in the P
modes. In this mode, all the passive components on the primary
and secondary sides work at resonant conditions, and the system
efficiency is at its highest. The waveforms in P mode are shown
in Fig. 5. Therefore, the duration of the P stage is the same as
the resonant period 7} and switching period T, i.e.,

Tp Tr TS ™
— = =—=— 13
2 2 2w (13)

The current satisfies the half-wave symmetry and continuity

principles, which can be expressed as

ir1,p(0) +ir1,p (%) =0

iro,p(0) =ip2 p (%) 0 (14)
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Fig. 6. Waveforms in PO mode.

Similarly, the capacitor voltages satisfy

{UCr1,P(0) +uc,p (&) =0
e, p(0) + uce,p () = 0.

Assume there is no loss when the power is transferred from
the primary side to the secondary side. Hence, the energy con-
servation law can be utilized, which is given by

15)

V}nIin = ‘/oIo~ (16)

The input ac currents 71 and i- in Fig. 2 are equal to i;; and
niyp in half a positive switching period, respectively. Thus, the
input current and output current I, and I, can be derived as

{Im = T j;) Zrl P(t)dt (17)
I, = T f02 iy, p(t)dt.
Then, the voltage gain can be derived as
Vo Iin
— =—=—=1. 18
Vin Lo (%)

Therefore, the voltage gain when fs = f, is equal to one,
which can also be called the unity mode. This feature, along
with the load-independent operation characteristic, makes the
CLLC converter an ideal DCX in the P mode. In this mode, the
simplified open-loop control (f; = f; and duty cycle D = 0.5)
is suitable to implement, achieving high efficiency for the CLLC
converter.

C. Operation Model in PO Mode

When f; is smaller than f;, the CLLC converter works in
the OPO/PO/PON/PN modes. As analyzed previously, the PO
operation mode is expected because of its soft-switching char-
acteristics. Besides, the gain curves in the PN/PON modes are
nonmonotonic, which makes the output voltage hard to regulate
using the feedback controller.

The waveforms are shown in Fig. 6 in PO mode. The duration
of the P stage can be derived as

—_— == —, (19)
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Fig. 7. Equivalent circuit at %Tp and %TS.

According to the inductance current and capacitance voltage
continuity and symmetry principles, the following conditions
should be satisfied:

in,p(0) +ir0 (%) =0
in,p(0) =
ucn,P(O) +ucno (%) =0
ucr,p(0) + ucn, p (%) =0 (20)
in,p (22) —ir,0(0) =0
3

112, P (TT)

Ucr1,P (%) — Ucrl O( )=0.

By taking (19), (20) into (5), (7), (8), and (10), the variables
could be obtained using the same number of equations. Thus,
the gain in PO mode can be expressed as

where
G1 = cos (TF(MET:DM)
Go = cos (W) )
G3 = cos (W) .

Fig. 7 illustrates the equivalent circuit when the CLLC con-
verter works in the O stage, where u¢, represents the voltage
ucp across two switching nodes of the secondary-side bridge
after reflection. Normally, the current ¢, is equal to ¢y, in this
stage. However, as shown in Fig. 7, when the output current
becomes too large, the capacitors may be overcharged. Thus, a
jump in voltage u¢p will occur when the overcharged capacitors
cause the secondary-side diodes to turn ON in advance. Assuming
the CLLC converter enters O stage, if uép(t) drops from +nV,
to -nV,, the charger will enter the N stage at t = %Tr [23].
Therefore, the boundaries of PO, PON, and PN modes can be
expressed by

(1Tp)’ <nV, & |uED(
’uED(2Tp)| <nV, & |uCD(
’UED (%TPH > nVo

T,)| < nV, PO mode
T,)| > nV, PON mode

1
2
1
2

PN mode
(23)
where
uip (3Tp) = Vin — ucrt,p () — ucn,p(%2) o4
uip (37%) = Vi — ucn,o(%) — ucn,o(%).
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TABLE III
SIMULATION PARAMETERS IN VERIFYING MODE BOUNDARIES
Symbol Value Symbol Value
Vin 500V fr 100 kHz
Lyp, Lis 16 nH Lm 200 pH
Crp, Crs  158.3nF n 1

Then, (23) can be rewritten as
E) + ucp p(jp) < Vin +nV,
2) < Vin + nVs.

UCr1 P( (25)

UCr] o( =) + ucr o(

To simplify the analysis, the magnetizing current ¢,,, remains
constant after ¢, touches ¢;; until half a switching period. In
other words, i, (t) = I, during the O mode. Thus, causing the
primary-side capacitor voltage to increase linearly. According
to the capacitor voltage symmetry principles in a half period,
the voltage increment of the primary-side capacitor can be
obtained.

Consequently, the condition of the CLLC converter working
in PO mode can be expressed as

2
ZO < M (26)
™ GPO
where R, is the output resistance. The output resistance can be
expressed as

27

where Py is the output power.

This boundary condition is simulated in PLECS software. The
simulation parameters are listed in Table III. Fig. 8 shows the
simulation results when the load changes from 40 to 35€. It
shows that the operation mode of the CLLC converter changes
from PO mode to PON mode. The calculated boundaries when
the switching frequency is 50 kHz according to (26) is R, <
39.8 2, which can verify the effectiveness of (26).

The CLLC converter is possible to work in the OPO mode
when f; < f; under light loading. Using the parameters in
Table III, the gain versus switching frequency with increasing
R, can be depicted in Fig. 9. When the R, = 50 (2, the CLLC
converter works in PO mode. When the R, = 300 or 500 (2,
the CLLC converter works in OPO mode. It is apparent that
under the same switching frequency, the gain increases as the
resistance increases. For specific CLLC parameters, the gain
in OPO mode is larger than it is in the PO mode. In other
words, the worst condition occurs at the heavy load rather
than the light load. In the OPO mode, the closed-loop con-
troller can increase the switching frequency to maintain the
output voltage constant. Therefore, the light-load condition
when fs < f, need not be considered in designing a CLLC
converter.

D. Operation Model in NP Mode

When f; is larger than f;, the CLLC converter is ex-
pected to work in NP mode and the operating waveforms

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 6, JUNE 2023

PWM
Signals

50
Y sl VeV imal
50
50
in(A)o /\ /\ /\

4.764 4.765 4766 4.767 4768 4.769 4.770 xle2

Time(s)

(a)

PWM
Signals

50

i i |

(A)

-50
50
50

70026 70027 7.0028  7.0029 70030  7.003
Time(s)

(b)

7.0032 xle-l

Fig. 8. PO/PON boundary simulation results when output power in-
creases. (a) R, = 40Q. (b) R, = 359

T T T T
[=—r,=50Q
—e—R,=3000
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100 i i i i
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Frequency (kHz)

Fig. 9. Gain curves when R,, increases.

are shown in Fig. 10. According to the inductance current
and capacitance voltage continuity and symmetry principles,
we have

(28)

Ucr1,P

(
(

O) + Ucri,N
)

ucr2,p(0) + ucr, N

It is challenging to get voltage gain using (28) due to the
existence of the highly nonlinear trigonometric items. There-
fore, the transient N mode is ignored to simplify the analysis.
Accordingly, the resonant current drops to zero at t = %TS and
the capacitors voltages increment is slight. Therefore, the P stage
equations can be used when the circuit at ¢t = %Ts to obtain the
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Fig. 10. Waveforms in NP mode.

time-domain expressions. Thus

Z-r2,P(0) =0
im,p(0) +imp (5) =0
ucn,p(0) + uce,p (%) =0 (29)
uce,p(0) + ucn,p (&) =0
m B Ve
Iy =7 Jo? inp()dt = £

o

By taking (29) into (5), (7), and (8), the voltage gain in NP
mode can be obtained as

Vi G4+ kG
GNP(ka Z07R07wn) - L - 7T4Z+ 10
Vin G4 - nzwn(}%o G5 - leG
(30)
where
G4 = cos wln -1
G5=COS§H—|—1 (1)

G = sin (wl) tan (%) .
The quality factor can be defined to relate the characteristic
impedance Zj and load R, i.e.,

2
Q= (32)
Then, (30) can be rewitten as
o k
Grp (I, Zoy Royion) = 02 = 1 £ G (33)

Vi Gi— 18G5 - kG

E. Comparisons Among SOM, FHA, and TDM

In this section, the conventional FHA model, SOM model,
and TDM are compared. The principle of the FHA model is
straightforward. When the converter works near the resonant
frequency, the current and voltage waveforms in the resonant
tank will be close to the sine wave. Thus, the higher-order har-
monics can be neglected, and only the fundamental component
needs to be considered. The equivalent circuit of the FHA model
is shown in Fig. 11 [13]. In the FHA model, the input source on
the primary side can be replaced by a sinusoidal voltage source
with a frequency that is the same as the switching frequency
of the converter. The secondary-side rectifier, filter capacitor,
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Fig. 11. Equivalent circuit of the FHA model.
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Fig. 12.  Gain curves versus wy, with different cases. (a) wn < 1. (b) wy > 1.

and load can be replaced by the equivalent resistance Rp.
The equivalent resistance Ry can be expressed as

(34)

Thus, the output voltage gain of the CLLC converter using
the FHA model can be deduced as
1

2 2
\/646,3 o — 2+ ] (14 £~ )
where a = 2k + 1, b = 2k + 2.

According to (35), it is evident that the main merit of the
FHA model is that the gain model of all modes can be given
using one expression. However, the accuracy of the FHA model
is not enough to properly design a CLLC converter.

The gain comparison among the FHA method, the pro-
posed SOM model, and PLECS simulation results are shown in
Fig. 12. The system specifications of different cases are listed in
Table IV. According to Fig. 12(a), there is a large gap between
the gain curves of the FHA method and of the simulation results.
Also, the voltage step-up characteristic cannot be reflected in
Case 3. As a result, the FHA model is unsuitable for the design

Gr =

(35)
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TABLE IV
SIMULATION SPECIFICATIONS

Parameters Case 1 Case 2 Case 3
k 5 18.75 18.75
Zo 25 10 10
n 2 1 1
R, 25Q 100 2 60 2
fr 200 kHz 100 kHz 100 kHz
Mode Charging  Charging  Discharging

process. Oppositely, the SOM model is nearly identical to the
simulation, no matter how diverse the values of £ and Z; are.
From Fig. 12(b), both the SOM model and the FHA method have
errors compared with the simulation results. However, the SOM
gain model curve is closer to the simulation results than the FHA
model. The maximum error is 1.07%, which is negligible. The
relative errors of the SOM model are due to the approximations
assumed in dealing with the TDM. This approximation is a
tradeoff between calculation complexity and accuracy.

To analyze the proper scope of application of the SOM and
FHA model, the voltage gain error is calculated. The definition
of error is defined as

Error = M x 100%

7 (36)

where V is the simulated output voltage and V, .. is the
calculated output voltage according to the FHA or SOM model.

Fig. 13 shows the voltage gain accuracy as percentage error
with different k& and Q. It is obvious that the proposed model is
more accurate in most cases. For all points of the SOM model,
the errors are negligible. Especially when f; < f;, the errors
are lower than 2%. Also, the maximum error, which is just
under 6%, occurs when both switching frequency and quality
factor are high. However, for the FHA model, the errors are
acceptable when @@ < 0.4 and w,, > 1, which means that the
FHA model is only suitable for the low load quality factors
application with upper resonant frequency. This conclusion is
consistent with [25]. The SOM makes up the deficiency of FHA,
making the gain expression valid in a large frequency range and
in DCM mode.

The TDM, without any simplification, is as accurate as the
PLECS simulation results. The voltage gain can be obtained by
solving (5), (7), (8), (10), (20), and (28). However, although
TDM improves analytical accuracy, the implied nonlinear re-
lationship with trigonometric items makes it challenging to

Normalized Frequency o,

(b)

09 1.0 11

Normalized Frequency o,

(©

1.0 1.1 1.2 1.3 0.8

Gain errors versus wy, with different k. (a) k = 5. (b) k£ = 10.(c) k = 15.

A
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[ > » |
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Fig. 14. Battery charging profile. (a) Typical charging profile of lithium-ion
batteries. (b) V-I curve of the battery charging profile.

acquire the visualized gain solution. Therefore, combining the
benefits of the accurate TDM and the simple FHA model, the
SOM model is proposed in this article.

III. PARAMETER DESIGN METHODOLOGY
A. Design Consideration

Asindicated in Fig. 14(a), the charging process for lithium-ion
batteries typically involves the following three main phases [30]:
1) constant current (CC) phase; 2) constant power (CP) phase;
3) constant voltage (CV) phase. Several conditions should be
addressed in order to meet the charge requirements.

1) Atthe beginning (Point A) of the CC charging process, the
output voltage is minimum. The CLLC converter should
work in NP mode, and the minimum voltage gain should
be smaller than the minimum requirement G iy, .

When the output voltage reaches the nominal value (Point
B), the chargers enter the CP phase, and the CLLC enters
P mode.

Then, the required voltage increases until the output volt-
age reaches the maximum (Point C). The possibility of
CLLC jumping the PO boundary occurred in this period.
A suitable characteristic impedance Z is needed to ensure
the CLLC converter works in PO mode. The maximum
voltage gain should be larger than the requirement Gy ax.
After the output voltage reaches its maximum, the chargers
will enter the CV phase until the current reaches the
minimum (Point D). In this phase, the CLLC converter
might work in PO/OPO mode. The closed-loop controller
increases frequency to maintain the voltage constant when
the lower output power is required.

2)

3)

4)
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Fig. 15. Design consideration for CLLC converter.

Based on Fig. 14(a), the V-I curve of the battery charging
profile could be obtained, which is shown in Fig. 14(b). For
point A, the output voltage is minimum, and the current is
maximum. Thus, at this point, the output resistance is minimum
(Romin)- Likewise, at point D, the output resistance is maximum
(Romax)- Therefore, in the charging process, the output resis-
tance is between these two boundaries, which can be expressed
as Ry € [Romin, Romax)- Besides, the resonant parameters are
mainly constrained by (26) and (30). Hence, the battery load
could be simplified as the resistive load in the design procedure.

To fulfill the system performance requirements, two core
parameters inductance ratio k and characteristic impedance Z
are selected. To obtain the optimal parameters for the CLLC
converters, the voltage gain, efficiency, stability, and operation
mode boundary are considered, as shown in Fig. 15.

The effect of different parameters on the efficiency is eval-
vated first. For the CLLC resonant converter, the primary-side
switches can realize ZVS turn-ON. Thus, the overall system loss
can be deduced as

-Ploss = Fsweon 1 Pswoff + PT + Pother' (37)
Each of them is analyzed in [16] and [31].
1) Switches conduction 10ss Pyycon
P%wcon = QIEP(rS)Rdson (38)

where I,;,(;s) 18 the primary (secondary) rms resonant current.
Rgson 1S the MOSFET ON-resistor and can be found in the MOSFET
datasheet.
2) Switches turn-OFF 108s Piyofr
P I r%ptzf s
swoff — T~
12C s
where ¢4 is the dead time and Cl; is the junction capacitors for
MOSFETS.
3) Transformer loss Pp

(39)

(40)
(40a)

PT:PF6+PC0pper
PFe:Pv‘/e

where P, is the relative core losses and V, is the effective
magnetic volume. Both of them can be obtained in the magnetic
core datasheet

PCopper - I%RT (40b)

where Ry is the equivalent ac resistance of the transformer.

4) Other loss Pyper, including but not limited to resonant
inductor and capacitor loss, driving circuit loss, and MOSFETS
turn-ON loss in NP mode.

7779

17.0 15 220 200

— 190

E| l}a’()g

— 160

15.8 190 150

(@ (b)

Fig. 16.  Current stress and voltage stress with different k. (a) Current versus
k. (b) Maximum capacitors voltage versus k.

The theoretical efficiency can be expressed as

P, out
P, out + ]Dloss

It is evident that the system efficiency is highly dependent on
the rms value of the resonant current [, and the transient value
of the magnetizing inductance current I,,. The resonant current
simulation results when the output voltage gain is constant are
shown in Fig. 16(a). It shows that the current decreases when
k increases, which demonstrates that an increasing k leads to
higher system efficiency and lower current stress for the power
semiconductors [13]. In addition, the capacitor’s voltage stresses
are important to ensure the system works safely. The simulation
results shows that the larger k selection is beneficial for a safe
operation. To summarize, an increasing k selection can reduce
the current and voltage stress and benefit the system efficiency
performance of CLLC converters. Besides, when k£ becomes
small, the slight change in switching frequency will cause a large
gain change, which is difficult to stabilize and is unsuitable for
closed-loop control.

However, the increase of £ is limited by other factors. The
larger k may lead to lower voltage gain and may not even fulfill
the output requirements. Therefore, the objective of this design
process is to find the maximum inductance ratio k.5 under
some restrictions. For instance, the limitation of output voltage
gain, ZVS conditions, and resonant current.

The characteristic impedance Z is another key parameter that
has a great impact on the PO/PON/PN boundary. Besides, the
resonant current also has a relationship with Zj. Thus, a suitable
Z should be considered. To improve the system stability, it
is better to have a lower maximum output impedance Z, for
the CLLC converter. Fig. 17 shows that the lower Z,, can be
obtained by increasing Zj. In conclusion, alarger 7 is beneficial
for the cascaded system stability and efficiency. However, a
satisfactory gain range and the PO working restrictions may
not be accomplished if a large 7 is employed.

n= (41)

B. Step-By-Step Design Procedure

In this section, a step-by-step design procedure for a CLLC
resonant converter is presented, which is shown in Fig. 18.
The specifications of the designed CLLC converter are listed
in Table V.
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Step 5 ‘ Determine Inductance Ratio k Considering Gain Range |
Determine Maximum Aax1 Determine Maximum Ao
%‘»’“’5(%)0! Gre (b, Zo, Roy0,) = Gi+kiGy
Gro (k) = G =303 G, + (2, + 1) G Gi—y kG
Step 6 Determine Maximum k.3 Considering ZVS
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[ [ I [ [ ]
. . Current Mode .
Efficiency || Gain Range Stress Boudaries ZVS Stability
Fig. 18. Parameter design procedure of the CLLC converter.

1) Step 1. Choose switching frequency fs Range: In this step,

the main objective is to determine the optimal minimum
switching frequency fsmin that ensures the energy con-
tained in the resonant tank achieves the minimum [32].
The energy can be expressed as

2
1 + (fsl}‘:in)
Eq

2
fsmin _ fsrnin
i (1 ( A ) )

E(.fs min) = (42)
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TABLE V
DESIGN SPECIFICATIONS

Parameters Symbol Value
Input voltage Vi 200V
Output voltage range Vo 170V ~ 230V
Rated output voltage range  V, rated 200V
Resonant frequency fr 100 kHz
Switching frequency fs 55 kHz ~ 150 kHz
Rated output power Py rated 1000 W

2)

3)

4)

where Ej is the energy expression component that has
nothing to do with frequency. Through the derivation
of (42), the optimal switching frequency fsmin can be
calculated approximately. Considering the power density,
the resonant and switching frequencies are set, as shown
in Table V.

Step 2. Choose transformer ratio n: To narrow the CLLC
converter switching frequency range, it is preferred to
design the converter with a symmetrical operation range
in both charging and discharging modes [33]. Therefore,
the transformer ratio of n should be reasonably designed
to make the voltage gain range almost the same in these
two operation modes, which can be illustrated by

V;n min V;n max

V:) min‘/o max

where Viimin, Vinmaxs Vomin, and Vg max are the mini-
mum and maximum values of input and output voltages,
respectively.

Step 3. Calculate voltage-gain requirements: Obtaining
the required voltage gain is the main objective in the design
process, and the gains in charging/discharging modes are
expressed as

(43)

n =

GC min(max) — nV, min(max) /Vln

G D min(max) = Vin/ ("Vo max(min))- (44)
Then, the gain requirement G is
G € [GNPmin; GPomax] (45)
GPomax = Max{GC max, GDmax} (45a)
GNPmin = Min{G¢ min; GDmin}- (45b)

Step 4. Determine characteristic impedance Zy using
PO/PON/PN boundaries: In this application, the input
voltage and output power can be seen as constants. Hence,
the minimum value of (Gpowy, )min should be obtained to
get the PO/PON/PN boundaries according to (26). How-
ever, (26) indicates that the core parameters, k and Zj,
are coupled in the design process. A common approach
to obtain the (Gpowy )min is to adopt the iterative process;
however, this process is less intuitive and not expected.

Fig. 19(a) shows Z values with different k. In this figure,
Zy decreases as k increases. When £k is larger than 7, the
minimum values of Z are close. The higher the k, the
closer the Z; values. Therefore, to simplify the design
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Fig. 20.  Gain curves with different inductance ratios. (a) PO mode. (b) NP
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Fig. 21.  Experiment prototype.

process and avoid solving by iteration, Zy = 10 is set
with a safety margin because a higher appropriate Z is
preferred.

5) Step 5. Determine inductance ratio k using voltage gain
restriction: Fig. 20 shows the gain curve with different k.
To fulfill the basic voltage gain requirement, the gain in
PO mode should be higher than 1.15 when 55 kHz < f; <
100 kHz. Identically, the gain in NP mode should be lower
than 0.83 when 150 kHz > f; > 100 kHz. Combining
these conditions, the & should be lower than 15. Therefore,
to ensure good efficiency performance, k = 14 is preset
in this step.

6) Step 6. Determine inductance ratio k considering ZVS
condition: This step is to verify that the £ and Z; can
ensure the ZVS realization. To achieve ZVS, the primary-
side current should discharge the output capacitance of
four primary switches during the dead time ¢4 [13].
Therefore, to satisfy the ZVS criteria, the k£ should meet

< Ta
8Cossn max Z£0

7) Step 7. Determine all resonant parameters: In the pre-
vious steps, the proper parameters k and Z; are se-
lected. Thus, the resonant inductors and capacitors can be

(40)
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TABLE VI
DESIGN RESULTS
Parameters Symbol Design
Inductance ratio k 14
Characteristic impedance Zo 9.42
Transformer turns ratio n 1
Primary-side series inductance Lyp 15 pH
Secondary-side series inductance Lys 15 pH
Magnitizing inductance Lm 210 pH
Primary-side series capacitance Crp 168.9nF
Secondary-side series capacitance Chs 168.9nF
determined by
Zy L
Ly =n"Ly="—=—"=
Wy k
Cis 1 k
Cp=—% 47

nz weZo - Am2f2L,,

8) Step 8. Verification using simulations and experiments:
All the designed resonant parameters are listed in
Table VI. The detailed simulation and experiment results
are analyzed in Section IV. Typically, the proposed pa-
rameter design methodology is intuitive and noniterative.
This is because of the high accuracy of the proposed
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SOM model and intuitive parameter design methodol-
ogy. In some extreme situations, if the simulation result
does not satisfy the system specification, the designer
could change the value of characteristic impedance Z;
first. If the updated Zj is still not effective, the user
can decrease the inductance ratio k to fulfill the system
specifications.

IV. EXPERIMENTS
A. Experiment Setup

A 1-kW CLLC converter prototype is designed and im-
plemented to verify the correctness and effectiveness of the
proposed simplified model and parameter design process. The
experimental platform is shown in Fig. 21. The transformer uses
PQ5050 cores, and the resonant inductors use EE cores. Metal-
ized polypropylene film capacitors are utilized as the resonant
capacitors. TI Launchpad-F28379D is used to control the CLLC
charger.

B. Experiment Results

First of all, the voltage gain expressions are verified. The
gain comparison among SOM model, FHA model, PLECS

simulation and experiment results (EXP) is shown in Fig. 22.
Fig. 23 shows the voltage gain accuracy as percentage error.
Figs. 22 and 23 together illustrate that the SOM model results are
closer to the experimental results. Oppositely, the FHA model is
not satisfactory. Its error increases rapidly when the switching
frequency becomes far from the resonant frequency. Therefore,
the proposed model is better for parameter design.

Then, the conditions when the CLLC charger works in dif-
ferent modes are studied. Fig. 24(a) shows that the frequency
modulation range is 57 kHz—141 kHz with different output
power in charging mode, which can satisfy the output voltage
requirement from 170 V to 230 V. According to the battery
charging profile, six key points A—F with different voltage gains
are tested, as shown in Fig. 25. The corresponding loads are
also listed in Fig. 24. This frequency modulation range matches
the theoretical analysis well. In detail, for point A [Fig. 25(a)],
the converter works in the NP mode. The output voltage is
170 V (the minimum gain requirement), and the operation
frequency is 141 kHz. For point B [Fig. 25(b)], the converter
works in the P mode, and the output voltage is rated. For point C
[Fig. 25(c)], the converter works in the PO mode, and the output
voltage is 230 V (the maximum gain requirement). In addition,
the primary-side MOSFETS’ ZVS turn-OFF and secondary-side
diodes’ ZCS turn-ON can be realized for all points. Similarly,
Fig. 24(b) and Fig. 25(d)—(f) show that the designed parameters
could also satisfy the performance requirements in discharg-
ing mode. In conclusion, the experimental results demonstrate
strong agreement to the SOM model.

The system efficiency when the output power is 1 kW is
tested using the power analyzer YOKOGAMA WT5000, and
the efficiency curve is illustrated in Fig. 26. In the entire volt-
age regulation process, the system efficiency is larger than
96%, and the peak efficiency is 97.1% when the switching
frequency is 100 kHz, which verifies the acquisition of high
efficiency.
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TABLE VII
COMPARISON WITH PREVIOUS PARAMETER DESIGN METHODS
References [15] [13] [17] [27] [28] [23] [24] This paper
Topology CLLC CLLC CLLC CLLC LLC CLLC CLLC CLLC
Model FHA FHA FHA Time-domain  Time-domain Time-domain Time-domain Time-domain
Operation mode P mode N/A N/A P/PO modes PO mode P/PO/NP modes N/A P/PO/NP modes
Accuracy ok k * * Kok kk hkkk kK *kkk *kk
Iteration required No Yes Yes Yes Yes N/A Yes No
Voltage gain
expression Yes Yes Yes No No No No Yes
visualization
Complexity * * *kk KK *kk N/A KAk *

C. Comparison With Previous Parameter Design Methods

The comparison with other parameter design methods are
listed in Table VII. Compared with the FHA-based methods, the
accuracy of the proposed SOM model is significantly improved
Simultaneously, the SOM model contains more information
regarding the soft-switching characteristics and the reliability
zone. Therefore, this design method is more comprehensive.
Likewise, by simplifying the time-domain model, the calculation
amount is significantly reduced. The visualized voltage gain ex-
pressions can be obtained with the tradeoff between calculation
simplicity and accuracy, which benefits the engineers’ parameter
design. In this procedure, repeated iterations are avoided, and
the complexity of obtaining the best parameters is decreased
dramatically. In conclusion, the proposed model matches the
real converter very well. The presented parameter design method
is intuitive and straightforward, providing high efficiency and
reliability for the CLLC converter.

V. CONCLUSION

A SOM model for the CLLC converter by simplifying the
operation mode expressions and waveforms is illustrated in this
article. The proposed model is much more accurate and intuitive
than the traditional FHA method and the complicated TDM.
Moreover, the conditions that ensure the system operates in high
efficiency and reliability zone (PO/PON/PN boundaries) are
studied. In consideration of the system efficiency, soft-switching
conditions, gain range, current/voltage stress, a simple and direct
parameter design methodology without iteration using k and Z
is proposed. The simulation and experimental results show great
consistency with the proposed SOM model and the parameter
design methodology.
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