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Design Methodology of Three-Phase LLC Charger
Based on Time-Domain Model With Enhanced
Analytical Accuracy and Power Efficiency

Ning Guo
Cong Li
and Zhifeng Deng

Abstract—Three-phase LLC converters show considerable po-
tential in battery chargers. However, the existing parameter design
methods for three-phase LLC converters have limitation in ana-
Iytical accuracy and efficiency optimization over the wide voltage
range. To address the above issues, this article proposes a time-
domain model (TDM) based design method for three-phase LLC
chargers. First, a comprehensive TDM for the three-phase LLC
converter is developed, providing a detailed analysis of operating
modes and mode distributions across the entire operating range.
Then, based on TDM, a novel design method is proposed to op-
timize the efficiency of the entire charging process. The resonant
root-mean-square current is selected as the optimization objective,
and its relationship with design parameters is researched to derive
the optimal constraints. Meanwhile, suitable operating modes are
identified for each charging pattern to satisfy the soft-switching
condition. A step-by-step design procedure is finally provided to
determine the optimal parameters. The analysis proves that the
proposed design methodology enhances accuracy and efficiency
across the entire operating range of the three-phase LLC charger.
The effectiveness is also validated through a 4.5-kW experimental
setup with 98.1% peak efficiency.

Index Terms—Charging trajectory, optimal root-mean-square
(rms) current design, three-phase LLC converter, time-domain
model (TDM).

I. INTRODUCTION

ITH the rapid development of electric vehicles (EVs),
W the performance of EV battery chargers is becoming
increasingly important. Typically, isolated dc—dc converters are
employed to regulate the output voltage and current of EV
chargers, hence determining the characteristics of the chargers
[1]. LLC converters are promising candidates due to their wide

Received 3 July 2024; revised 8 November 2024; accepted 31 December 2024.
Date of publication 6 January 2025; date of current version 26 February 2025.
This work was supported by the National Natural Science Foundation of China
under Grant 51907156. Recommended for publication by Associate Editor O.
Trescases. (Corresponding authors: Jinjun Liu; Sixing Du.)

The authors are with the State Key Laboratory of Electrical Insulation and
Power Equipment, School of Electrical Engineering, Xi’an Jiaotong University,
Xi’an 710049, China (e-mail: gnlbj657 @stu.xjtu.edu.cn; jjliu@mail.xjtu.edu.
cn; dusixing.2011@xjtu.edu.cn; 1c2000@stu.xjtu.edu.cn; chenhui_xjtu@stu.
xjtu.edu.cn; happiness980102 @stu.xjtu.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2025.3526323.

Digital Object Identifier 10.1109/TPEL.2025.3526323

, Graduate Student Member, IEEE, Jinjun Liu
, Student Member, IEEE, Hui Chen
, Graduate Student Member, IEEE

, Fellow, IEEE, Sixing Du"”, Member, IEEE,
, Student Member, IEEE,

soft-switching range, high efficiency, and high reliability [2], [3],
[4], [5], [6]. Single-phase LLC converters are widely applied
to low and medium power charging, while three-phase LLC
converters are gaining more attention when pursuing higher
charging speed. Compared with single-phase LLC converters,
three-phase LLC converters can provide higher efficiency in high
power applications, lower output current ripple, and smaller filter
volume [7], [8], [9], [10], [11].

Nowadays, three-phase LLC chargers are facing challenging
requirements: First, fulfilling the wide output voltage and power
range within a given frequency range; second, maintaining high
efficiency across the entire charging process [12]. Therefore,
the parameters of the resonant tank should be sophisticatedly
designed to ensure that the output characteristics meet these
requirements. The premise of a design method is to create the
accurate model to describe the characteristics of the converter.
Since pulse frequency modulation (PFM) is the most frequently
employed modulation strategy, researches mainly focus on the
design methods under PFM. The existing parameter design
methods of the three-phase LLC converters under PFM can be
classified into two main categories based on different modeling
methods: fundamental harmonic approximation (FHA) based
design methods and time-domain model (TDM)-based design
methods.

FHA-based methods are characterized by their simplicity
and intuitiveness. The essence of FHA is applying the Fourier
decomposition to the resonant tank voltage and taking only the
fundamental harmonic for approximate analysis. The accuracy
of FHA is high when the switching frequency is close to the
resonant frequency, as the resonant waveforms approximate
the sinusoidal waveforms. There are plenty of researches on
FHA-based design methods for single-phase LLC converters
[13], [14], [15]. The FHA modeling for a three-phase LLC
converter is similar to that of a single-phase LLC converter.
Several FHA-based design methods have been proposed for
three-phase LLC converters. Arshadi et al. [7] design an ac-
ceptable set of parameters by iterative adjustments to fulfill the
worst-case condition of the battery charger. In [16], parameters
are designed by considering the constrains of voltage gain,
switching frequency range, and voltage limitation of resonant
capacitor. In [17], three sets of parameters are selected based
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on the resonant tank analysis, and the best set is identified
considering the switching frequency and magnetic components.
However, all the FHA-based design methods for the three-phase
LLC converters have common drawbacks when applied to EV
chargers. The accuracy of FHA gets worse when the switching
frequency deviates from the resonant frequency, as higher order
harmonics are neglected due to the model’s approximation. The
peak voltage gains predicted by the FHA model are lower than
the practical results, leading to a smaller designed magnetizing
inductance and underutilization of the resonant tank. Therefore,
the three-phase LLC charger will have higher current, reducing
the efficiency.

In order to improve the analytical accuracy and realize an
optimal design, the TDM-based design methods are researched.
TDM constructs the state equations of the converter in segments
based on the different conduction states. By solving these state
equations in time domain, the characteristics of three-phase
LLC converters can be accurately described across the entire
operating range. In recent years, numerous design methods
have been proposed to enhance the efficiency of single-phase
LLC converters, leveraging the TDMs high accuracy across
various operating ranges. Efficiency is a typical optimization
objective when designing the converter. In [18] and [19], the
efficiency at a certain load condition is optimized to determine
the solution. Similarly, Wei et al. [20] focus on efficiency under
the worst-case condition and locates the optimal parameters
by exhaustive search. To achieve improved performance across
the entire operating range, some researches adopt the weighted
average efficiency. The research in [21] combines the efficiencies
across varying output voltages and power to calculate weighted
average efficiency. In [22] and [23], a time-weighted average
efficiency is introduced for battery charger design, accounting
for total conversion energy over the charging process. While
taking efficiency as the optimization objective is intuitive, it
is challenging to calculate losses accurately, particularly for
magnetic components. The calculation of efficiency could be
complicated, as some specific devices should be selected in
advance. Therefore, design methods based on alternative op-
timization objectives have been proposed. In [24] and [25],
the peak voltage gain and current stress are considered in the
selection of candidates. Designers can evaluate these results to
identify the optimal design based on the specific requirements.
In [26], the circulating energy is minimized to obtain best
performance in the charging trajectory. In [27], the resonant
root-mean-square (rms) current is employed as the optimization
objective and algorithms, such as genetic algorithm, are used to
find the solution.

For the three-phase LLC converter, the detailed model differs
from that of the single-phase LLC converter due to coupling
effects. The three-phase LLC converter has more complex-mode
distributions, requiring comprehensive modeling to identify fea-
sible modes for design. Specifically, unique conduction states
caused by coupling effects occur when the secondary current
is discontinuous, requiring thorough analysis. These differences
mean that TDM-based design methods should be reconsidered
for three-phase LLC converters. Currently, unlike single-phase
LLC converters, limited research has been conducted. In [28], a
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design method is proposed to optimize the magnetic components
for higher efficiency. However, the time-domain analysis is only
partially utilized. Although piecewise equations are applied,
current is approximated as a sinusoidal waveform. In [29], a
TDM-based design method of three-phase Y-delta LLC con-
verter is proposed for server power supply. However, due to
the narrow voltage range of this application, the mode distri-
bution is incomplete, making the design method unsuitable for
battery chargers. The research in [30] extends modeling of the
three-phase Y-delta LLC converter and proposes a design method
aimed at higher power density. However, the operating mode
distribution remains unclear, and efficiency optimization is not
considered in the design. In conclusion, due to its high accuracy,
TDM shows great potential for high-efficiency design of the
three-phase LLC chargers. However, the existing TDM-based
design methods for three-phase LLC converters are restricted
to applications with narrow voltage ranges. New optimal de-
sign methods are needed to effectively improve the efficiency
of three-phase LLC converters over a wide voltage range, as
required in applications, such as battery chargers.

To address the above-mentioned issues, this article proposes
a design method based on TDM for three-phase LLC chargers
with higher analytical accuracy and power efficiency. The main
contributions can be concluded as follows.

1) A comprehensive TDM of the three-phase LLC converter
has been developed, providing detailed analysis of op-
erating modes and mode distributions across the entire
operating range for output characteristics, such as voltage
gain and output power. TDM serves as a foundation for
the proposed design method.

2) A design method aimed at enhancing efficiency across
the entire charging process is proposed for three-phase
LLC chargers. The proposed design method takes the
resonant rms current as the optimization objective. Based
on TDM, the relationship of the optimization objective and
parameters is derived. A step-by-step design procedure is
introduced to identify parameters that optimize resonant
rms current across the charging process while simultane-
ously ensuring system specifications and soft switching.
The proposed design method maximizes the converter’s
performance, thereby improving efficiency across the en-
tire charging process.

The rest of this article is organized as follows. Section Il estab-
lishes a complete TDM of the three-phase LLC converters and
analyzes operating modes and mode distributions. Section III
provides the optimal design methodology for three-phase LLC
chargers. In Section IV, the accuracy and efficiency performance
of the proposed design method is evaluated and analyzed through
simulation and comparison. The experimental results are pro-
vided in Section V. Finally, Section VI concludes this article.

II. TDM OF THREE-PHASE LLC CONVERTER
A. Operating Principle

Fig. 1 illustrates the topology schematic of a three-phase
LLC converter. The primary switches S1—Sg form an interleaved
three-phase active bridge, while the secondary diodes D;—Dg
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Fig. 1. Topology schematic of the three-phase LLC converter.

TABLE I
KEY PARAMETERS OF THREE-PHASE LLC CONVERTER

Parameter Symbol and definition

w,=1/y/L.C.=2nf,

Resonant frequency

Switching frequency fs=1/T,
Characteristic impedance Z, = \/m

Inductor ratio k=1L,/L,
Voltage gain M =nV,/V,,

constitute a three-phase rectifier bridge. The resonant tank pa-
rameters between each phase are identical. L,. and C,. denote the
resonant inductors and resonant capacitors, respectively, while
L,, represents the magnetizing inductors of the transformers.
Both the primary and secondary sides of transformers utilize
the Y-connection. The turns ratio of transformers is n. v, and
v (x = a, b, ¢) refer to the primary and secondary voltages of
resonant tanks; 4,,, and is, (x = a, b, ¢) denote the primary and
secondary currents of resonant tanks. In addition, vcy,1 and vema
are the common-mode voltages. Table I lists the key parameters
to describe the features of the converter. The switching frequency
is defined as f;. The resonant frequency f;., inductor ratio k, and
characteristic impedance Z, uniquely determine the resonant
elements L,., C}., and L,,. The voltage gain of the converter is
defined as M.

For simplicity, several assumptions are made when analyzing
the operating principle of the converter: First, all the components
are considered ideal and the parasitic parameters are neglected;
second, the filter capacitors Cj, and C,, are sufficiently large to
ensure that no high-frequency voltage ripples appear on the input
and output sides. Fig. 2 depicts typical operating waveforms of a
three-phase LLC converter in the below-resonance region (BRR)
(fs < f») and above-resonance region (ARR) (fs > f,). The
primary switches are modulated by PFM and there is a sym-
metrical phase shift of 120° across three phase legs. The upper
and lower switches of each phase are driven complementarily,
allowing for adjustable switching frequency while maintaining
a fixed duty cycle of 50%. It is beneficial to define the primary
switching function S1,(t) (z = a, b, c) for the three phase legs.
S1.(t) equals 1 when the upper switch of a phase leg is ON and
0 when the lower switch is ON.

Before detailed modeling, three concepts are defined first in
Table II, which are the operating mode, sector, and operating
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Fig. 2. Typical operating waveforms of three-phase LLC converter. (a) BRR.

(b) ARR.

TABLE II
DEFINITION OF OPERATING MODE, SECTOR, AND OPERATING STAGE

Concept Function Time span
Operating mode Describe characteristics of converter Ty2
Sector Simplify the coupling effects T,/6
Operating stage Categorize the conduction states of (0, T/6)

switches and diodes

stage. Operating modes describe the converter’s steady-state
characteristics over half a switching period, including resonant
waveforms and indicators, such as voltage gain, zero-voltage
switching (ZVS), and zero-current switching (ZCS) states. Sec-
tors are employed to simplify the coupling effects. Taking the
primary side as an example, the relationship between the res-
onant tank voltages and switching functions can be derived as
follows:

Uiz (t) = Vin S12 (t) — Vem1 (t) , (z=a, b,c) . (1)

Due to the consistency of parameters, the waveforms of the
three phases are identical, differing only by a 120° phase shift.
The resonant tank voltages have a coupling relationship

V1g + v1p + V1. = 0. ()

The common-mode voltage can be derived by combining (1)
and (2)

Veml (t) = (Sla (t) + Slb (t) + Slc (t)) ‘/1n/3 (3)

As illustrated in Fig. 2, vem1(t) is a square wave. In combi-
nation with (1), the resonant tank voltages are derived as step
waves with the voltage of +V4,/3 and +2V4, /3. There are three
steps with a duration of T /6 in half a switching period, named
as sectors I, II, and III. Due to the symmetry among the three
phases, each sector shares similar operating principles and has
the same operating stages. Therefore, analyzing one sector is
sufficient, as the others can be deduced similarly.
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TABLE III
DEFINITION AND NORMALIZATION OF VARIABLES
Base values Symbol Definition
Voltage Vg V=V,
Impedance Zy Zp=12,= \/m
Current Iy Ip=Vg/Zg
Frequency wp wp =w, =271f,
Parameter Symbol Normalized variable
Time t 0=wpt
Switching frequency fs fo=1I/1
Resonant current by XY e xy = trexy/Ip
Resonant voltage Urg, XY Viz, XY = Ure XY /Vg
Magnetizing current Una XY Trw Xy = Ima.xy/Ip
Magnetizing voltage Upna XY Vhe XY = Umazxy/Vs
Primary resonant tank voltage V1 XY Vip Xy = Ve xy/Vs
Secondary resonant tank voltage Vo XY V5 XY = U2z XY [V
Subscript of Symbol Definition Variable
X Phase a,b,c
X Stage S, A1, Az, Bi, By, O
Y Sector LI, III

The operating stage is the most basic concept to distinguish
the conduction states of the switches and diodes. There could be
1-3 stages in each sector. Detailed analysis of operating stages
will be presented in Section II-B.

B. Operating Stages

The coupling effect results in a greater variety of operating
stages for the three-phase LLC converter. The primary task is
to systematically classify and model each of these operating
stages. For a given converter, the operating stages vary with
operating conditions, including the switching frequency and
load. The operating stages are essentially distinguished by the
conduction states of the primary switches and secondary diodes.
These stages can be categorized into two groups: continuous
conduction stage (CCS) and discontinuous conduction stage
(DCS), determined by the continuity of the secondary current
of the resonant tank. Before analysis, Table III defines the base
values and unifies variables for the simplicity and consistency
in the solutions.

1) Continuous Conduction Stage: In CCS, either the upper
or lower diode of each secondary phase leg is always conducting,
ensuring that each phase remains connected to the output side.
To be more intuitive, the conduction states can be represented
using space vector, as shown in Fig. 3(a). S, and Sa, (x =
a, b, c¢) are the switching functions for the both sides, mentioned
in Section II-A. There are six conduction states for each side,
corresponding to vector u;—ug. For examples, u; indicates that
S1, Sy, and S5 are ON, or Dy, Dy, and D5 are ON. For phase
A, the primary conduction states follow a conversion sequence
from w1 to ug.

As illustrated in Fig. 3(b)—(d), the primary and secondary
conduction states, pq and usec, could be different at the same
time, resulting in five types of CCS. According to the relative
position between upy; and ug, these types are named as S,

001fus w101
Sl(‘/SZ(‘ Sll./Sz(.
(a) V ®)
S16/S> S14/Sa
A2 A] A] S 110
S Ay B
100
BB fom
NEAY 1c/92¢

(© (d

Fig. 3. CCS analysis for (a) definition of conduction states, and classification
of CCS in (b) sector I, (¢) sector II, and (d) sector III.

Via XY Vo, XY

X=8,A, Ay, By, By
Y=1I

LI, TII

Fig. 4. Unified equivalent circuit of CCS for phase A.

A1, Ag, By, and Bs. S stage represents the stage where ty;
and wuge. are the same. A or Ay stage represents that ug.. leads
Upi for one or two state position. By or By stage indicates a lag
of g behind up; by one or two state position. Although wp;
and wug. vary across different sectors, their relative positions
can remain consistent. Therefore, conduction states in different
sectors that share the same relative position are grouped into
the same category to maintain clarity and consistency when
modeling multiple stages. This indicates that each sector has
the same stages. Fig. 4 presents a unified equivalent circuit of
CCS, using phase A as an example. The state equations can be
derived from this equivalent circuit as follows:

dira Xy pVi qanV,
L, =37 4+ Ura XY = V1 Xy — N U2,xy = 5 — 15
dvra xy __ -
C?" dt = lra,XY
dima,xy __ qnV,
Lm dt - 3
(4)

where the combination of p and ¢ specifies the primary and
secondary voltages of resonant tank in different stages and
sectors, as shown in Table XI of Appendix. After solving (4),
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Fig. 5. Equivalent circuit when phase A is in DCS. (a) Phase A. (b) Phase B
or phase C.

the normalized solutions can be derived as follows:
U;fa,XY (0) = ‘/1*ra,XY cos 6 + VQ*M,XY sin ¢ + % - %
Z.:ia,,XY (0) = _Vl*ra xy sin ¢ + V2*7"a xy €os ¢
Z.7*710,,)(Y (0) - Ilma xy T qMa RS [07 QX}
5

where V7, xy. V5,4 xy, and I3, xy are unknown normalized
initial values of solutions. The time domain of each stage is
defined as [0, 6x] for simplicity, where fx is the normalized
time span of stage X.

2) Discontinuous Conduction Stage: In DCS, neither the
upper nor lower diode of the phase with discontinuous secondary
current is conducting. The DCS can, thus, be denoted as O
stage due to the OFF state of diodes. For example, when phase
A is in DCS, it cannot transfer power to the output side, so
the magnetizing inductor will participate in the resonance. The
other two phases can transfer power, but they are coupled with
phase A. Fig. 5 shows the equivalent circuit of DCS. The state
equations of phase A can be formulated as follows:

U:a,OY (9) = Vl*ra,OY CO8 (kle) + VYQ*T‘U.,OY sin (kle) + a/3

i:'a,OY (0) = —k1 Vf,-a,OY sin (k16) + leQ*ra,OY cos (k10)

U:m,OY (0) = *kkfvl*m,OY cos (k1) — kkfvz*m,OY sin (k10)
(6)

where k1 = 1/v/k + 1. aspecifies the values of vy, for different
sectors. Due to the coupling relationship between the three
phases, the operating principles of the other two phases differ
from those in the CCS. The secondary resonant tank voltage can
be derived similar to the primary side by using (1) and (2)
Vemz = 3 (v2a,0v + (S2p + Soc) Vo) = & (222 4+ V4,)
— Uem2 = 7%vm:l,oy+7_\g’( b C)
(N

where 7 = =£1 is determined by the conduction states of diodes
in phase B or C. Then, the normalized solutions of the other two
phases can be deduced as follows:

,U:I,OY (9) = Vl*rz,OY Co8 (9) + ‘/Q*TI,OY sin (9)

+%V1*m,0Y cos (k10) + %Vz*m,,OY sin (k10) + § + T%
ireoy (0) = =V oy sin (0) + V5., oy cos (0)
_%Vvl*ra,OY sin (kle) - hVv;v"a oy €08 (1{319)

9 +h 5 Ve oy S0 (k10)

V22,0Y = SQ:E Vo

i;knz,OY (9) - Irmm ,0Y +
_%‘/Q*TG,OY COs (klo)

®)
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TABLE IV
SOLVING CONSTRAINTS OF OPERATING MODES

Constraint Expression
Uy, X,Y, axl = 'U:a,,x2Y2(0)
Continuity X, Y, 9)(1 = l'j‘a,XzYZ(O)
Lma X Yl(aXl) = Yna,X YZ(O)
Vg x,1( Vra, X2111(9x2)
Symmetry Tra X, 1 0) Ura, X2HI<9X2)
Trnax,1(0) = =i, x2111(9x2)
Output current I = ] _3nfu 2/ B0 xy — fomaxy|d0

where 3 denotes the values of v, for phase B or C. Vl*mon,
V32 0ys and I, oy are unknown normalized initial values of
solutions. The operating states (cv, 5, 7) of different phases and
sectors are presented in Table XII of Appendix.

C. Analysis and Distribution of Operating Modes

After modeling all stages, the operating modes and their
distributions can be analyzed. The sequence of stages in each
sector is consistent. Therefore, all modes are named according
to the sequence of stages.

When solving operating modes, several types of constraints
need to be considered, as outlined in Table I'V. The first constraint
is continuity: the capacitor voltage and inductor current at the
boundaries of adjacent stages must be continuous. The second
constraint is symmetry: in steady-state conditions, the initial
values of the capacitor voltage and inductor current should be
the inverse of their final values over half a switching period. The
third constraint establishes a relationship between the inductor
current and the output power, which can be derived from the
output current. By integrating these constrains into one nonlinear
system of equations, the operating modes can be solved. SO
mode in Fig. 2(a) is taken as an example to demonstrate the
equation set constructed by these constrains. The equations
based on the continuity constraints can be derived as follows:

U:a,SI (0s) = U:ia,OI (0) 7ZTa s1 (0s) = Zra or (0)
U:a,OI (0o) = ,U:a,SH (0),1 Lra,01 (0o) = Zra s (0)
U:a,SII (0s) = U:a,OII (0) ’Zra su (0s) = Zra on (0)
Uja,OII (0o) = U:a,SIH (0),i Lra,0l (0o) = lra sm (0)

. . ©)
Upq,STI (0s) = Upq,0111 (0),1 Lra,SII (0s) = Zra om (0)
Zjna,SI (0s) = Zjna,OI( )s zma o (0o) = Zma su (0)
ana,sn (0s) = z;kna,OH (0),1 Yma,0l (0o) = Zma s (0)
erza,SHI (0s) = Z:'a,OHI (0)

where fg and ¢ are the duration of S stage and O stage.
Then, the symmetry constraints are listed as follows:
{U:a,SI (0) = U:ia,om (6o) ’i;a,SI (0) = iﬁa,OlH (6o) (10)
i;w,SI (0) = ijna,OHI (90) :

The final one is the output current constraint

" 1,Zp 3nfn Os -
Io - W - T /O (Zra,SII (9) -

ima,sm (0)) dO#
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TABLE V
OPERATING MODES AND CHARACTERISTICS
Jn<1
MOdC A1A2 A10A2 A]O A1 SA1 OA] OA]O SOA] SO OSO O
Voltage Gain M<1 M<1/M>1 M=>1
7CS x v v x x v v v v v OFF
o= Ju>1
Mode S 0SO (0} O 0SO oS B:OS BiS B: BB
Voltage Gain M=1 M>1 M>1 M<1
ZCS X N OFF OFF J V J X X x
3nf, [0 TABLE VI
i n / (Z;a ol ( 9) . i;na ol (9)) do. (11) KEY MODE BOUNDARIES AND CONSTRAINTS
™ 0 ! ’
Besides, s and 0o have the relationship as follows: Boundary Mode Constraint
S0/0SO SO i s1(0) = it 1(0) = M/3k
0s + 0o = 7/3 fn. (12) SO/SOA, SO Vna.om(Borm) = — M/3
.. . SA/SOA, SA i:»;,A1111<0> - Z’:r/La,A,III(O) =—M/3k
By combining (9)—(12), a solvable system of 19 equations N
. . . . . . SOA/OAO0  OA, v omBom) = — M/3
with 19 unknown variables is established. Since the equations '
are nonlinear and transcendental, only numerical solutions can BiS/B,0S B:S ira,s1(0) = i 61(0) = M/3k
be obtained. The MATLAB function “Isqnonlin” can be used 0S0/B,08 0s Uhaotfor) = M/3
to compute the numerical solutions. When focusing on the
operating conditions and resonant parameters, the process of 5
solving the equation set can be expressed in a straightforward Forbidden
and intuitive form
S 15t
M =gp (k,Zr, fn, o) (13) g
&
. . (o)
where gp represents the process of solving the equation set &
at operating point P. For these five variables, if any four of ° I
them are known, the remaining one can be solved. Since only gA on
numerical solutions are available, gp does not have an analytical PO AA T BB, g B,
expression. 0.5 A [ ! T— ek ]
L . . . 0.4 0.6 0.8 1 1.2 1.4
Through a combination of theoretical analysis and simula- . o
. . X K K Normalized switching frequency f,
tion, 17 operating modes have been identified under different
operating conditions, with 11 in BRR and 7 in ARR. Table V  Fig. 6. Mode distribution in M—f,, plane.

presents the operating modes and their basic characteristics. The
OSO and O modes appear in the entire frequency range, while
S mode appears only when f,, = 1. ZCS can be judged by the
presence of O stage. When O stage occurs in a given mode,
the secondary current drops to zero before the diodes turn OFF.
Therefore, ZCS is achieved, eliminating the reverse recovery
losses.

To determine the mode of a given operating point, it is
necessary to calculate the mode boundary first as the condition
for judgment. The mode boundary refers to the transition point
between two adjacent operating modes, which is a special case of
one operating mode. For example, the boundary between SO and
SOA; mode occurs in SO mode when v,,,, equals —nV,, /3 at the
end of O stage. By incorporating this additional constraint into
the equation set, the mode boundary can be solved. According
to (13), with the existence of additional constraint, the output
current constraint is no longer needed. This means that the mode
boundary is determined only by the resonant tank parameters,
independent of the power load. Key mode boundaries and their
constraints are summarized in Table VI. By solving all mode
boundaries, the overall characteristics of the converter can be

Fig. 7. Equivalent circuit of FHA model.

obtained. For example, Fig. 6 illustrates the mode distributions
across the entire M- f,, plane.

D. Comparison Between TDM and FHA Model

This section compares and analyzes TDM and the FHA model
from theoretical perspective. The FHA model only considers the
fundamental harmonic and neglects the higher order harmonics.
Fig. 7 presents the equivalent circuit of the FHA model [7].
The input side of the resonant tank is driven by a sinusoidal
voltage source, and the rectifier on the output side is modeled as
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a resistor. The equivalent resistance can be derived as follows:

6n’R,  6n?V,
72 w2,

Req = (14)
where R, is the load resistor. Based on the equivalent circuit,
the voltage gain expression for FHA model can be deduced as

1

2 2
\/(1+,§—,€]{3) + 5% (fa - #)

where QQ = Z,./R, represents the quality factor, serving as
a measure of the load. It can be concluded that the voltage
gain correlates with the resonant tank parameters and operating
conditions. According to (15), when f,, and Q are fixed, the
peak voltage gain increases in BRR as k decreases. A smaller
k implies a smaller magnetizing inductance when Q remains
constant, typically resulting in a larger peak magnetizing current
and a larger resonant current.

Fig. 8 compares the voltage gain of the TDM and FHA model
with the ideal simulation results under different Q. The accuracy
of the FHA model decreases significantly when the switching
frequency deviates from the resonant frequency. Specifically,
the voltage gain is lower than the simulation results in BRR
and higher in ARR. This discrepancy arises due to the approxi-
mation inherent in the FHA model. Therefore, k is designed to
be smaller to achieve a wider voltage gain range, resulting in
underutilization of the resonant tank. Moreover, a smaller k will
increase the resonant current, hence increasing the losses. The
feasible working range can be evaluated based on the model’s
error. In Fig. 8, it can be observed that the feasible range of
the FHA model is consistently narrow, regardless of the load.
Therefore, the FHA model is unsuitable for the charger design.

In contrast, the voltage gain calculated by the TDM matches
the simulation results across all cases. The mechanism of the
TDM proves that there is no approximation in the modeling
process. It accurately solves all the operating modes and de-
scribes their distributions. The TDM can describe the output

Mgpa =

s)
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Fig. 9. Charging profile of EV battery.

characteristics across the entire working range, so it is a better
choice for charger design.

III. DESIGN METHODOLOGY

This section introduces a novel design method to enhance the
efficiency across the entire charging range of the three-phase
LLC charger. By combining the TDM and the charging tra-
jectory, suitable operating modes for each charging pattern are
selected to meet the system specifications and soft-switching
constraints. The resonant rms current is selected as the opti-
mization objective, and its relationship with design parameters
is researched under entire charging process. Then, a step-by-step
design procedure is proposed to determine the optimal parame-
ters.

A. Operating Mode Selection

Fig. 9 presents the charging profile of the EV battery. It con-
tains four charging patterns: precharge pattern, constant current
(CC) pattern, constant power (CP) pattern, and constant voltage
(CV) pattern. During the precharge pattern, the charging voltage
remains low, while the charging current is typically 10% of the
rated current. In the CP pattern, the power reaches its rated
level, and the voltage continues to increase. In the CV pattern,
the current decreases until it reaches its minimum. Operating
points P;, P>, and P5 represent the boundaries between adja-
cent charging patterns.

Soft switching is crucial for maintaining high efficiency in
three-phase LLC converters. Well-designed parameters can en-
sure ZVS of the primary switches and ZCS of the secondary
diodes throughout the entire charging process. ZCS was ana-
lyzed in Section II, while this part will analyze the constraints for
ZVS. The TDM is employed to analyze the ZVS states for each
operating mode. Appropriate operating modes are then selected
to ensure ZVS of the entire charging process. Achieving ZVS
requires that the resonant current can fully charge or discharge
the output capacitor of the primary switches during the dead
time, expressed as follows:

2 : 2 7
livol > |i7*~,zvs’ = CozaVin = Cons

talp ta
where 77, is the resonant current when switches turn ON. 7;. v
represents the critical resonant current required to achieve ZVS.
C,ss 1s the output capacitance of the primary switches, and ¢ is

(16)
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Fig. 10.  Mode distribution in ¢}, ,—f,, plane for the upper switches.

TABLE VII
APPROPRIATE OPERATING MODES FOR EACH CHARGING PATTERN

Charging pattern
Pre-charge
CC/CP/CV

Operating mode
080, B,0S, B;S
080, SO, SOA,, OA,0

the dead time. Fig. 10 illustrates the mode distribution in ;(—f;,
plane for the upper switches. Modes below the boundary ;. 7y
can achieve ZVS. Meanwhile, the forbidden region refers to
operating conditions the converter cannot achieve even under
zero load. It is evident that nearly all modes in ARR can achieve
ZNS. ZVS may only be lost when the switching frequency is
high, and the load reaches its minimum. As for BRR, modes
0S0,0S,S0OA,0A0, and SA; canrealize ZVS. Furthermore,
modes that can achieve both ZVS and ZCS are OSO, OS, SOA,
and OA; O in BRR, while in ARR, they are OSO and B;OS.

The appropriate modes are selected for each charging pattern.
The precharge pattern, characterized by low voltage gain and
output current, is reasonably set in ARR for two reasons. First,
the use of ARR can expand the operating range and maximize the
converter’s performance. Second, it sets the boundary frequency
between the precharge and CC patterns equal to the resonant
frequency, thereby minimizing the impact of the power load
jump between these two patterns. OSO and B;OS modes in
ARR can be used as they achieve both ZVS and ZCS. The B;S
mode can also be considered due to its little impact from ZCS.
The other three charging patterns are set in the BRR for their
higher voltage gain. In conclusion, the mode candidates for each
charging pattern are listed in Table VII.

B. Optimization Objective

As demonstrated in the existing research, the efficiency of
LLC converters is closely related to the resonant rms current
I ms [22], [24]. A lower I, results in reduced losses, ulti-
mately improving the efficiency. Therefore, I, s is selected
as the optimization objective to evaluate the efficiency. This
section establishes the relationship between I, ;s and design
parameters, and proposes the optimization objective under the
entire charging process.

7049

I, rms can be calculated based on the waveform in positive half
switching period

1 fx %2
Ir,rms = IB \/90 ZY ZX/O ZT,XY (9) df (17)

where 0y denotes the normalized time of half switching period
and fx denotes the normalized time span of stage X. I, i is
dependent on the operating conditions, including voltage gain
M, output current [, and switching frequency f,,, as well as
resonant tank parameters k£ and Z,.. Since there is no analytical
solution, the relationship can be expressed as follows:

Ir,rms =T (k, er M» Iov fn) .

(18)

According to the analysis of (13), when four parameters are
specified, the remaining one can be solved. For a given operating
point P, M, and I, are fixed. Therefore, parameters f,,, k, and Z,.
have the relationship described as follows:

Zy = gp (k’fn)

Then, by combining (18) and (19), the rms current of operating
point P is only related to k and f,,

Ir,rms,P =T (k, Z,,Mp, IO7P7 fn) =Tp (ka fn) .

To satisfy the design requirement for minimum frequency
limit fy, jim, the minimum switching frequency f,, min should
be determined. The local optimization objective will be derived
based on the analysis of finding the k to minimize I, s with fixed
fn- Then, the global optimization objective will be analyzed
through the relationship between the local optimal solution and

fn

19)

(20)

1) Local Optimization Objective: Since CC, CP, and CV
patterns are crucial for efficiency performance, the relationship
between I, ms and k is investigated in BRR. To intuitively
analyze the relationship, the schematic trajectories of these three
patterns are presented in the mode distribution of normalized
power p* and switching frequency f, in Fig. 11. There is a
nonmonotonic relationship between the p* and M, where p*
initially increases and then decreases as M increases at specific
fn- As a result, the mode distributions in p*-f,, plane are
divided into two parts: the negative correlation plane where p*
decreases monotonically as M increases [see Fig. 11(a)], and the
positive correlation plane where p* increases monotonically as
M increases [see Fig. 11(b)]. The ZVS boundary (p7yy) is also
marked in two planes. Most of the negative correlation plane
can achieve ZVS, while most of the positive correlation plane
cannot. Therefore, the three charging patterns should be set in
the negative correlation plane to ensure ZVS operation.

For any operating point P with a fixed f,, in Fig. 11(a), as k
increases, the relative position of P will move downward from
SOA; mode to SO mode, away from the py,, which means the
ZVS margin (iy/iy ,ys) increases. The relationship between
Ir rms,p and ZVS margin is illustrated in Fig. 12. With fixed f,,,
I, mms, p increases as the ZVS margin increases (with k increas-
ing). From a physical perspective, a larger ZVS margin implies a
larger ¢, resulting in increased resonant rms current and losses.
Therefore, it can be concluded that, for any operating point,
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moving it closer to ZVS boundary pyyg reduces its resonant
rms current. Furthermore, when applying this principle to the
charging patterns, the optimal choice is to make the CP pattern
D, cp tangent to pyyg, which ensures that the entire pattern is
closest to the ZVS boundary. In addition, as shown in Fig. 11(a),
Dyys is smaller than the power limit pj,,., indicating that the
charging profile will not exceed the converter’s power limit. The
local optimization objective can be expressed as follows:

Paier = PEvs,min - PZ,CP =h (ks, Zys) =0
min {pEVS}a pZ,CP = R’ate/ (‘/;I%/ZT')

where p; denotes the relative position between pzyg i, and
D, cp- h represents the relationship between pg, and parameters
kand Z,.kg;and Z,, are the solutions of pj = 0. Since there
are infinite solutions for (21), the operating point P is selected
as the anchor point for CP pattern, as shown in Fig. 11(a). As

‘ Q21
pZVS,min =
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the boundary point between CP and CV patterns, 3 has the
minimum switching frequency fy, min and the maximum voltage
gain M.y, both of which are fixed and must be satisfied in
the design process. With the anchor point Ps, the local optimal
objective in (21) can be derived as follows:

{er = gpP3 (k’s, fn,min) (22)
Paire = N (ks, gp3 (ks, fnmin)) = 0.

The local optimization objective is to determine k for a given
Jfr.min such that p% = 0. Fig. 13 presents the process of solving
for k,. The first part is to determine the solution domain. It
is intuitive to examine the trends of relative position between
D7vs.min @0d pj, cp With varying k in the M—f,, mode distribution
plane, as shown in Fig. 14. According to (22), relative posi-
tion pj; can be calculated through the anchor point Ps. As k
increases, ;3 will move through several key mode boundaries
(OA1, SO/SOA{, and SO/OS0O). Since mode boundaries have
additional constraint, the value of k and p}; at these mode
boundaries can be calculated directly and be used to define the
limits of the solution domain. The upper limit of solution domain
is easily determined by evaluating the pj; at boundary of SO
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TABLE VIII
SYSTEM SPECIFICATIONS OF THREE-PHASE LLC CHARGER

Parameter Value
Power rating P, 4.5 kW
Input voltage V;, 400 V
Output voltage Vo, min-Vo,max 280-450 V
Resonant frequency f, 50 kHz
Switching frequency range f; jiim- fs.ulim 30-75 kHz
Boundary of pre-charge and CC V, p 300V
Boundary of CC and CP V,, p» 375V

and SOA;. Similarly, the lower limit can be obtained from the
OA; mode boundary or ZVS boundary in SOA; mode. After
determining the solution domain, the next part is to solve for k;
within this domain, using the binary search method.

2) Global Optimization Objective: After finding the local
optimal solution with fixed f;, min, the global optimization ob-
jective can be obtained by analyzing the relationship between
the local optimal solution and f,, min. The resonant rms current
of Pz (I, ms, p3) is used to evaluate the rms current performance
across the charging process, which can be calculated by

Ir,rms,PB = FPB (ksa fn,min) = FPS (fn,min) .

Fig. 15 provides the changing trends of ks, Z,.s, and I, s, P3
with f;, min. As Fig. 15(a) illustrates, when f,, min increases, ks
decreases, while Z,.; increases. This monotonic relationship is
helpful for solving process. As shown in Fig. 15(b), I, rms, p3
has a minimum value. Therefore, the global optimization ob-
jective is to find f, min to minimize I, ms p3 while satisfy-
ing all the constraints. The solving process will be discussed
in Section III-C.

(23)

C. Design Procedure

This section presents a step-by-step design procedure, as
depicted in Fig. 16. Each step will be discussed in detail as
follows.

Step 1. System specifications: The first step is to deter-
mine the system specifications. This design procedure takes a
4.5-kW three-phase LLC charger as an example, and the key
design specifications are listed in Table VIII. The ¢4 and C\s
can be determined after selecting the switches.

Step 2. Design transformer turns ratio: According to the
analysis in Section III-A, the precharge pattern is set in ARR,

Calculate the minimum
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while the other patterns are set in BRR. Therefore, the boundary
of the precharge pattern and the CC pattern P is set at f,, = 1.
The turns ratio of transformers can be calculated as follows:

n = Vin/Vo,p1. (24)

Step 3. Calculate the voltage gain range: After determining
the turns ratio, the voltage gain range can be derived as follows:

Mmax = Vo,max/Vo,Pl
Mmin = o,min/Vo,Pl'

Step 4. Minimum voltage gain constraints: At the start of
the precharge pattern, the voltage gain and output current reach
their minimum, and the output power is very low. To meet the
minimum voltage gain (Mp,) requirement, the voltage gain at
fn,max must be less than M,,;, when the output current is I, min.
Fig. 17 illustrates the relationship between M and the parameters
k and Z, when f, = fnuim and I, = I, min. As k decreases
and Z, increases, M decreases, making it easier to satisfy the
constraint. In addition, to ensure ZCS of the secondary diodes,
it is advisable to avoid B; S mode if possible. Consequently, the
parameter limits are defined where the voltage gainat B; S/B;OS

(25)
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boundary equals M, marked by “+” in Fig. 17. The parameter
limits kjim and Z, jim can be obtained. To satisfy the My,
requirement, ks should be smaller than Ay, and Z,.; should be
larger than Z,. ji,, which can be expressed as follows:

(Ktims Zrtim) = 9B,8/B,0S (Mmin; Lo,mins frulim)
ks S klim
er > Zr,lim

(26)

where gg, s/B, 0s represents the process of solving the equation
set at B;S/B1OS boundary, similar to (13).

Step 5. Solve parameters: This step describes the process to
find the global optimal solution. The global optimal objective
is to find the minimum 7, ;s p3 While satisfying all the solving
constraints. There are three inequality constraints. The first one
isthat f,, min should be greater than the provided lower frequency
limit f, yim. The other two constraints are derived from step 4,
which can also be equalized to the switching frequency con-
straints based on Fig. 15(a). The solving expression is given as
follows:

min Ir,rms,P?) =Ips (fn,min)
Jrmin = frtiim = fs,uim/ fr

ks < klim = fn,min > fn,]iml
er Z Zr,lim = fn,min Z fn,lim2

where f, imi and f,, im2 are the equivalent frequencies. The
solving process, as illustrated in Fig. 16, is described as follows.

1) First, f,o is defined as the solving point of f,, mi, in each
iteration. At the beginning of the solving process, it is
initialized to the provided lower frequency limit f;, jjim.

2) Next, set fy min 0 fno and fno + Af, to solve the local
optimal solutions based on the objective in (22), obtaining
ks, Zrs, and I, s p3, respectively. A f,, represents the
iteration step, which can be set as 0.005.

3) After obtaining the two sets of parameters, the minimum
voltage gain constraints from Step 4 should be evaluated.
If the constraints are satisfied, the solving process moves
to 4). Otherwise, the process continues with the next
iteration.

4) After the minimum voltage gain constraints are satisfied,
the minimum I, ., p3 Will be evaluated. If the minimum
current is achieved, the solving process is over. Otherwise,
the next iteration is performed.

Step 6. Calculate resonant elements: After solving the

ks and Z,;, the resonant elements can be calculated as follows:

27

L?" = 'r's/27rf'r'
C.=1/2nf.Z,s (28)
L, =ksL,.

IV. PERFORMANCE COMPARISON AND ANALYSIS

To validate the proposed design method, a comparison is
conducted between this method and other design methods. The
system specifications are already provided by Table VIII. The
primary switch is selected as CI6ON120SM, and C,4s can be
calculated to be 400 pF. Considering the switching frequency and
characteristics of switches, ¢4 is designed as 350 ns. Table IX lists
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TABLE IX
PARAMETER DESIGN RESULTS OF THREE DESIGN METHODS

Parameter 1. Proposed 1I. Proposed method III. FHA-based
method based on FHA method from [17]
L, 57.13 uH 53.14 uH 63.66 uH
C, 177.34 nF 190.68 nF 159.15 nF
L, 256.58 uH 203.95 uH 171.89 uH
k 4.4908 3.8383 2.7
Z 17.9490 16.6931 20
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Fig. 18.  Voltage gain comparison between the theory and simulation of TDM-
based and FHA-based design methods.

the design results. The first set of parameters is designed by using
the proposed method (Method I). The second set of parameters is
also obtained through the proposed method, but the calculation
is implemented based on the FHA model (Method II). The last
set is designed by a traditional FHA-based method (Method
IIT) [17]. This method selects one appropriate set of parameters
based on the constraints of voltage gain, power load, and min-
imum switching frequency. However, these design constraints
are not optimal for the efficiency. According to Table IX, it
can be concluded that the FHA-based design methods have a
smaller k than that of the proposed TDM-based design method.
This proves that the low accuracy of FHA model reduces the
utilization of resonant tank, hence undermining the efficiency.

A. Accuracy Comparison

Methods I and ITin Table IX are selected for the accuracy com-
parison between the TDM-based and FHA-based design meth-
ods. The comparison is made on several key operating points
under CC, CP, and CV patterns. The comparison method is
described as follows. First, based on the designed output voltage
and current, calculate the theoretical switching frequency of each
operating point by TDM and FHA model, respectively. Then, by
combining the switching frequency and designed output current,
perform simulations to obtain the actual output voltages and
compare them with the designed values. The simulation will con-
sider the parasitic parameters. The comparison results are shown
in Fig. 18. The proposed TDM-based design method is highly
precise across a wide range of output voltages and currents, with
the voltage gain error consistently remaining below 1%. The
error is mainly caused by the parasitic resistance. In contrast, the
FHA-based design method exhibits poor accuracy at operating
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points with high voltage gain, with errors exceeding 20% at
most. The FHA model has acceptable accuracy only under the
light-load conditions or when the switching frequency is close to
the resonant frequency. At most operating points, the simulation
voltage gains obtained by FHA-based design method are much
higher than the designed values. This phenomenon proves that
the FHA-based design method fails to fully exploit the potential
of the resonant tank, leading to a higher resonant rms current
at the same operating point. Therefore, the TDM-based design
method is more accurate than the FHA-based design method for
the three-phase LLC charger design.

B. Resonant rms Current and Efficiency Comparison

The resonant rms current and efficiency for three design meth-
ods in Table IX are calculated and compared. Fig. 19 illustrates
the comparison of resonant rms current in CV and CP patterns.
In CV pattern, the output voltage is fixed at the maximum output
voltage V,, = 450V, and in CP pattern, the output power is fixed
at the rated power P, = 4.5kW. It can be observed that the
resonant rms current of the proposed method is the lowest in
all charging patterns. This proves that the proposed TDM-based
design method effectively optimizes the rms current across the
entire charging range, allowing for the full utilization of resonant
tank. Furthermore, the rms current of the method I1l is the largest,
with an increase of up to 25% at most. This indicates that the
poor accuracy of the FHA-based design method leads to a higher
rms current.

The efficiency is calculated based on the power loss model
provided by Deng et al. [26]. Fig. 20 presents the efficiency of
three design methods across different charging patterns. When
combined with Fig. 19, a consistent trend is observed between
the efficiency and the resonant rms current. This indicates that
the efficiency is mainly influenced by the resonant rms current.
Fig. 20 shows that the proposed method has the highest effi-
ciency, while the FHA-based method in [17] has the lowest effi-
ciency. The results prove that the proposed TDM-based design
method enhances the efficiency throughout the entire charging
process.

Fig. 21 illustrates the power loss distribution of three design
methods at several key operating points. The losses related to
resonant rms current dominate the total losses. When the reso-
nant rms current is optimized, the efficiency can be significantly
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Fig. 20. Theoretical efficiency comparison between three design methods.
(a) CV stage. (b) CP stage.
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Fig. 21. Power losses of three design methods at key operating points.

Fig. 22.  Experimental setup.

enhanced. Therefore, taking the resonant rms current to estimate
the loss is reasonable. The comparison results validate that the
proposed design method can improve the efficiency of entire
charging process.

Table X compares proposal with other design methods for
three-phase LLC converters. It can be observed that other TDM-
based methods focus on the application of narrow voltage
gain and no optimization methods are proposed. The proposed
method (in bold in Table X) has the highest efficiency due to the
optimization based on TDM.

V. EXPERIMENT

To validate the effectiveness of the proposed design method,
an experimental setup rated at 4.5 kW was established based on
the parameters in Tables VIII and IX. Fig. 22 demonstrates a
photograph of the experimental setup.
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TABLE X
COMPARISON BETWEEN DIFFERENT DESIGN METHODS FOR THREE-PHASE LLC CONVERTERS

Method Model Application Gain range Optimization objective Peak efficiency Full-load efficiency
[28] FHA Battery charger 1.31 Magnetic elements / /
[17] FHA Battery charger 3 / 96.7% @ 2.3kW 95.8kW @ 3.8kW
[29] TDM Server power supply 1 / 97.5% @ 3kW 96.1% @ SkW
[30] TDM Aircraft’s electrical system 1.21 / 96.5% @ 1kW /
Proposed TDM Battery charger 1.6 Resonant rms current 98.1% @ 2.7kW 97.8% @ 4.5kW
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TDM. Then, the same switching frequency and output current
are set in the experiment, simulation, and theory models for
each specific operating point to obtain its voltage gain. The
voltage gains at key operating points under the CV, CP, and
CC patterns are compared. The results from the experiment,
simulation, and TDM match closely across the entire charging
range. The discrepancy between the experimental and theoretical
results is mainly caused by the parasitic parameters, which are
not considered in the TDM theory. However, the voltage gains
predicted by the FHA model diverge severely from the other
results, especially in CV and CP patterns, where the switch-
ing frequency deviates from the resonant frequency. The FHA
model is only accurate near the resonant frequency in the CC
pattern. The comparison reveals that TDM is highly accurate
across the entire charging patterns, whereas the FHA model is
unable to provide a precise description in the wide voltage range
application. Therefore, the accurate TDM is more suitable for
the optimal parameter design of the three-phase LLC converter

B. Key Operating Waveforms

Fig. 24 illustrates the key waveforms at specific operating
points of the proposed method, including the driving voltage
and drain—source voltage of the switch, resonant current, and
resonant voltage. Fig. 24(a) shows the waveforms at boundary
operating point between CP and CV patterns, operating in
SOA; mode. Fig. 24(b) presents the boundary points between
the CP and CC patterns, operating in SO mode. Fig. 24(c)

Fig. 24.  Experimental waveforms of key operating points. (a) V, =450V
and I, = 10A. (b) V, =375V and I, =12 A. (¢) V, =300V and I, =
12A.(d) V, =280V and I, =1.2A. (e) V, =400 V and I, = 11.25 A.
(f) Vo =450 Vand I, =5 A.

depicts the boundary point of CC pattern and precharge pattern,
where the converter operates at the resonant frequency and
the resonant current is sinusoidal. Fig. 24(d) shows the initial
point in precharge pattern, where the output voltage and current
are at their lowest. Specifically, Fig. 24(e) demonstrates the
operating point where ZVS is nearly the hardest to realize in
CP pattern. Finally, Fig. 24(f) shows the half-load operating
point in CV pattern. The lower switch in phase A is chosen to
verify the realization of ZVS. It can be observed that, at all the
operating points in Fig. 24, the drain—source voltage falls to zero
before the switch is turned ON. Therefore, ZVS is realized in all
operating conditions, which validates the effectiveness of the
design methodology and guarantees the efficiency.

Moreover, Fig. 25 presents a comparison of the resonant cur-
rent waveforms from the experiment, simulation, and theoretical
analysis. The results indicate that the waveforms closely match
throughout most of the switching period. The largest deviation
occurs at the stage when the secondary current is discontinuous.
At this stage, the equivalent output capacitors of diodes join
the resonance, causing the oscillation of resonant current. Since
our model does not account for this output capacitor, it cannot
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Fig. 25.  Waveform comparison among experiment, simulation, and theory
at key operating points. (a) V, =450 V and I, = 10 A. (b) V, =450 V and
I, =5A.

-6~ Method I (experiment) -6- Method I (theory)
-2~ Method III (experiment)  -2- Method 11 (theory)

10 ST

]r,rms (A)
]r,rms (A)

6 8|
V,=450V P,=45kW
/
02 04 06 08 1 375 400 425 450
Py /Prue Vo (V)
(2) (b)

Fig. 26. Resonant rms current comparison between experiment and theory.
(a) CP stage. (b) CV stage.

describe this oscillation accurately. However, the impact of the
output capacitor on the converter’s operation is acceptable.

C. Resonant rms Current and Efficiency Measurement

The resonant rms current of Methods I (Proposed) and III is
measured and compared with their simulation results, as shown
in Fig. 26. The experimental results exhibit trends that are
consistent with the simulations. In addition, the discrepancies
between the experimental and simulation results are within an
acceptable range, with errors not exceeding 3%. I, ;s of the
proposed method is lower than that of the FHA-based method,
demonstrating the effectiveness of the current optimization.

Finally, the efficiency of Methods I (Proposed) and III under
various operating points is measured and compared with the
theoretical results, as shown in Fig. 27. The measured effi-
ciency of the proposed design method is higher than that of
FHA-based method, which proves that the proposed method
enhances the efficiency of the three-phase LLC charger across
the entire charging range. The experimental results closely
match the theoretical results, with a maximum error of less
than 0.14%, which is within an acceptable range. This dis-
crepancy is probably caused by nonlinearity of parameters,
rms current calculation errors, and inaccuracies in loss mod-
els. Moreover, the trends of the experimental and theoretical
efficiency curves are nearly identical. Therefore, the theoret-
ical loss model is effective enough to evaluate the efficiency
performance.
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TABLE XI
OPERATING STATES OF DIFFERENT STAGES AND SECTORS IN CCS

(p, q) of stage X
S A Ay B, B,
I 1,1 (1,2) (1,1 (1,-1) (1,-2)
11 2,2) 2,1 2,-1) 2, 1) 2,-1)
I (1, 1) (1, -1) (1,-2) (1,2) (1, 1)

Sector Y

TABLE XII
OPERATING STATES OF DIFFERENT PHASES AND SECTORS IN DCS

Sector Y of phase A (a5, 7)

Phase B
1 1,-2,-1)
I 2,-1,-1)
111 (1,1,-1)

Phase C
1,1, 1)
2,-1,1)
(1,-2,1)

VI. CONCLUSION

This article proposed a TDM-based design methodology for
three-phase LLC chargers to enhance the accuracy and efficiency
throughout the entire working range. First, a comprehensive
TDM for the three-phase LLC converter is established. The
operating modes and mode distributions across the entire op-
erating range are well modeled. Then, based on the TDM, a
design method is proposed to enhance the efficiency by op-
timizing the resonant rms current across the entire charging
process. Through a step-by-step design procedure, the system
specifications and soft switching can be realized. Finally, the
simulation, experiment, and comparison are conducted to verify
the proposed design method. The results show that the proposed
design method has better accuracy and efficiency performance
across the entire charging process compared with the FHA-based
design methods, and the peak efficiency can reach 98.1%.

APPENDIX

For CCS, the values of the primary and secondary resonant
tank voltages vary in different stages and sectors. p and ¢ in (5)
are used to specify the concrete values, as shown in Table XI.

For DCS, when phase A is discontinuous, (a, 3, 7) in (8)
and (9) is used to specify the concrete values of primary and
secondary resonant tank voltages of three phases, as shown in
Table XII.
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