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ABSTRACT A full-bridge LLC resonant converter with series-parallel connected transformers for an
onboard battery charger of electric vehicles is proposed, which can realize zero voltage switching turn-on
of power switches and zero current switching turn-off of rectifier diodes. In this converter, two same small
transformers are employed instead of the single transformer in the traditional LLC resonant converter. The
primary windings of these two transformers are series-connected to obtain equal primary current, while the
secondary windings are parallel-connected to be provided with the same secondary voltage, so the power can
be automatically balanced. Series-connection can reduce the turns of primary windings. Parallel-connection
can reduce the current stress of the secondary windings and the conduction loss of rectifier diodes. Compared
with the traditional LLC resonant converter with single transformer under same power level, the smaller
low-profile cores can be used to reduce the transformers loss and improve heat dissipation. In this paper,
the operating principle, steady state analysis, and design of the proposed converter are described, simulation
and experimental prototype of the proposed LLC converter is established to verify the effectiveness of the
proposed converter.

INDEX TERMS Series-parallel connected, full-bridge LLC resonant converter, dc-dc power conversion,

on-board charger.

I. INTRODUCTION

Recently, there is a growing interest in electric vehicles (EV)
because of the support of national policies and the threat of
fossil fuel depletion, and the demand for on-board chargers
is increasing rapidly [1], [2]. Small size, high efficiency
and high reliability are common standards for evaluating the
high-performance charger. In general, an EV battery charger
is composed of two conversion stages as shown in Fig. 1,
the first one is an AC/DC converter with PFC and the second
one is an isolated DC/DC converter with wide voltage output
for EV battery [3]-[8], the most common isolated DC/DC
converters are the phase-shifted full-bridge (PSFB) converter
and LLC resonant converter. High frequency soft-switching
technology is often applied to the PSFB converter and LLC
resonant converter for high efficiency and high power density.
The output voltage of the PSFB converter can be regulated
by using phase-shift control in a wide voltage range, but

it is hard to realize ZVS for the lagging leg switches in
light loads condition and there are the problem of duty cycle
losses of secondary side [9], [10]. In contrast with PSFB
converter, ZVS turn-on of all power switches and ZCS turn-
off of all rectifier diodes can be realized in LLC resonant
converter with higher efficiency [11]-[15], which makes LLC
resonant converter more appropriate for electric vehicle on-
board charger.

With the increase in the power level of the converter,
power density decreases as transformer volume increases,
the problem of heat dissipation also becomes increas-
ingly serious, so some researchers proposed the topologies
with two transformers substituting for single transformer.
A flyback converter employing two transformers was pro-
posed to implement a low-profile design [16]. The merits
of the conventional single-transformer circuit are maintained,
besides the transformer copper loss and the diode conduction
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FIGURE 1. Typical circuit architecture of a battery charger.

loss are decreased by utilizing two separate transformers.
These converters with two transformers series-parallel con-
nected were presented in [17] and [18], the current stresses
on transformer windings and copper losses are reduced by
connecting the primary windings in parallel, while the sec-
ondary windings of two transformers are series-connected to
reduce the winding turns and divide the output power equally.
A half-bridge LLC resonant converter with two transformers
parallel-series connected was proposed in [19], it is bene-
ficial to improve the power density with using two small
transformers instead of single large transformer. But the half-
bridge structure is not suitable for high input voltage and high
power applications. Similar to the converter in [19], a full-
bridge LLC resonant converter with parallel-series connected
transformers is proposed in [20], this structure is also ben-
eficial to increase the power density and suitable for high
input voltage and high power applications, but these con-
verters with two transformers parallel-series connected have
the imbalance problem of voltage caused by the transformer
parameters inconsistency. A LLC resonant converter with
double transformer series-parallel connection structure was
proposed in [21] and [22], two transformers are used to reduce
the power rating and the volume of each transformer core,
and then the core loss can be decreased. Furthermore, heat
generated from the core losses can also be shared evenly
between two transformers, which is helpful to improve the
heat dissipation and reliability. But the center-tapped wind-
ing structure is complex which leads to low utilization of
the transformer cores. In addition, the voltage stress on the
switches and the rectifier diodes is too high to be suitable for
high-output-voltage and high-power applications.

In order to meet the application characteristics of electric
vehicles charger with wide range of output voltage, high
power rating, high efficiency and high reliability, a full-bridge
LLC resonant converter with two small size transformers is
proposed. On the primary side, the transformers are con-
nected in series to obtain same primary current, while on the
secondary side, they are connected in parallel to be provided
with equal secondary voltage, so the power can be automat-
ically balanced between two transformers. Two parallel full-
bridge rectifier modules are utilized on the secondary side
accordingly.

With this structure, we can get some advantages. Firstly,
the copper loss can be decreased by reducing the turns of
primary windings. Then, the conduction loss of rectifier
diodes can be reduced because of the parallel-connection of
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FIGURE 2. The proposed full-bridge LLC resonant converter.

the transformers on the secondary side which can reduce
the current stress of rectifier diodes. Finally, the total power
is shared equally between two transformers, and the height
and volume of each core are reduced, so the heat dissipa-
tion and reliability are improved, which is of great practical
significance in engineering applications, especially for high-
power applications. Besides, the proposed converter has the
same advantages as the LLC resonant converter with single
transformer. All these advantages make the proposed LLC
converter suitable for on-board charger applications.

This paper is organized as follows. In Section II, the circuit
configuration and operation principle analysis of the pro-
posed LLC converter are given. In Section III, the steady-
state analysis of the converter is discussed. In Section IV,
the charging profile, parameter design and loss analysis of the
LLC converter are illustrated. The simulation and experimen-
tal results are given to prove the effectiveness of the proposed
converter in Section V. Finally, some conclusions are drawn
in Section VI.

II. CIRCUIT CONFIGURATION AND

OPERATION PRINCIPLE

The configuration of the proposed full-bridge LLC resonant
converter is shown in Fig. 2, which consists of the switching
network, the resonant tank, the output rectifier- filter cir-
cuit. The switching network consists of switches S1-S4, with
their parasitic anti-paralleled diodes D 51-D g4 and parasitic
capacitances Cgs1-Cgsa. The resonant tank is composed of
a resonant inductor L,, two magnetizing inductors L,,; and
Ly», aresonant capacitor C,.T1 and T, are two same isolated
transformers with turns ratio ny = na, L, is the total pri-
mary leakage inductance of 77 and 7>. The output-rectifier-
filter circuit includes the rectifier diode D{-Dg, output-filter
capacitor C,. The input voltage V. of the proposed LLC
converter is the output voltage of the AC/DC stage of the
battery charger, V,, devotes the output voltage of the proposed
LLC converter.

To simplify the analysis, it is assumed that both of the
transformers are with the same magnetizing inductances and
turns ratio, that means L,,;] = L,;» and turns ration; = np =
n, four switches are identical that the parasitic capacitances
Cis1 = Cgpp = Cyqs3 = Cgsa, C, is large enough to get a
constant output voltage V.
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FIGURE 3. The key waveforms of the proposed converter.

The output voltage V,, varies with the switching frequency
f+ of the LLC resonant converter. When the energy transfers
from the primary side to the secondary side of transform-
ers, the magnetizing inductors L,,; and L, are clamped,
resonance occurs between L, and C,, with the resonance
frequency f;.

1
- 27JL.C,
If there is no energy transferred to the secondary side,
the load will be supplied by discharging the output capaci-

tor C,, and resonance will occur in L,, C;, L,,; and L,,,, the
second resonant frequency is f;,

1
B 2z \/(Lr + Lml +Lm2)Cr

Pulse Frequency Modulation (PFM) is employed to reg-
ulate the output voltage of the proposed LLC resonant con-
verter. The switching network turns on and off with 50% duty
cycle at switching frequency f;. Whenf,,, < f; < f;, the circuit
has 8 operation states in one cycle, the key waveforms of
the proposed converter are shown in Fig.3, the topological
equivalent circuits are given in Fig.4.

Mode 1(ty-t1): Before 19, S1, S», S3 and Sy are turned off.
At t = 19, Dgs1 and Dgs4 conduct, the drain-source voltages
of S1, S4 decrease from V. to zero, which provides the
conditions for ZVS turn-on. In this mode, the energy is trans-
mitted from the primary side of transformers to the secondary
side, resonance occurs between L, and C,, D1, D4, D5 and
Dg conduct, resonant current iy, decreases sinusoidally in
negative direction, the voltages of L,,1 and L,,» are clamped to
nV,, the magnetizing currents iz, and iy, decrease linearly
in negative direction (iz,,1 = irm2 = im), the primary currents
of transformers equal to iy, — i, > O.

fr ey

Jm @
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Mode 2(t; — t): At t = t1, ZVS turn-on of switches
S1, S> are realized. In this mode, resonant current iz, changes
sinusoidally in the positive direction. Since D1, D4, D5 and
Dg conduct, the voltages of L1, L, are still clamped to
nV,, primary currents of transformers equal to iz, — iy > 0,
the energy is transmitted from input to the load, the resonant
frequency is f;.

Mode 3(1» —13): Att = tp, L,;;1 and Ly,» begin to participate
in resonance with C, and L,, the resonant frequency becomes
fm, the magnetizing currentsiz,,; and iz, rise and equal to the
resonant current iz, the primary currents of two transformers
equal to zero. In this mode, the load is supplied by the
output-filter capacitor C,, the energy of primary side is no
longer transmitted to secondary side. Since D1, D4, Ds and
Dg turn off naturally with ZCS, the reverse recovery loss is
eliminated.

Mode 4(t3 — t4): Att = 13,51 and S4 are turned off.
In this mode, the parasitic capacitors Cgy, Cgsa, Cgs2 and
Cgs3 resonate with L, Cgs1 and Cggq are charged through the
resonant current i7, while Cys and Cyg3 discharged. At t =
14, the voltages of Cys1 and Cyyq rise to V., while the voltages
of Cys2 and Cys3 drop to zero.

Mode 5(t4 — t5): Att = t4, Dy, D3, Dg and D7 are all
in on-state, Dy and Dgs3 conduct when parasitic capacitors
complete the process of charging and discharging, the drain-
source voltages of S and S3 are zero, which provides
the conditions for ZVS. Resonance occurs betweenC, and
Ly, irr, ipm and if,;» decrease, the primary currents of trans-
formers equal to ir, — i, < 0, the voltages of magnetizing
inductors L,,; and L,;» are -nV,,.

Mode 6(t5 — t6): Att = t5, ZVS turn-on of S and S5 are
realized, i;, = 0. In this mode, resonance occurs between
C, and L, with frequency f,, The resonant current iy, varies
in negative direction, ir;,1 and iz, change linearly from
positive to negative direction, the energy is transmitted from
the primary side to the secondary side of two transformers.

Mode 7(t¢ — t7): Att = t¢,irm and ir, equal to ir,,
the resonant tank of C,, L,, L,,1, L,;» are resonant with fre-
quency f,, the energy of the primary side is not transmitted
to the secondary side of two transformers , the load R, is
only supplied by C,. The reverse recovery losses of diodes
D;, D3, Dg and D7 are reduced because of ZCS turn-off.

Mode 8(t; — t3): Att = 17,5 and S3 are turned off,
D1, D4, Ds and Dg are conducting. In this mode, resonance
occurs among Cgs1, Cys4, Cas2, Cas3 and L, Cysp and Cyg3
are charged through resonant current iy, while Cyg1 and Csa
discharged. At r3, the voltages of Cgsp and Cygsrise to Vi,
the voltages of Cgs1 and Cgss drop to zero.

IlIl. STEADY-STATE ANALYSIS OF THE PROPOSED

LLC CONVERTER

The equivalent circuit of the proposed LLC converter
is built by adopting first harmonic approximation (FHA)
method [23] in Fig.5. Assuming that turns ratio of trans-
formers T and 7T, are defined as ny = np = n, magne-
tizing inductors are defined as L1 = Ly» = Ly / 2, the

VOLUME 6, 2018
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FIGURE 4. The Operation modes of the proposed converter. (a) Mode 1 (t5 — t;). (b) Mode2 (t; —t,). (c) Mode 3 (t, — t3). (d) Mode
4 (t3-t;). (e) Mode 5 (t; — t5). (f) Mode 6 (t5 — tg). (g8) Mode 7 (tg — t7). (h) Mode 8 (t; — tg).

ac equivalent resistance are defined as R,.y = Ry =
Rey / 2.V, and I, denotes the output voltage and current
respectively, the battery pack can be treated as a resistive load
R,(R, =V, / 1,). The ac equivalent resistance of R, can be
derived as Rye1 = Rue2 = 16n°R, / 72, the series equivalent
resistance Reg = Ryc1 + Rac2 = 32n2R0 / 72

A square-wave voltage as the input voltage v to the
resonant tank is generated by the switching network.

VOLUME 6, 2018

Based on Fourier analysis, v;r(f) can be expressed as

[e.¢]

> ! sin(2wfymt) 3)
m

m=1,3,5...

4Vye

vir(t) =

The fundamental component of v;r () is vir1.

vir1 = (4Vae /70) sinrfit) )
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FIGURE 5. Equivalent circuit of the proposed converter.

The voltage of ac equivalent resistance is derived as v, =
(4nV, [7)sin(2xfit — ¢), where ¢ is the initial phase differ-
ence between resonant current and voltage.

According to the equivalent circuit shown in Fig. 5, the ac
gain and input impedance of the circuit can be derived as
equation (5) and (6) respectively.

2V,
Myc(s) = L(S)
Vie1(s)
_ SLmReq/(SLm + Req) (5)
1/(sCy) + sLy + SLmReq/(SLm + Req)
Zin(s) st 4 —LmReq )
in(s) = s _
" sC, " SLy + Reg
Further, the dc voltage gain can be derived as
|Mchdc(fna k, Q)|
1
= (7

Jet (-2 +lel- )T

Where the quality factor Q is defined to be the ratio
between the characteristic impedance Z, and the series equiv-

alent resistance R,,, that is Q = Zr/Req =, /Lr/C,/Req.
The inductance coefficient is the ratio between magnetizing
inductance and resonant inductance, that is k = L, / L,.
The normalized frequency f;, is the ratio between switching
frequency and resonant frequency, that is f,, = f; / 'fr.

When R,y — 00,0 = 0, the no-load voltage gain is
derived as

|Mdc(fna k)'open = (8)

1
1 1
et (1-2)
From (8), when f, — o0, the minimum gain can be
obtained as |Mac(fu, k)l gpen_min = k/(k +1).
The normalized input impedance of the resonant tank is as
follows,
Zin 1—f? ik
Zo=Zn oy K ©)
Zy I JkOfu +1
By imposing the imaginary part of equation (9), the bound-
ary condition between capacitive and inductive mode can be
found as follows,

1 1
O = \/ka —1H K2 (o
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FIGURE 7. Characteristic curves of changing k with fixed Q.

M. = I (11)

(1+4)2 -1

From (7), it is known that the dc voltage gain is related to
fu, O and k. To analyze the effect of Q and k on dc voltage
gain, the effects of Q and k on the dc voltage gain can be
discussed by using control variable method, the voltage gain
curve is plotted by MATLAB. A family of plots of the voltage
gain versus normalized frequency for different values of Q,
with k = 10 is shown in Fig. 6. A family of plots of the
voltage gain versus normalized frequency for different values
of k, with Q = 0.26 is shown in Fig. 7.

Based on (11), the borderline of ZVS/ZCS can be plot-
ted in Fig. 6. when f;, < 1, the equivalent impedance of
the resonant tank is capacitive in region 1 but inductive in
region 2. When f;, > 1, the equivalent impedance is inductive
in region 3. This equivalent impedance condition determines
the ZVS or ZCS operation of the converter, ZCS is realized
in region 1,while ZVS is realized in region 2 and 3.

Changing Q under a fixed k as shown in Fig. 6, the voltage
gain increases firstly and then decreases with the increase of
the normalized frequency. Specially, when f,, = 1, the dc
voltage gain maintains at 1 no matter how the load changes.

VOLUME 6, 2018
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FIGURE 8. Equivalent circuit considering the secondary leakage
inductance.

The larger Q is, the smaller peak of voltage gain is, and the
narrower output voltage range is. However, the adjustable
range of frequency of the LLC converter becomes narrower
when Q is small.

As shown in Fig.7, changing k under a fixed Q, the change
of voltage gain is the same as the analysis above. To increase
the peak of voltage gain and expand the range of output
voltage, k should be reduced as much as possible. However,
if k is too small, the magnetizing current will increase when
the input voltage is constant, which will make the loss of the
resonant tank increase.

Therefore, both the gain curve and actual situation should
be considered to decide k and Q. In general, LLC resonant
converter is designed to operate in Region 2 and 3 because of
ZVS operation.

Combined with the equivalent circuit model proposed
in [24] and [25], the equivalent circuit of the proposed LLC
converter with two transformers considering secondary leak-
ageinductance is builtin Fig. 8, Lyx,1 and Ly, are the primary
leakage inductance, L1 and Ly are the secondary leakage
inductance. By assuming that

Lip1 = Lip2 = Lip, Ligst = Ligs2 = Liks, k = Lin [ Lixp,
then

Ly = L1 + Ligp1 + Ly + Ligpz = 2(Lyn + Lip) (12)

L, = Lyp1 + L // (nlekn) + Lypo + Lun// (nzLstz)

=2 (Lup + Ln// (n*Lus)) (13)

According to the equivalent circuit in Fig. 8, the ac equiv-
alent resistance can be obtained as follows,

SLy1(n%sLys1 + R
+ 5L, + ml( . lks1 acl)
sCy sLy + (n=sLigs1 + Rac1)
SLmZ("leleﬁ + Ruc2)

SLyo + (n®sLiks> + Rac2)
sLy(sLs + Req)

Z1) =

= + sL, + 14
sCr " sLyy + (sLs + Reg) (19
The gain can be simplified as
M _ 2Vac _ f?LmRequ
- V. - 2 2
Vo A = )+ 12Ls) + Raell = 15)
(15)
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Where L, = Ly, + Ly, Lr = Ly + Lin// (n*Liks),
3 1 £ = 1
-~ 2nJL,C P 2n /LG,

According to (15), the gain is fixed at resonant frequency,
which is given as

13 (16)

2 :
My—f = —— a7

As can be seen in (17), the gain at the resonant frequency
is related to the magnetizing inductance, secondary leakage
inductance and the turns ratio n. when # is too high, the gain
will be greatly affected. For the transformer with high step-
down turns ratio, the secondary leakage inductance cannot
be ignored, otherwise it will bring large error between the
theoretical gain and the actual one. In this proposed converter,
the turns ratio » is less than 1, so the influence of the sec-
ondary leakage inductance is weak to be ignored.

IV. DESIGN OF THE PROPOSED CONVERTER

A. CHARGING PROFILE OF THE LI-ION BATTERY

The aim of the proposed LLC resonant converter is to charge
a Li-ion battery pack from depletion voltage 320V to fully
charging voltage 420V. The operating state of the converter
varies with the voltage and current of the battery pack.
Fig. 9 shows the charging profile of the Li-ion battery pack.
There are four key operating points marked as A, B, C and D.
The charging process with constant current(CC) 9.1A is from
“A Point” to “C Point”, and the charging process with
constant voltage(CV) 420V is from “C Point” to “D Point”.
“A Point” indicates the start of charging, then the battery
pack voltage rises rapidly to the nominal voltage 360V at “B
Point”, when the battery pack voltage reaches the maximum
voltage 420V at “C Point”, the charging process of CC turns
into CV, and the CV charging process ends at “D Point™” with
the battery pack being fully charged.

B. PARAMETERS DESIGN OF THE PROPOSED

LLC CONVERTER

In order to verify the theoretical analysis, the design specifi-
cation of the proposed LLC converter is given in TABLE 1.
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TABLE 1. Design specification for the rroposed LLC converter.

Parameter Designator Value
Input Voltage Range Ve min~Vde max 380-420 V
Input Voltage Nominal Ve nom 400 V
Output Power P, 3300 W
Switching Frequency Range fs 75-160 kHz
Primary resonant frequency f, 1 110 kHz

Vde_nom and V,,_nom denotes the rated input voltage and the
rated output voltage respectively, turns ratio of transformers
are defined as n| = ny = n, n can be calculated according to
the following equation (18).

V.
= dc_nom (18)
2(V0_n0m + 2Vf)
where Vy is the voltage drop on rectifier diode.
The minimum dc voltage gain is determined by the maxi-

mum input voltage and the minimum output voltage.

2nVy_ mi
M [pyiy = = (19)
Vdcfmax
The maximum dc voltage gain is determined by the input

minimum voltage and the maximum output voltage.

2nV, m:
M e = =% (20)

Vdc_min
k and Q can be selected by combining the voltage gain
curve with calculation, k is selected to 10 in this design. If the

95% margin is selected, O can be calculated as,

0.95 M2
0= —""—— + u& (21)
k |M | max IM |Gax — 1
The ac equivalent resistance can be given as,
3212 Vg om
Ra="2"p, 22
Then, C;, L, Ly1 and L, are given as,
1
Cr=5—5"F (23)
27frReq O
R
L, = ORe (24)
2nfy
1 1
Ly = Ly = ELm = EkLr (25)

C. LOSS ANALYSIS OF THE PROPOSED LLC CONVERTER
The LLC converter can achieve ZVS turn-on for power
switches and ZCS turn-off for rectifier diodes, so the power
loss is mainly from conduction losses, driving losses and
switching losses of four MOSFET, conduction losses of eight
rectifier diodes, the copper losses and core losses of two
transformers. The following table lists the calculations of the
various parts of the loss [26], [27].
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V. SIMULATION AND EXPERIMENTAL RESULTS

A prototype with output voltage range 320-420V and maxi-
mum output power 3300W is designed. The rated input volt-
age V. of the proposed converter from the AC/DC stage of
on-board charger is 400V, the output voltage can be regulated
from 320 to 420V, the output voltage at rated operating point
is 360V, the resonance frequency f; is 110kHz. In actual
design, the resonant inductance L, is the sum of leakage
inductance of the two transformers, L, is measured to be
14.6 uH, the magnetic cores of transformer are EESS. The
picture of the prototype of the proposed converter is given
in Fig. 10, the circuit component parameters are provided
in Table. 3. Some theoretical simulation and experiment are
carried out.

The simulation results of different working conditions are
shown in Fig. 11-Fig. 14. vgeS1, V583, Vees2 and veesq are
the drive voltages of 4 switches, iz, is resonant current and
irml,iLm2 are magnetizing currents, vpi, vp3 are voltages

VOLUME 6, 2018



Y. SHEN et al.: Full-Bridge LLC Resonant Converter With Series-Parallel Connected Transformers for EV On-Board Charger

IEEE Access

TABLE 2. The losses calculations of the proposed LLC converter.

The component of LLC converter The loss

Loss calculation

Driving loss

MOSFET Turn-off loss
Conduction loss
Core loss
Transformer
Copper loss
Rectifier diode Conduction loss

s

I)drive = 4 * (% ng ng )f;

Vi (2 +t,
P>:4f)ll() (/)

1]
’ 2
1)0 = I)Cimos + I)cibody
a2 . -2
741»10.&‘ _rms Rdx + 4(Vd lanti _ave + lanti _rms Rbody )

I)C{)re = 2Kh f;m B:c Mcore

_ .2 2
B'opper - 2(lpri _rms Rac _pri + lsec_ rms Rac_ sec )

P —8(l£V +i R))
c_diode — 2 V F ldiude_rms d

o

TABLE 3. Circuit component parameters.

Component Symbol Parameter
IPP60R125C6
MOSFET 5S4 (600 V/30 A)

. . STPSC2006CW
Rectifier Diodes D ;~Dyg (600 V/20 A)
Transformer Turns Ratio nyn; 0.55

.. 73 uH
Magnetizing Inductance L, Ln> (theoretical value 78 uH)
. 120 nF/630 V
Resonant Capacitor G (theoretical value 134 nF)
Output Capacitor C, 4*560 uF/600 V
Resonant Controller TI UCC25600
400 vo/lV)
350
7
300 /
250+ /
200 /
150-
100 /
- /1A)
% 20 40 60 30 100
t/ms

FIGURE 12. The simulation waveform of V, and I, at fs = f;.

and ip, ip3 are currents of rectifier diodes Dy, D3, vy is
the drain-source voltage of S; and iy is the current through
S1, ver is the voltage of resonant capacitor C,.

From Fig. 11, itis easy to know that ZVS of power switches
and ZCS of rectifier diodes have been realized at V,, = 360V.
Fig. 12 shows the simulation results of output voltage and cur-
rent when the switching frequency f equals to f;, the voltage
was stabilized at 360V and the current was 9.1A finally. The
simulation results of the converter operating at the minimum
output voltage and the maximum output voltage are shown
in Fig. 13 and Fig. 14, ZVS of power switches were realized.
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FIGURE 13. The simulation waveform at fs = 76 kHz and V, = 420V.

Some experimental waveforms at V,, = 360V, f; = f, are
shown in Fig. 15-Fig. 17. Fig. 15 shows the measured gate
voltage waveform of MOSFETs S1, S>. As shown in Fig. 16,
it can be observed that the drain-source voltage of MOS-
FET S has been reduced to zero before the drive signal
arrival, so switch S; was turned on at ZVS conduction.
Fig.17 gives the measured voltage waveforms of rectifier
diodes Di-Dy, it shows that diodes achieved soft commu-
tation without reverse recovery problem, so ZCS of these
diodes has been realized. According to charging profile dis-
cussed in Section IV, voltage across resonant capacitor V¢,
resonant current i, and drain-source voltage of S| are shown
in Fig. 18 when the converter operates at different operating
points, it can be seen that the experimental results are the
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FIGURE 15. Gate voltage of MOSFET S;, S, at Vo = 360V.
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FIGURE 16. The gate voltage and drain-source voltage of MOSFET S, at

Vo = 360V.

same as those of simulation. Fig. 19 gives the measured
waveforms of the primary sides voltages of two transformers,
it can be observed that two transformers connected in series

at the primary side shared the input voltage equally.

The efficiency of the proposed LLC converter versus the
LLC converter with single transformer at the same power
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FIGURE 17. The measured voltage waveform of rectifier diodes D, — D,
at Vo = 360V.
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FIGURE 18. Experimental waveforms of the drain-source voltage of S;,
voltage of resonant capacitor C;, resonant current iy, at Vg, = 400V.(a)
Vo = 320V. (b) Vo = 360V. (c) Vo = 420V.

rating, input and output conditions is shown in Fig. 20.
The proposed converter maintains good efficiency when the
output voltage varies from 320V to 420V. The efficiency
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FIGURE 19. The primary sides voltages of two transformers at
Ve = 400V, Vo = 360V.
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FIGURE 20. Efficiency of the proposed converter versus the converter of
single transformer at Po = 3.3KW, V4. = 400V.

is always greater than the LLC converter with single trans-
former, the maximum efficiency of the proposed converter is
about 96.31% at V, = 420V. Besides, the volume of each
core of two transformers is about 45% less than that of the
single transformer at the same working condition and power
rating, and the heat dissipation performance has been greatly
improved. Therefore the LLC converter with two transform-
ers is more beneficial in high-power onboard charger.

By comparing the above theoretical simulation results and
experimental waveforms, it can be observed that ZVS-on
of switches has realized when output voltage varies from
320V to 420V, and the steady-state input and output relations
are basically consistent between theoretical and experimental
results. It proved that the experiment results verify the effec-
tiveness of the proposed converter based on the theoretical
design.

VI. CONCLUSION

This paper presented a full-bridge LLC resonant converter
with series-parallel connected transformers for electric vehi-
cle on-board chargers. Two same transformers are series-
connected at the primary side to obtain same primary current
and parallel-connected at the secondary side to be provided
with equal secondary voltage, so that the power can be
automatically balanced between these two transformers. The
structure of transformers series-parallel connected is more
beneficial to reduce the size and losses of each core compared
to conventional LLC converter with single transformer, which
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is of great help to improve the heat dissipation and efficiency.
The working principle and steady-state analysis of the full-
bridge LLC resonant converter with series-parallel connected
transformers have been elaborated, then the design proce-
dure and loss analysis were presented. The simulation and
experimental results proved that the proposed LLC resonant
converter has achieved ZVS-on for power switches, ZCS-
off for rectifier diodes, wide output voltage range and high
efficiency. Thus, the proposed converter can be employed in
on-board charger applications. The future work will focus on
the new topology of DC/DC converter with higher efficiency
and higher power density for on-board charger.
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