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Abstract: A hybrid dc-dc converter suitable for the on-board charger applications consisted of
a Soft Switching Full Bridge (SSFB) converter and a Half Bridge (HB) LLC resonant converter is
proposed. The proposed topology employs an additional switch and a diode at the secondary of
the SSFB converter to eliminate the circulating current and to achieve the full soft switching of the
primary switches. The output voltage is regulated by adjusting the duty of the secondary side switch.
The validity and feasibility of the proposed converter are verified by the experiments with a 10-kW
prototype converter. The maximum of 96.8% efficiency is achieved at 5 kW output power.

Keywords: Hybrid PWM and resonant converter; hybrid converter; no circulating current; zero
voltage switching (ZVS); zero current switching (ZCS)

1. Introduction

Recently, plug-in hybrid electric vehicles (PHEVs) and pure electric vehicles (EVs) have become a
promising remedy for global warming and fossil fuel depletion [1-4]. In these vehicles, the energy
storage system contains a high-energy density rechargeable battery pack which normally comprises
of about 88 to 150 Li-ion batteries connected in series. This high-voltage battery pack is charged by
the battery charger that can be classified into an on-board charger (OBC) mounted inside the vehicle
and off-board charger (or fast charger) built in the charging station. The drawback of the OBC is that
it takes a long time (5-8 h) to fully charge an EV’s battery while the off-board charger requires an
expensive infrastructure of charging stations. There are various kinds of practical OBCs are available
in the market [5,6]. Though the power rating of a typical Level 1 or Level 2 Charger does not exceed
6.6 kW, Tesla Motors has introduced their own OBC of which power rating is 11.5 kW [7].

There are several key objectives in the development of battery chargers such as high power
density, lower weight, and maximized power conversion efficiency all over the load range of battery
charging profile [8]. The most common OBCs are composed of an ac-dc converter and an isolated
dc—dc converter [8-11]. The front end ac—dc converter converts ac to dc to make the dc bus from 360 V
to 400 V. The rear-end dc—dc converter charges the EV battery of which output voltage ranges from
250 V to 450V, typically. This research only focuses on the rear-end dc—dc converter with the 10-kW
charging level.

Phase-shifted full bridge (PSFB) converters have been widely used in high power dc-dc application
because of its high power capacity and ZVS realization of all switches without auxiliary circuit [12-14].
However, when taking into account the battery charger applications, PSFB has two major problems.
Firstly, the ZVS range of the lagging-leg switches is limited due to the wide output power range. As the
battery pack is nearly fully charged, the OBC circuit works under the constant voltage (CV) mode with
a small cut-off charging current. Since the ZVS of the lagging-leg switches is performed by the stored
energy of the leakage inductor, the lagging-switches loses ZVS at the light load. The second is the
circulating energy issue causing conduction losses and hence the efficiency degradation.
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Some solutions have been proposed to address limited ZVS range problem [15,16]. The range of
the ZVS can be expanded by increasing the leakage inductance value of the transformer or by adding
an external inductor connected in series with the transformer. However, a large leakage inductance
or a series inductance prolongs the time required for the primary current to change its polarity from
negative to positive, and vice versa. Hence, it causes a loss of effective duty cycle on the secondary side
of the transformer and decreases the efficiency of the converter. Other techniques have been developed
based on the current-enhancement principle. These techniques utilize the inductive energy stored in
the additional auxiliary circuit instead of that in the leakage or the external series inductance to extend
the ZVS range [17-20]. These methods cannot optimally resolve the trade-off between the power loss
saved by the wide range of ZVS operation and the power losses caused by the auxiliary circuits for
the EV battery charge applications, which requires a very wide load range operation and a wide duty
cycle variation at the same time.

To cope with the circulating current issues, a method was introduced to reset the primary
current [21]. The basic idea is to realize a blocking voltage source to make the primary current decay
to zero in the zero state. In [22], a blocking capacitor is added in series with the primary winding
transformer to reset the primary current during freewheeling intervals to ensure zero-current-switching
(ZCS) for lagging leg switches. In [23], the blocking capacitor is transferred to secondary winding of
transformer. An auxiliary circuit composed of a resonance capacitor and two diodes is added in the
output side of PSFB converter. In addition to the ZCS capability, the capacitor can also contribute to
clamping the voltage of the rectifiers.

The other topology is an LLC resonant converter which has very high efficiency characteristics at
its resonant frequency. The most suitable application for the resonant converter is the bus converter
which operates at the optimal point with minimal circulating loss to achieve a high efficiency. However,
in case of the battery charger applications, since a wide variation in the input and output voltage
is required, the switching frequency range becomes extremely wide, thereby making the resonant
operation impractical. To overcome the variable frequency control problem, some research [24-28] has
been conducted using the phase-shift control to operate the resonant converter with a fixed frequency.

Some hybrid topologies which combine a phase-shift full bridge converter and an LLC resonant
converter have been introduced in recent studies. The main concept of hybrid topology is sharing the
primary side leg and the secondary side circuits are connected in series or parallel, as shown in Figure 1.
The LLC converter operates at resonant frequency with unity voltage gain and transfers the energy
to output during whole switching period while the output voltage is regulated by the phase-shift
modulation method. By sharing the lagging leg switches, the ZVS range of lagging leg can be obtained
from zero to full-load condition as shown in Figure la—c. In Figure 1d,e, a clamping circuit including
Cr, D9, and D10 is employed to reset the circulating current and to damp the voltage oscillation across
the secondary rectifier. Though the circulating current can be reduced as compared to the tradition
phase-shift full-bridge converter, the lagging leg switches still suffer from hard switching turn-off.

In this paper, a novel hybrid topology which combines a SSFB converter and a HB LLC converter
is proposed as shown in Figure 2 [29]. In the SSFB topology, an additional switch and a freewheeling
diode are employed on the secondary side to achieve following advantages: ZVS and ZCS of the
primary switches, wide ZVS range, no circulating current, small passive components in the secondary
and simple switching scheme.

This paper is structured as follow. In Section 2, the circuit description and the basic operation
principles are introduced. In Section 3 the analysis of the proposed converter such as DC voltage gain
and ZVS condition for the primary switches under full range of load are given. In Section 4, a design
example is explained before presenting a 10-kW hardware prototype in Section 5. The experimental
results demonstrate that the proposed converter can get high efficiency. Finally, the concluding remarks
are given in Section 6.
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Figure 1. Different types of hybrid converter. (a) Series type [24]; (b) [24] paralleled type; (c) FB
converter integrated with a symmetric half-bridge converter connected in parallel [25]; (d) hybrid
PWM and resonant converter with shared lagging-leg switches [26]; (e) hybrid PWM and resonant
converter with dual outputs connected in series [27]; (f) half-bridge LLC SRC integrated into a PSFB

converter [28].
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Figure 2. Proposed hybrid dc-dc converter for the on-board charger.
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2. Operation Mode of the Proposed Hybrid Converter

Figure 3 shows the key waveforms of the proposed converter. In the proposed hybrid converter,
diagonally opposite switch pair, (S; and S4) and (S; and S3), is switched at each time and the secondary
side switch S5 is synchronized with the primary switch operation. The primary side switch pair of the
proposed circuit operates with a constant duty cycle of 50% at the resonant frequency f, of the half
bridge LLC converter while the secondary switch S5 operates at 2f, and its duty cycle is controlled to
regulate the output voltage. During the time when the secondary switch is turned off, the primary
current is reset, thereby achieving ZVZCS operation for the primary switches.

There are six operation modes of the proposed converter in a half switching period as shown in
Figure 4. The following assumptions are made for the simplicity of the analysis.

e  All of the switching devices are ideal except the output capacitance.

e  All of the capacitors, inductors, and transformer are ideal except the leakage inductance of
the transformer.

e  The output capacitance values of all of the primary switches are the same.

e The leakage inductance values of the transformers are much smaller than the output
filter inductances reflected to the primary side. Ly<< n? Lo (where n is the

secondary-to-primary-windings-turns ratio).
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Figure 3. Key waveforms of the proposed converter.

Mode 1 ([ty ~ t1]) : At tp, one switch pair (S; and S3) is turned off. The primary current of the
SSFB transformer Ip,;; charges Cpssy and Cpgsss, and discharges Cpgs. At the same time, Cpggy is
discharged by Ip;;». The primary current of two transformers and the voltages across the four switches
are given by:

ipril(t) = pril(tO)Coswl(t ~to) (1)
ipriZ(t) = priZ(tO)COSC‘)Z(t - tO) )
vt (t) = Zilpria (to)sinaw (t = to) 3)

vc(t) = Vige — ZiLprit (to)sinwy (t — to) 4)
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03 () = Ve = Za[Lorit (o) + Loriz (to) [sina (t — to) ®)
vca(t) = ZofIpmit (to) + Ipmia (to) [sinan (t - to) (6)
L 4L
where Zy = ([e—le—; Z) = \/% Ly = Ly + L1 Ly = Lyo + Lip; w1 = ﬁ;

1
(L1+L2)(2Coss)
Since Vpgp and Vpgs increase to V., Vps1 and Vpgs decrease to zero, the intrinsic body diodes of

S1 and S4 conduct, thereby achieving ZVS condition for S; and S4. In the LLC circuit, Ip, is equal
to the magnetizing current I, at fp and no power is transferred to the secondary side of the LLC
converter. During this mode, the output inductor current I; o freewheels.

Mode 2 ([t ~ t]) : Atty, S1 and Sy turn-on with ZVS. However, since Ss is still turned off, only
the half bridge LLC converter transfers the power to the load by the resonance between Ly, and C;.

Mode 3 ([ty ~ t3]) : The switch Ss turns on at £, and the diode Dy is reverse biased. The current at
the diode D9 decays to zero and commutes to D1 and Dy, thereby causing a small duty loss. However,
it is very small as compared to the conventional PSFB converter.

Mode 4 ([t3 ~ t4]) : In this mode, the commutation of the secondary current of the TR; is
completed and the SSFB transfers the power to the load through the switch Sy, S4, and Ss. The current
at the transformer TR; reaches the reflected current of the output inductor Lo and increases with a
slope shown by Equation (7).
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Figure 4. Operation modes of the proposed converter (a) [t0~t1], (b) [t1~t2], (c) [t2~t3], (d) [t3~t4],
(e) [t4~t5], and (f) [t5~t6].

The primary current of the LLC converter, Ip,;», increases with the resonance between the leakage
inductor Ly, and C;. It can be represented by the Equation (8).

Yo _ye, (¢
Ipria = _[22—0(:(3)] sinfwo (t —ta)] — iLm2 (t) ®)

where Zg = /Ljn/Cr and wg = ‘/Ll_c Ver(ts3) is the voltage of the resonant capacitor C, at t3.
k2-r

Here, the magnetizing current of the transformer TR2, I, is a triangular wave with a constant slope
represented by the Equation (9).

. Vin
dipmy _ 2 ©)
dt Ly
where Ly, is the magnetizing inductance of the transformer TR2. Thus,
Vin
i (t) = i (t3) + Lz(t —t3) (10)
m

where i, (t3) is the initial current flowing through the magnetizing inductance Ly, at t3.

The LLC converter also transfers the energy to the secondary circuit at the resonant frequency
where the voltage gain is unity and independent of the load and the inductance ratio L,»/Lj,. Thus,
the L,;» can be designed large enough, which results in a small magnetizing current of LLC transformer,

Ipmo.
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Mode 5 ([ts ~ t5]) : Atty, Ssis turned off and the voltage across Ss is increased. The diode Dy
is forward biased and the current commutation starts to occur from D; and D4 to Dg. The current
Ip,i1 resets to almost zero current during this mode. Hence, the circulating current can be eliminated,
and hence the loss associated with it. The LLC converter operation remains the same as that in the
previous mode.

Mode 6 ([ts ~ tg]) : At ts, S1, and Sy are turned off under ZCS condition. The output
inductor current ;o freewheels through Dg. The LLC converter operations remains the same
as the previous mode.

Since the operation principle of the other half of a switching period is same as the above, it is
omitted here.

3. Design Considerations for the Proposed Hybrid Converter

3.1. Voltage Gain

The voltage gain of the proposed converter can be derived based on the equivalent circuit of the
proposed SSFB converter at each state as shown in Figure 5. By using the flux balance principle at
the output inductor Lo and the closed loop voltage equation at each state the following equation can

be obtained. v v
(Vdcnl + %nz - Vo)Dm - (VO - %nz)(l — Dgec) (11)

where D, is the duty of the switch Ss. Therefore, the steady-state voltage gain M of the proposed
SSFB converter in the continuous conduction mode can be obtained as follows.

(12)

mVig

< 4+

VvV

02 Vi/2

@) (b)

Figure 5. Equivalent circuit of the proposed soft switching full bridge (SSFB) converter (a) S5 on-time
interval (b) S5 off-time interval.

Figure 6 shows the output voltage waveforms of the rectifier in the conventional PSFB converter
and the proposed SSFB converter. While the V.ifer of PSFB becomes zero during the freewheeling
time, it is always higher than zero in the proposed SSFB converter. Hence, in the proposed converter it
is possible to transfer the power to the output continuously. Since the circulating current does not exist
in the proposed SSFB converter there are no power loss and duty loss associated with it.
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Figure 6. Voltage waveform of the rectifier. (a) Conventional full-bridge converter, (b) proposed
SSEB converter.

3.2. Transformer Turns Ratio

The turns-ratio of each transformer can be calculated by the following procedure. As derived
earlier in Equation (12) the output voltage of the half bridge LLC converter can be represented by
Equation (13).

Vic

Vo = - 2 (13)

The output voltage of FB converter can be represented by Equation (14).
Vo1 = Vg1 Dsec (14)

Since the duty of the secondary side switch S; varies in between 0.45 and 0.9, the turns-ratio of
the transformer in the full bridge converter can be calculated as follows.

VO,max - VoZ < < VO,min - VoZ

<y < —Omin — Vo2 15
0.9 x Vdc,min m 0.45 x Vdc,max ( )

Here, Vo yax and Vo iy is the maximum and minimum voltage of the battery pack in the electric
vehicle, respectively. The optimal value of 111 can be determined as follows.
VO,max - VOZ VO,min - VoZ

YT 09X Viemin 045X Ve o (16)

From Equation (13), the turns-ratio of the transformer in the half bridge LLC converter can be

easily obtained as follows.
_2XVp

VL (17)

na

3.3. Power Sharing in Between SSFB and LLC Converter

Since the outputs of the proposed hybrid converter are combined in series, the LLC converter
transfers the energy to the secondary circuit during the entire switching period. The whole dc output
voltage is adjusted by the duty of the secondary side switch of the SSFB converter.

When LLC resonant converter operates at the resonant frequency fj, the voltage gain is unity and
independent of the load condition. The output current of the LLC converter is equal to that of the SSFB
converter due to the series connection.

The output voltage V,, based on Equation (12) is:

n
Vo = (nleec + Ez)vdc (18)
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The ratio of the power assigned for SSFB and LLC converter at a certain output power Po,f1 and f2,
can be derived as in Equations (19) and (20).

o Pssrp 711 Dgec

= = (19)
& Po 11 Dsec + nz_z
p n
pr=—E= 2 (20)

Po 11 Dsec + 712_2

3.4. ZVS Condition of the Primary Switches

In the proposed hybrid converter, two primary currents in TR1 and TR2 are participating charging
and discharging the parasitic output capacitances of the four primary switches. Figure 7 shows the
equivalent circuit formed in the mode 1.

Figure 7. Equivalent circuit of the proposed hybrid converter during mode 1.

In the mode 1 [tg — #1], Coss2 is charged and C,g,1 is discharged by ipri1 as shown in Equation (21).

, dv do
Ipril (t) = Coss1 % + COSS2% (21)

Cosss is charged and Cpssy is discharged by the sum of iy;; and i, as shown in Equation (22).

. . doup dvpsy
Zpril(t) + lpriZ(t) = COSS3TS3 + Coss4d—ts (22)
Since Cr >> (Coss3 + Coss4) and Ly + Ly >> Ly, i1 (t) and ipip(t) can be treated as a constant
current source, respectively.

The peak value of the magnetizing current of TR; can be represented as follows.

Vdc

I = —f 23
Lm1,peak 4Lm1f0 (23)
The peak value of the magnetizing current of TR, can be represented as follows.
Vi /2
I = 24
Lm2,peak 4L, fo (24)

In the proposed hybrid SSFB converter the ZVS condition for the primary switches can be achieved
all over the load range because the peak values of I1,,; and I}, are independent of the load as shown
in Equations (23) and (24). For the simplicity of the design I L1 peak A0 I peak Need to be designed
sufficient to charge three parasitic output capacitors of the primary switches and to discharge one
parasitic output capacitor of the primary switch, respectively. Taking it into consideration that t4,,4
is typically less than 5% of a switching period, the magnetizing inductances L,,; and L,; should be
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designed to satisfy the following condition to guarantee ZVS of the primary switches all over the load
condition as follows.

Ly < tdead/[4(3 X Coss)f()] (25)
LmZ < tdeud/[16(coss)f0] (26)
3.5. ZCS Condition for the Primary Switches

In the proposed hybrid converter the primary switch pair turns off after the secondary switch Ss
turns off. If the primary switch turns off after the secondary switch turns off, the ZCS turn-off condition
for the primary switches can be achieved. Hence, the Ip,;; can be reset to zero before the primary
switches turn off as shown in Figure 8. The minimum interval tz¢cgs to achieve the ZCS condition can be

represented by Equation (27).
n1Lyq

tzcs > In1 (27)

dc

where Ip; is the reflected output current I to the primary side of SSFB converter.

(VA
Vv .
0 Ve 1yVao/2 bonn rectifier
Vo
nZVdc/ 2 ipm
0 (1)
> éDl"SS(TS/ 2) Treie; -
TZCS -
< Ty2 R

Figure 8. Minimum interval to achieve zero current switching (ZCS) condition for the primary switches.
3.6. Design of the Output Inductor

The inductor at the output filter can be derived from the rectifier output voltage in Figure 6b.

Al
=L,— 2
Vio OAT (28)
where Al is the peak-to-peak value of the current at L, and V7, is the voltage applied to Lo during
AT = DgecTs /2.
For the proposed converter

(Vo - *5%)(1-D)T;
LO_propased = 2AI, (29)

For the conventional PSFB converter
VT
LO_conventionul = ﬁ X (1 - D) (30)
0

In case of EV chargers, the current ripple at Lo is worst when the voltage of the battery is lowest,
Vo =330 V.
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4. Design of the Proposed SSFB Converter for Electric Vehicle Charge Application

In this section the design procedure for the proposed converter is presented. Table 1 shows the
specification of the proposed converter for the electric vehicle charge application.

Table 1. Design specification of the proposed converter.

Parameter Designator Value
Input Voltage Range Viemin ~ Vicmax 380-400 [V]
Input Voltage Nominal Ve, nom 390 [V]
Output Voltage Range Vomin ~ Vomax 330-430 [V]
Output Voltage Nominal Vo,nom 400 [V]
Maximum Output Power Po,max 10 [kW]
Switching frequency fs 29.4 [kHz]

4.1. Turns Ratio of the Transformer

The optimal turns ratio of the transformer in the SSFB converter can be calculated by using
Equation (16). Both sides of Equation (16) have been drawn as shown in Figure 9 and the cross point
of two lines is the design point. Therefore, the optimal turns ratio of the transformer in the SSFB, 14,
is selected as 0.6 and the output voltage of the LLC converter is 220 V. The turns ratio of the transformer
in the HB LLC, n, can be easily calculated as 1.12 by using Equation (17).

iy = Vo,nu'n = Vo2
v 7045 X Vgemax

Design point

1.5

Vomax = Voz
ny =

0.9 X Vacmin

n;

0.5

-0.5

Vor=220 (V)
\

4 | ! I ! ) |
0 50 100 150 200 250 300 350 400 450
Vo: (M)

Figure 9. Optimal design point of SSFB transformer turn ratio.

At nominal output voltage Vo =400 V, the power of the LLC converter and SSFB converter are
calculated simply as follows. Pr;c = 220V /400V x 10 kW = 5.5 kW, hence Pgssrp = 4.5 kW.

4.2. SSFB Transformer TR1

The magnetizing inductance L,;; can be calculated from Equation (25). Given Cys1 = Cpss2 =
1000 pF, fo = 29.4 kHz and t 05 = 2%+To, Lyn < 1.9 mH. The core selection for the SSFB transformer
can be performed as follows [12]

0.0005 x B % f. X AA
Pssrp = glx fS eAp o1
cma
PssppD
AP,SSFB = AEAh — SSFBY cma (32)

0.0005 X Byax X fe

where Apssrp is area product of SSFB transformer core (cm*), A, is core area (cm?), Ay is bobbin
winding area (cm?), current density D¢y = 400 cir.mils/amp, flux density By, = 2000 gauss and
Pssrp = 4.5 kW. By using Equation (31), we can calculate Ap ssrp = 61.2 cm?.
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As mentioned earlier in Section 3.4, zero voltage switching is independent of the value of L.
Thus, Ly can be designed as small as possible to reduce duty cycle loss and resetting time of the
primary current.

The magnetizing inductor has been designed by selecting a gapless high permeability core material.
A PQ72/52 is selected and Ap = 64 cm*.

4.3. LLC Transformer TR2

While the parallel type hybrid converter in [25] where TR; is typically considered as an auxiliary
transformer to assist the ZVS of lagging leg switches, the series type hybrid converter requires a large
TR, to handle the current at the lowest output voltage condition. The calculation of LLC transformer
can be performed similar to SSFB transformer. However, TR; and TR, can be designed with a same
size core to enhance the power density [27]. Therefore, the same core PQ72/52 is selected for the
transformer TR,.

The magnetizing inductance L, must meet the Equation (26) to guarantee ZVS at no-load
condition. Given Cys1 = Cpss2 = 1000 pF, Lo < 1.4 mH. Design of the resonant parameters Ly, and
C; can be performed based on the ZVS constraint at full-load condition. The reasonable value of the
quality factor Qzys is selected as 1.3 [28]

le?. = QZVSRac,min/(znfr) (33)

The equivalent ac resistance at full load can

8 n%
Rﬂc,min = _zRo,min (34)
TC

At the full load condition of LLC converter R, i, = 8.8 Q). Therefore, L, = 60.7 uH.

4.4. Resonant Capacitance

Since LLC circuit operates at the resonant frequency fj, the resonant capacitor C, can be calculated
by using Equation (35).

= — L (35)

Ly (21tfo)?
Therefore, C, = 0.482 uF

4.5. Output Inductor

From the earlier analysis in Section 3.6, the output inductor value can be obtained by

Ve
L - (Vo_min - nzzd )(1 - Dmin)Ts
O_proposed — 2Al,

(36)

When Vi, yin =330V, Dypipy = 0.45 and Aly = 5%#1y_max = 5%*(Po/Vo_min), LO_proposed is calculated
as 679 uH.

The key parameters of the design and the actual parameters obtained in implementation are given
in Table 2. The circuit components used in the prototype converter are given in Table 3.
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Table 2. Key parameters of the design and implementation.

Parameter Calculated Value Measured Value
Turn ratio of the TRy (nq7 : nyp) 11:7 11:7
Leakage inductance of the TRy (L) 12.4 [uH]
Magnetizing inductance of the TR; (L,,1) Ly < 1.9 [mH] 1.5 [mH]
Turn ratio of the TR, (n21 : n22) 14: 16 14: 16
Leakage inductance of the TR, (Lj») 60.7 [uH] 65 [uH]
Magnetizing inductance of the TR, (L,2) Ly < 1.4 [mH] 800 [nH]
Resonant capacitor (C;) 0.482 [uF] 0.45 [pF]
Output inductor of SSFB converter (L) 679 [uH] 685 [uH]

Table 3. Components used in the prototype converter.

Component Manufacture Part#
Primary side MOSFETs Fairchild FCH76N60N
Secondary side MOSFETs IXYZ IXFB110N60P3
Diode Rectifiers IR 60APUO6
Resonant Film Capacitors EPCOS B32912B3334M
Magnetic Ferrite Core of Transformer Changsung PQ7252

5. Experimental Results and Discussions

In order to prove the operation principle and the performance of the proposed topology a 10 kW
prototype circuit is built as shown in Figure 10. A digital signal processor from Texas Instrument,
TMS320F28335, is employed to control the converter and to implement the CC/CV charge algorithm
for the EV battery pack.

Secondary switch S5
And diode D9

i  Output
terminal
Rectifier diodes
(LLC part)

Rectifier diodes
At bottom side
(Full-bridge part)

Full-bridge
transformer

Resonant
capacitors

Figure 10. Prototype of the proposed 10 kW On-board charger.

Figure 11a shows the voltage and current waveforms of the leading leg switch S; of the proposed
converter. It is shown that both ZVS turn-on and ZCS turn-off are achieved at this switch. Figure 11b
shows the voltage and current of the lagging leg switch Ss. It also shows a complete ZVS turn-on and
ZCS turn-off of the lagging leg switch S3. The current at the switch S3 is the combination of the two
converter currents.
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Figure 11. Experimental waveforms of the proposed converter at 10 kW. (a,b) Voltage and current
waveforms of the primary switch S1 and S3, respectively (¢) primary current waveform of the transformer
in the SSFB converter and the HB LLC converter, Ip,;; and Ip,j, respectively and the primary side
voltage V,;, (d-f) voltage and current waveforms of secondary rectifier diode D5, secondary side switch

S5, and freewheeling diode Dy.

Figure 11c shows the primary currents of TRy, Ipy1, and TRy, Ip.ip. After S5 is turned off, Ip; is
reset to the magnetizing current, I1,,,1. Therefore, the circulating current in the SSFB converter during
the freewheeling period can be minimized, which results in a reduction of the conduction losses.
Since the switching frequency is the same as the resonant frequency of the HB LLC converter, Ip;;»
waveform is sinusoidal and hence the secondary rectifier diodes of the HB LLC converter in Figure 11d
can be turned on and off with ZCS condition. Therefore HB LLC converter transfers the power with

minimum losses.

Figure 11e,f show voltage and current of S5 and Dg. Both of them suffer from hard switching.
However, since there is no switching loss at the primary side switches and no losses associates with the
circulating current in TR1, the saved loss by the proposed converter is much higher than the switching
loss at S5 and Dy, resulting in an improvement of overall efficiency.
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Figure 12 shows the experimental waveforms of the proposed converter at 1 kW. Since the
magnetizing current Iy ,,,;; and I1, are sufficient to charge and discharge the output capacitors of the
primary switches regardless of the load current, the ZVS turn-on of all the primary switches can be
ensured in the light load condition. The ZCS turn-off can be achieved by ensuring the enough delay
time tzcg as shown in Equation (26).

Ipgy GA/ ) Vs (200V/div) Ipgs (SA/div) Vs (200V/div)
. # »
-~ - J S A
2l _’_,_,.«--""T--l \ | \/—T. \ L /
’ LI ¥ v | T J — b T 77 T T o
S N (] W Nl v
ZVS turn-on ZCS turn-off ZVS turn-on ZCS tum-off
t: 5 us/div t 5 ps/div
(a) (b)
(T (1087div) | [ T G0AdY) | [V, 200V/div)
i T f i [ A

Minimization of
circulating current

T ]
©

[ 5 psidiv |

Figure 12. Experiment waveforms at 1 kW (10% of load). (a,b) Voltage and current of the primary
switch S; and S, respectively (c). Primary current of TRy, Ips1, and primary voltage of TR;, V,, of
SSFB transformer and primary current of TRy, Ipyp.

Figure 13 shows the main waveforms when output voltage is regulated at the minimum value of
330 V. The effective duty of S5, Dsec, is 0.45. It is shown that Ip,; is maintained at the small magnetizing
current I1,,,;; which is sufficient to achieve ZVS turn-on condition for the primary side switches during
the time between turn-on of a primary switch pair and Ss. In addition the circulating current which
is a serious problem in the conventional PSFB can be eliminated and the efficiency of the proposed
converter can be improved even at low output voltage.

The measured efficiency plots at different load conditions and various output voltages with 400 V
nominal input voltage is given in Figure 14. The peak efficiency of the proposed hybrid converter is
96.6% at 5 kW when the output voltage Vo is 420 V.
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Figure 13. Experiment waveforms at the minimum output voltage 330 V (a,b) Voltage and current of
the primary switch S; and S, respectively. (c) Primary current of TRy, Ip,;; and primary voltage of TRy,
Vb, of SSFB transformer and primary current of TR;,Ip;i».

6. Conclusions
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Figure 14. Measured efficiency plots of the proposed hybrid converter.

In this paper a novel soft-switching hybrid converter combining an SSFB converter and a HB LLC
resonant converter is proposed for the On-board charger of EV applications. The experimental results
with a 10 kW prototype have been presented to prove the validity and the feasibility of the proposed
converter. In the proposed converter since the ZVS operation of the primary switches does not rely on
the leakage inductance of the transformer it can be designed as small as possible so that the duty loss
can be minimized. With the help of secondary switch the ZCS operation of the primary switches is
also possible and there is no circulating current especially at the light load. Therefore it exhibits a high
efficiency characteristics over the wide range of load. The smaller size of the passive components in
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the secondary side and the simple switching scheme can be considered as additional advantages of the
proposed converter.
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