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Abstract: Recently, the integrated On-Board Charger (OBC) combining an OBC converter with a
Low-Voltage DC/DC Converter (LDC) has been considered to reduce the size, weight and cost of
DC-DC converters in the EV system. This paper proposes a new integrated OBC converter with V2G
(Vehicle-to-Grid) and auxiliary battery charge functions. In the proposed integrated OBC converter,
the OBC converter is composed of a bidirectional full-bridge converter with an active clamp circuit
and a hybrid LDC converter with a Phase-Shift Full-Bridge (PSFB) converter and a forward converter.
ZVS for all primary switches and nearly ZCS for the lagging switches can be achieved for all the
operating conditions. In the secondary side of the proposed LDC converter, an additional circuit
composed of a capacitor and two diodes is employed to clamp the oscillation voltage across rectifier
diodes and to eliminate the circulating current. Since the output capacitor of the forward converter is
connected in series with the output capacitor of the auxiliary battery charger, the energy from the
propulsion battery can be delivered to the auxiliary battery during the freewheeling interval and
it helps reduce the current ripple of the output inductor, leading to a smaller volume of the output
inductor. A 1 kW prototype converter is implemented to verify the performance of the proposed
topology. The maximum efficiency of the proposed converter achieved by the experiments is 96%.

Keywords: active clamp; hybrid converter; LDC converter; PSFB converter; minimized circulating
current; Zero-Voltage Switching (ZVS); integrated OBC

1. Introduction

The energy storage system in Electric Vehicles (EVs) and Plug-in Hybrid Electric
Vehicles (PHEVs) normally consist of two kinds of batteries (400 V high voltage battery
and 24 V or 48 V low voltage battery). One is the propulsion battery to provide a high DC
voltage for the electric motor and the other is the auxiliary battery to supply a low DC
voltage for the low voltage electric devices such as the lighting, entertainment, signaling
circuit and audio systems. In order to charge those two batteries, in general, two different
converters are required: an On-Board Charger (OBC) for the propulsion battery and a Low-
Voltage DC/DC Converter (LDC) converter for the auxiliary battery. In the conventional
DC-DC converter systems on EVs or PHEVs, since these two converters operate separately,
the size of the DC-DC converter system becomes bulky. In order to cope with this problem,
an integrated OBC has been introduced by combining the OBC converter with the LDC
converter to achieve a smaller volume, lighter weight and lower cost. An integrated OBC
converter can perform three different functions: (1) charge operation from Grid-to-Vehicle
(G2V), (2) discharge operation from Vehicle-to-Grid (V2G) [1] and (3) charge operation
from Propulsion Battery to Auxiliary Battery (P2A).

The OBC converter can be classified into two categories, the two-stage OBC converter
and the single-stage OBC converter. In the two-stage OBC converter, a non-isolated
boost converter is popularly used for the PFC stage [2-5]. For the DC-DC converter of
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the two-stage OBC, the isolated converter topologies such as Phase-Shifted Full-Bridge
(PSFB) converters [6-14], Dual Active Full-Bridge (DAFB) converters [15] and resonant
converters [16] are preferred. In reference [14], a ZVZCS PSFB converter is introduced
using an active clamp circuit in the secondary side to reduce the circulating current between
the leading and lagging leg switches to improve the efficiency of the converter. In the
meanwhile, single-stage OBC converters have been introduced to reduce the number of
components, the size and the weight [17,18]. In single-stage OBC converters, the AC-
DC converter and the DC-DC converter are combined to utilize a single inductor for all
operation modes (braking, charging and driving). However, the utilizing of the single
inductor results in the dc-link capacitor containing low-frequency voltage ripple and causes
an oscillating current of the battery. In addition, there is a concern in use of single-stage
OBC converters in terms of safety since they do not provide galvanic isolation between the
grid and battery.

Integrated OBC converters have been introduced to minimize the size and volume of
DC-DC converters in EV systems, which are critical factors to improve the fuel economy
of the EV. However, one of the main issues in the integrated OBC converter is that it is
not easy to make the LDC converter in the integrated OBC converter perform as well as
the independent LDC converter does. In [19-22], a LLC resonant converter was employed
as the LDC converter to charge a low voltage battery. However, due to the large input
voltage variation of the propulsion battery, typically from 250 V to 420 V, the LLC resonant
converter needs to vary its switching frequency in a wide range, which results in a low
efficiency. Reference [23] introduced a multifunctional onboard charger using two Full-
Bridge (FB) converters connected in series. However, the efficiency of the LDC converter is
not good enough due to the high conduction losses resulting from a long connection path
through many components of two series FB converters. In addition, since the turns-ratio
of the transformer of this converter is selected by nearly one for bidirectional application,
the voltage step-down ratio mainly depends on the duty cycle of the full-bridge converter.
Hence, the circulating current of the converter becomes larger as the duty is smaller,
thereby leading to a lower efficiency of the converter due to the higher conduction losses.
In [24], the tertiary winding of the transformer with a high number of turns is adopted to
avoid operation with a small duty cycle. However, it is disadvantageous in that it may
lose the soft-switching characteristics when the voltages at two secondary windings of
the transformer do not match. In [25], an integrated OBC converter is proposed with
an OBC converter based on a Voltage Current-Fed Full-Bridge (VCFFB) structure. The
soft-switching condition can be guaranteed over a wide range of load conditions. Based on
experimental results, the converter in [25] shows a simpler structure and higher efficiency
compared to the converter in [23,24]. Nevertheless, when the power is delivered from
the propulsion battery to the auxiliary battery, this converter operates as a current-fed
converter with an input inductor, which causes an increase in the voltage of the transformer.
Therefore, a higher turns ratio of the transformer is required to compensate for the surplus
voltage by the input inductor. In addition, the rectifier diodes suffer from the recovery
current, which results in a low performance of the converter in the high current operation.

In this paper, a novel integrated OBC converter is proposed as shown in Figure 1.
The OBC that performs G2V and V2G functions is integrated with the LDC converter
introduced in [25] to solve the problems such as the surplus voltage caused by the inductor
and the high conduction loss during the P2A operation. Here, the main focus is illustrating
the charge operation of the LDC converter when it charges the auxiliary battery from the
propulsion battery.

This paper includes five sections: Section 1 shows the introduction of the research and
Section 2 provides a description about the operating principle of the proposed converter. All
the features and design considerations for the proposed converter to get soft switching are
presented in Section 3. In Section 4, a prototype 1 kW converter has been implemented to
verify performances of the proposed converter. Finally, the conclusion is given in Section 5.
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Figure 1. Proposed integrated OBC.

2. Operation of the Proposed Integrated OBC

The circuit diagram of the LDC converter in the proposed integrated OBC is shown in
Figure 2. The primary side is composed of an input capacitor Cy, an active clamp circuit
with C,q and an active switch Qs and a PSFB converter with switches Q;, Q, Q3 and Qs.
The transformer of the PSFB converter is TR; with a magnetizing inductance L1, a leakage
inductance Lk and a turns ratio of n1:1. The transformer of the forward converter is TR,
with a magnetizing inductance Ly, a leakage inductance L; x» and a turns ratio of n5:1. The
secondary side of the PSFB converter includes rectifier diodes D; and D5, a passive snubber
circuit composed of C,y, D4 and Ds. The capacitor C,, connected in parallel with the output
inductor Lo, also plays a function as an output capacitor of the forward converter and
reduces the current ripple of the output. As mentioned earlier, the focus is on explaining
the operation of the LDC of the proposed integrated OBC. Here, a half of the switching
cycle of the proposed converter is divided into seven modes and the operation is explained
in detail since the other half is symmetric. The key waveforms and the equivalent circuits of
each operation mode are shown in Figures 3 and 4, respectively. For the sake of simplicity,
all of the circuit components are ideal except the output capacitance of the switch and all of
the output capacitances of the switches are assumed to be same.
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Figure 2. LDC converter of the proposed integrated OBC.
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Figure 3. Key waveforms of proposed LDC converter.

Mode 1 [t;—t;], Figure 4a.

Att =11, Qqis on and Qs is off. Q» and Qs turn off, and their parasitic capacitors
are charged. The parasitic capacitor of Q; is discharged and its body diode is forward
biased creating ZVS turn-on condition for Q;. The power is transferred to load through the
transformers TRy and TR5.

In the secondary side, diodes D, and Ds are reverse biased. D1, D3 and D are forward
biased. The resonant capacitor C,, resonates with output inductor Lo, and discharges the
energy to the output.

Mode 2 [t,—t3], Figure 4b.

At t =tp, Q; turns on while Qy is already on in mode 1. Q,, Q3 and Qs are off. The
body diode of Q; is reverse biased and the current flows through Q7. The secondary side
works in the same fashion as in mode 1. Due to the resonance between C,, and Lo, the
current flowing through Dy decreases to zero and achieves ZCS turn-off condition for Dy
at the end of this mode.
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Figure 4. Equivalent circuits of proposed LDC converter.

Mode 3 [t3—t4], Figure 4c.

Att =t3, Q and Q4 are on. Oy, Q3 and Qs are off. The input power is delivered
to the output by both converters. In the forward converter, the primary current i)
flows through the transformer TR, and charges the resonant capacitor C,, in the secondary
side. In the PSFB converter, the primary current i,;; flows through switches Q;, Q4 and
transformer TR;. The currents i, and iy,;>(t) are determined as below.

Virit = 11V Aux_ba
iprin (1) = nll(iLOzuH T t(t—m) M
i) = o= (it 1)+ 252 (1 1)) ®

where V1 is the primary winding voltage of the transformer TRy, Vyyx_pa; is the auxiliary
battery voltage, iy is the primary current of the forward converter, iy, is the primary
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current of the PSFB converter, i1, is the current flow through the output inductor L,,, and
Vo is the voltage of capacitor Cyy.

In the secondary side, diode D; is reverse biased and Ds is forward biased to charge
the resonant capacitor C,, and the output capacitor C,, respectively. The rectifier bridge
voltage Vyec(t) can be calculated as in (3).

Vrec(t) = VAux_bat + VCrZ(t) (3)

where V. is the rectifier voltage of the PSFB converter.

Mode 4 [t4—ts5], Figure 4d.

At t = ty, the switch Q4 turns off. The parasitic capacitor of Qs is discharged. In the
forward converter, the current of transformer TR, flows through the active clamp circuit
including capacitor C,; and the body diode of Qs. The capacitor C,; resonates with the
leakage inductor Ligy. Since the parasitic capacitor of Q4 is charged and that of Q3 is
discharged, the ZVS turn-on condition for Qs is achieved. The voltage Vs o3 across Q3
can be found as shown in (4).

VCoss,Qp, = Vpril(t) - Zlipril (t4) SiI’l(U(t - t4) (4)
where w and Z; can be calculated using (5) and (6), respectively.

1

w = @)
v/ (Lrx1 + L) Coss
L +L
0ss

In the secondary side, the current commutation occurs from D; to D4 and resonant
capacitor C,,. The current ip; flowing through D; can be determined as follows.

VCrZ + VAux_bat (t _ t4) (7)

ip,(t) = i, (ts) — Lon

Mode 5 [t5—tg], Figure 4e.

Att =ts5, Q3 and Qs are turned on while Q; is on. The body diodes of Q3 and Qs and
diodes D1, D3 and Dy are forward biased. The other diodes are reverse biased. The resonant
capacitor C,; is discharged through the diodes D and Dj. In the forward converter, the
resonance between the capacitor C,; and the leakage inductor Lj k, continues. The power
is transferred to the secondary side through the transformer TR; of the forward converter.

The primary current i1 (t) of the PSFB converter can be expressed using (8).

. . Vpril
Tpril (t) = im(ts) = L (t—ts5) 8
ml
where i,,; is the magnetizing current of the PSFB converter.

The current through diode D; can be expressed using (9).

ip, (1) = iLea(ts) — VAL (1 g ©
02

Mode 6 (t4—t7), Figure 4f.

At t = tg, the diode D; is reverse biased as the current commutation from D1 to Dy is
completed. In the primary side of the PSFB converter, Q; is on and the body diode of Q3 is
forward biased. The primary current of the PSFB converter is circulating and kept constant.
The forward converter operates the same as in mode 5.

In the secondary side, diodes D3 and D are forward biased. Due to the discharge of
Loy, the current through D3 decreases to zero gradually. At the end of this mode, the diode
Dj is turned off with ZCS.
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At t = t7, the body diode of Qs is reverse biased and the current flows through the Qs.
In the forward converter, the capacitor C,j resonates with the inductance of the transformer
TR, and the resonant current resets it, thereby eliminating the need for tertiary winding
of the forward converter. The primary current of the PSFB converter is still circulated
through the Q; and the body diode of Q3. In this mode, there is no power transferred to
the secondary side. As in mode 6, the diode Dy is still forward biased and the energy in the
capacitor C,, is discharged to the load. After mode 7 the other half of the switching cycle
operates in a symmetric fashion.

3. Features and Design Consideration
3.1. Features of the Proposed Converter
3.1.1. High Step-Down Voltage Conversion Ratio

The proposed LDC converter is a combination of a forward converter and a PSFB
converter with a high step-down voltage conversion ratio as compared to the converter
introduced in [24]. In order to explain the characteristics of the proposed LDC converter in
terms of voltage conversion ratio its simplified circuit model is shown in Figure 5.

Loz Loz

\Vera

§—>4L

Co2 == Coz ==

| —S—» 4

Co2 %:

o
=
| —

A D

b | —S —> +

(a) Mode 1~Mode 3

(b) Mode 4~Mode 6 (c) Mode 7

Figure 5. Simplified circuit model of the LDC converter: (a) power transfer mode in both converters, (b) power transfer
mode in forward converter and freewheeling mode of PSFB converter, (c) freewheeling mode of both converters.

Based on the equivalent circuit shown in Figure 5a. the output voltage V, of the
proposed converter can be derived as (10).

Viri Viri

pril pri2
D

n 6ff+ nyp

Vo, =

(Degs +D") (10)
where D, is the effective duty cycle of the PSFB converter and D’ is the time period from
mode 4 to mode 6 (f4—ts) when the resonant capacitor C,, resonates with the leakage
inductor Lk, of the transformer TR, as shown in (11).

_ 1 fs
427m/LixoCro

The voltage conversion ratio of the proposed converter is decided by the turns ratio
for n; and n, as shown in Figure 6.

The voltage applied to the primary winding of each transformer can be expressed as
in (12) and (13), respectively.

D’ (11)

Vpri2 - ﬁVin (12)

Vpril = ﬁvm (13)

where V5 is the primary winding voltage of the transformer TR; and V'p,;; is the primary
winding voltage of the transformer Tr;,



Energies 2021, 14, 3603 8 of 18

By combining (12) and (13), the voltage conversion ratio Mpgposes Of the proposed
converter can be calculated as in (14).

v, 1

Mproposed = 7”1 = m(”lDeff'f'nZ(Deff'f_D/)) (14)
O
+
P 7
Vpr2 Lm2 nz2 *Rioad
v T
Vin N
+
[
Vﬁrl Lm1 § n12 *Rioad
—
(e,

Figure 6. Equivalent circuit to show the voltage conversion ratio of the proposed LDC.

3.1.2. Elimination of the Circulating Current

In the conventional PSFB converter, the circulating current losses in the freewheeling
interval reduces the power conversion efficiency, especially when the converter works
with small effective duty, D. In contrast, the proposed converter can eliminate circulating
current due to the additional snubber circuit composed of C;,, D4 and Ds. Figure 7 shows
the difference between the circulating current in the conventional PSFB and the proposed
converter. As explained in the operation of mode 4 and mode 5, since the resonant capacitor
Cy, is discharged and the diodes D; and Dy are forward biased the primary current is
reduced quickly during the freewheeling period thereby reducing the circulating current.
Consequently, ZCS turn-off can nearly be achieved for the lagging leg switches of the
PSFB converter.

51 sS4

Q4 Q

1 H 1

Lrsts  Conventional PSFB converter
e

i ?Hard-Switching of
| Lagging-leg
t
|
|
|

irculating current;
|

Proposed converter

|
|
|
i

|
|
} R .,:-‘
) e A\ Nearly ZCS of

Small Circulating '\ Lagging-leg
5 current w [ ! -
| |
| |
00189 0.018905 0.01891 0.018915 0.01892 0.018925

Time (s)

Figure 7. Comparison of the circulating current in the conventional PSFB converter and pro-
posed converter.
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3.1.3. Small Output Current Ripple

In the conventional PSFB converter, the amplitude of the voltage applied to the output
inductor in the powering period is the same as in the freewheeling period, as shown
in Figure 8a. However, in the proposed converter, due to the operation of the forward
converter, as explained in mode 5 to mode 7, the voltage applied to the output inductor
during the freewheeling period is reduced since the diode D5 is reverse biased, as shown in
Figure 8b. As a result, the current ripple of the output inductor can be reduced significantly.

DT.2  (1-D)T/2
—

DT.2  (1-D)Tsf2
4 | | | |
Vio2 (Vpriﬁ/rj{'yBZ : 77777 (Vplril /ﬂl-Vo) :
Vio
® 2 (1)
0 > 0 o
,,,,,, Mo | ] ~(Vo-Vera) |

(a) Conventional PSFB converter (b) Proposed converter

Figure 8. Voltage and current waveforms at the output inductor of the conventional PSFB converter
and the proposed converter.

In the conventional PSFB converter, the ripple current ALy conpentional_psrp) of the output
inductor can be determined using (15).

Vo(1 =D, ) Ts
AIl(ConvetionuLPSFB) = T;ff (15)

The current ripple Aly(proposed_Converter) Of the output inductor in the proposed converter
can be calculated as in (16).

(VO_VC 2)(1_D )Ts
AIZ(Proposed_Converter) = rZL ) i (16)
0

The ratio Ry of the ripple of the current between these two cases can be calculated
asin (17).
A,  Vo—Verp )

R . = < = —
ripple = AT Vo m1Defs +n2(1 — Desy)

(17)

Figure 9 illustrates the ratio of current ripple between two cases with different values
of the effective duty cycles. When the voltage of the propulsion battery is 420 V, the duty of
the LDC is 0.9 and the current ripple of the output inductor Lo, of the proposed converter
is just 29% of that of the conventional PSFB converter. When the voltage of the propulsion
battery is 250 V, the current ripple of the output inductor Lp; is just 47% of that of the
conventional PSFB converter. Therefore, the value and size of the output filter inductor
Loy can be significantly reduced.
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==Proposed converter === Conventional PSFB
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Figure 9. The ratio of the current ripple of the proposed converter compared to the conventional topology.

3.2. Design Consideration
3.2.1. ZVS Conditions for All of the Switches in the PSFB over the Full Load Range
In order to achieve ZVS turn-on for MOSFETs, the magnetizing current i,,; of TRy

needs to be large enough. The magnetizing current and the energy stored in the magnetiz-
ing inductance of TR; can be determined as follows.

_ Vbro_bat B D

Iml,peak - . 4 ef f_min (18)
m
1 [ VerobatTsDeff min \ >
2 ro_ba eff_
Er,, = ELmllml,peuk = 2L, ( 4 ) (19)

where i1 pex is the peak value of the magnetizing current of TR;. Ts is the switching
period and Def i, is the minimum effective duty cycle of the PSFB converter.

To ensure the ZVS condition over the whole load range, the energy stored in the
magnetizing inductance should be larger than that stored in the parasitic capacitors Coss
of MOSFETs.

1
ELm] Z ECuss = E(ZCOSS)VIgI‘O_bat (20)

The required magnetizing inductance of TR1 can be calculated as in (21).

1 TsDeff min 2
< _
Ly < T ( i ) (21)

In addition to the condition in (21), the dead-time for the MOSFETs also needs to be
satisfied (22).

7T
Thead < E\/ 2(Lrk1 + Lrk2)Coss (22)

3.2.2. Design of the Clamp and Resonant Capacitors

As explained earlier in the operation of mode 7, the capacitor C,; resonates with the
leakage inductance Ly g, and the magnetizing inductance L,;; of TR,. Hence, the value of
clamp capacitor C,1 can be calculated as in (23). However, since the voltage applied to the
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switches of PSFB converter increases due to the resonance, the resonant frequency needs to
be selected much lower than the switching frequency in order to reduce it.
1

Cq >> 5
(27t fs)“ (L1 + L)

(23)

The resonant capacitor C,, is the output capacitor of the forward converter. Thus, its
value can be calculated using (24).

nzlo(Deff + D/)

24
Tllfs A VCyz ( )

12

4. Experimental Results

In order to verify the performance of the proposed topology, a prototype converter
was implemented. The specification of the proposed converter is shown in Table 1. All
of the parameters for the transformer, inductor and capacitor are illustrated in Table 2.
This paper focuses on illustrating the experimental results regarding function III of the
proposed integrated OBC.

Table 1. Specification for the integrated OBC converter.

Operation Condition Parameter Value [Unit]
AC voltage 220 [V]/60 [Hz]
PFC stage DC-link Voltage 380-420 [V]
Rated power 3.5 [kW]
DC-link voltage 380—420 [V]
Function I: Propulsion battery voltage 250-420 [V]
DC-link to propulsion battery Rated power 3.3 [kW]
Switching frequency 30 [kHz]
Function II: DC-link voltage 380-420 [V]
Propulsion battery to DC-link Propulsion battery voltage 250-420 [V]
(OBC) Rated power 3.3 [kW]
Switching frequency 30 [kHz]
Function IIT: Propl.ﬂ.sion battery voltage 250-420 [V]
P . s Auxiliary battery voltage 23-25[V]
ropulsion battery to auxiliary
battery (LDC) Rated power 1 [kW]
y Switching frequency 50 [kHz]

Table 2. Parameters of the circuit components.

Components Value
All Switches (S ~ S4: Q1 ~ Qs) IPW65R041CFD
Turns ratio of the transformer TR; (1:n:m) 20:23:3
Leakage inductance of transformer TRy (Lrk1) 12.2 [uH]
Magnetizing inductance of transformer TRy (L,1) 605 [uH]
Core size of TRy PQ72/52
Turns ratio of the transformer TR, (115) 32:16
Leakage inductance of transformer TR; (L1k») 16 [uH]
Magnetizing inductance of transformer TR; (L) 452 [uH]
Core size of TRy PQ72/52
Clamp capacitor (C,1) 0.22 [uF]
Resonant capacitor (C,;) 100 [uF]
Diodes (Dy ~ D») DSSK 70-008A
Diode (D3 ~ Ds) DSSK 60-0045B

Figures 10 and 11 show the measured waveforms at the lagging switches and the
leading switches with 400 V input, 25 V output and 1 kW output power. In Figure 10, it can
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be observed that the MOSFET Q) turns on with ZVS and turns off with nearly ZCS. There
is a small negative current flowing through its body diode to maintain the zero voltage
during the turn-on period. The turn-off current of Q; is just 0.5 A, thus turn-off losses of
the lagging leg MOSFETs are minimized. Figure 11 shows that MOSFET Q3 is also turned
on with ZVS condition.

|Q1 (2 A/dIV)

i N

A | N | |
\ ZVS turn-on \ | \ Nearly ZCS turn-off ‘
t: 5 pdiv
e s
2,00 Aidiv 100 Vidiv| 5.00 psidivjAuto 44y
-2.000 A ofst -95.0 V ofst Edge  Positive)

LeCroy 2015-10-21 00 4:28:47

Figure 10. Voltage and current of switch Q at 100% of load.
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Figure 11. Voltage and current of switch Q3 at 100% of load.

Figure 12 shows the waveform of MOSFET Q) at the light load condition (10% load)
with an input voltage of 330 V and output power of 100 W. It can be clearly observed from
Figure 12 that the lagging leg switches can maintain ZVS turn-on and nearly ZCS turn-off
at light load condition.
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Figure 12. Voltage and current of switch Q; at 10% of load.

Figure 13 represents the voltage and current waveforms of the transformer TR;. It can
be observed that there is nearly no circulating current in the primary side of the transformer
TR, during freewheeling interval.

1 Text of label
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L2 (5 Avdiv) | |
oot B (8 ARV

:'.;ﬂw..;.‘.ﬁ' ' l,,Mm

No Circulélz;;tg Current’

<

b -166.6 4 (Trigger (@)
5,00 Aldiv 5.00 A/div 200 Vidiv 5.00 psfdiv| Auto -62V
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LeCroy 2015-10-21 OO 4:50:02

Figure 13. Voltage and current of transformer TR; at 100% of load.

The measured waveforms in Figure 14 depict the waveforms at the primary side of
the transformer TRy. We can see that the current of transformer TR; is reset by the active
clamp circuit Q5 and C,1. Figure 15 shows that both ZVS turn-on and ZCS turn-off can be
achieved at the secondary rectifier diodes, hence there is no reverse recovery. In addition,
the voltage at the rectifier diode is clamped around 80 V so that the diode with a lower
voltage rating can be used.
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Figure 14. Voltage and current of transformer TRj at 100% of load.

" Vi (50 VZdiv)

| Zouponary) | | /| |

 NoRecoveryLoss

&5 v

«

20.0 Aidiv 50.0 Vidiv|
0.00 A offset 0.0 Voffset

LeCroy

5.00 ps/divf Auto 125V
500k8 1.0GS8/sjEdge  Positive|

2015-10-21 DO 4:54:00

Figure 15. Voltage and current of diode D; at 100% of load.

The measured waveforms at diode D3 are shown in Figure 16. It can achieve both ZVS
turn-on and ZCS turn-off. The voltage across the diode D3 oscillates due to the leakage
inductance of the transformer TR,. Figure 17 shows the current and voltage waveforms at
the active clamp switch Qs with ZVS turn-on.

The measured waveforms at diode D, are shown in Figure 18. Both ZVS turn-on and

ZCS turn-off are achieved at diode Dy, thus there is no recovery loss at this diode.

The efficiency during function III operation with a wide range of input voltage varia-
tion is measured and shown in Figure 19 with the wide input voltage variation from 290 V
to 400 V. The proposed converter shows a high efficiency all over the load range and the
maximum efficiency is 96.03% at 500 W, which is much higher than those of conventional

ones in [19,22,25].
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Figure 16. Voltage and current of diode D3 at 100% of load.
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Figure 17. Voltage and current of switch Qs at 100% of load.
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Figure 18. The voltage and current of diode D, at 100% of load.
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Figure 19. Efficiency plots during function III operation with wide range of input voltage variation.

The efficiency during function I and function II operations is also shown in Figures 20 and 21,
respectively. In function I, the maximum efficiency is 98.2% when Vpc =400V, Vpc =420 V and
Po 1=2.3 kW. In function II, the maximum efficiency is 97.58 % when Vpc =400 V, Vpy, pss =420V
and Po 11 = 1.8 kW.
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Figure 20. Efficiency plots during function I operation with wide range of input voltage variation.
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Figure 21. Efficiency plots during function II operation with wide range of input voltage variation.
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5. Conclusions

This paper has introduced a novel hybrid LDC converter for the integrated OBC
using a combination of a PSFB converter and a forward converter. The proposed converter
has a high voltage conversion ratio and a high efficiency characteristic due to the hybrid
structure. The power is shared by two converters and hence the conduction loss is reduced.
The efficiency of the proposed converter can be further improved due to the soft-switching
characteristics throughout the load range. The proposed integrated OBC shows over 97%
efficiency during function I operation, over 96% efficiency during function II operation
and over 95% efficiency during function III operation almost throughout the load range,
respectively. In addition, the size of the output inductor can be reduced significantly due to
the cascaded output capacitors of the proposed LDC converter. The circulating current is
reduced by using the passive snubber circuit, which also helps clamp the voltage applied
to the rectifier diodes. The cost and the volume of the OBC can be significantly reduced
due to the integrated structure of the proposed converter, and the fuel economy of the
electric vehicles can be improved due to its high efficiency characteristics throughout the
load range.
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