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Abstract: On-board charger (OBC) and auxiliary power
module (APM) are two major power electronic units in
electric vehicles (EVs). OBC is the interface between the
grid and HV propulsion battery, and the APM is the bridge
connecting the HV system and LV system inside the EV. To
save the cost and shirk the size, this paper proposed a three-
port current-fed triple-active bridge (CFTAB) converter to
integrate OBC with APM both electrically and
magnetically. Compared with state-of-art integration
approaches, the proposed converter features a simple
structure, free of function-select switches, and fewer
transformer turns. With the corresponding power
decoupling method developed, the proposed topology also
allows charging HV battery and LV battery simultaneously.
Due to the current-fed nature, there is no need for large
output capacitors, and much lower current stress is
exhibited. In addition, an integrated prototype for
11kW/250V~450V OBC plus 3.5kW/10V~16V APM is
developed to prove the superiorities of the proposed
integrated charger.

Index Terms: Auxiliary power module; On-board
charger; Integrated charger; Electric vehicles; Three-port
converters.

L INTRODUCTION

Power electronics units alter the form of energies and
connect multiple power sources and loads in electric vehicles
(EVs). For example, the on-board charger (OBC) accepts the
AC input and converts it to DC to charge the propulsion battery.
An Auxiliary Power Module (APM) steps down the HV DC bus
voltage to the LV bus to power non-propulsion loads and
charges the LV battery[1]. Usually, the OBC and the APM are
separated units in EVs. They are designed at different power
levels, e.g., 11kW or 22kW for OBC and 2.5kW or 3.5kW for
the APM. Even though the APM has lower power rating, due to
the low output voltage of APM, it has much higher current
stress. For example, delivering 3.5kW @12V means an RMS
current of 290A. To handle such a high current, the transformer
winding has to be designed with a thick gauge, and more
devices need to be paralleled for heat dissipation.
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The seperate OBC and APM present a large volume and
high cost. However, they usually share some similar and
commonly used topologies. As shown in Fig. 1, the OBC and
APM both have the primary side bridges, transformers, and DC-
link capacitors. To save the cost and shrink the size, it is of
importance to integrate two units using a three-winding
transformer, as illustrated in Fig. 2.
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Fig. 2 Concept of electric-magnetically integrated charger
However, state-of-art integrating approaches present
limitations. Some realize the integration electrically. For

example, [2][3] proposed to use additional selection switches to
reconfigure the topology to select which battery to charge.
Another solution is adopting a dual transformer based converter
to facilitate power decoupling[4]. However, these methods still
need multiple transformers. Meanwhile, additional function-
select switches are needed. Others integrate the OBC and APM
at the transformer stage. Usually, a three-winding transformer




is adopted to share the core between OBC and APM. This type
of charger has a higher integration level, but encounter some
issues, such as power decoupling and challenging transformer
design. For example, a resonant converter based integrated
charger encounters the challenge of coupled output power.
Because of lack of control freedom, the power flows to HV port
and LV port without regulation, which is unacceptable for the
EV charging. To solve the problem, [5]-[8] proposed to use an
extra stage in series with the resonant converter to regulate the
output power, which lowers the efficiency and power density.

Voltage-fed triple-active bridge (VFTAB) based integrated
chargers are reported in [9][10]. However, these converters
present high current stress on all three ports, yielding low
efficiency. In addition, determined by the DC link voltage and
the LV battery voltage, the transformer turn ratio is high.

Some other topologies, such as [11][12] proposed to use a
three-winding transformer along with function-select switches
for different charging modes. The power flow can be
decoupled. The common issue is the need for additional
selection switches and can not charge HV and LV batteries at
the same time.

To mitigate all the shortcomings mentioned above, this
paper proposed a novel current-fed three-ports converter, as
shown in Fig. 3. The converter has three ports: the primary side,
HV side and LV side, which are connected to PFC output, HV
battery and LV battery, respectively. The Lsl~Ls3 are the
leakage inductance of the transformer. Lol and Lo2 are
negatively coupled inductors for the HV output filter. Similarly,
Lo3 and Lo4 are coupled inductors for the LV output. Cpy and
Cyv are clamping capacitors and used to maintain a high DC
voltage to reduce current stress at both transformer secondary
sides. The power flow between ports is controlled by the phase
shift between them. Compared with aforementioned topologies,
the proposed one has multiple advantages. Firstly, the current-
fed port boosts the LV side voltage to a higher value, which
reduces the turn ratio and facilitates the transformer design.
Secondly, the duty cycles are additional control freedoms,
enabling the possibility of full-power-range zero-voltage-
switching (ZVS). The major portion of the current of low-side
switches at HV and LV ports is negative, representing much
lower current stress than voltage-fed converters.
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Fig. 3 The topology of the proposed converter for the integrated charger

I1. CFTAB BASED CHARGER DESIGN

Five control variables are involved in the operation of
CFTAB, i.e., the Dy, Dy, Dy, Psy, and Ps;. The first three
variables D,~D; are duty cycles of high side switches at the
primary side, HV side and LV side, respectively. Ps;, and Ps;
are the phase shifts for the HV side and LV side, referred to the
primary side, as illustrated in Fig. 4. Note that the PWMs are
center-aligned, which means when Ps;, or Ps; equals zero. The
corresponding transformer terminal voltage V}, or V; are also
center aligned with primary side voltage V},, yielding zero
power between two ports. For each port, the first phase leg (P1,
S11, S21) and second one (P2, S12, S22) always have a 180°
phase difference, which guarantees Vp, V), and V; are always
symmetric around zero to avoid the accumulation of DC bias in
the transformer. The duty cycle is defined as turn-on time over

the switching period T, and phase shift is delay time over %

normal values of all the control variables are 0~0.5, when the
power flows from the primary side to HV or LV sides.
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a. CFTAB Modeling

CFTAB has a similar structure as VFTAB, of which its
operation principle, power flow and ZVS range are well studied
in previous literature [13]-[15]. Its complexity lies in that HV
and LV side transformer terminal voltages are not only related
to the battery voltages but also involves with duty cycles of Dy,
and D;. The peak clamping voltage at the HV side is V,;, /Dy,
while that at the LV side is V,,;/D;. In addition, duty cycles also
affect the timing sequence of terminal voltages, yielding
hundreds of operation modes. It is not feasible to calculate
power and ZVS current for all operation modes manually. Thus
a generalized CFTAB model will be derived in this paper.To
facilitate the calculation, the transformer in the Fig. 3 will be
transformed to A model, as shown in Fig. 5.
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Fig. 5 Transformer model (a) Wye model, (b) A model

( LSlLSZ + LSlLS3 + LSZLS3
LSlZ = LS3
LSlLSZ + LSlLS3 + LSZLS3
sty = - )
Ls;Ls, + Ls;Ls3z + Ls,Ls3
LSZ3 = L51

The leakage inductance in the A model can be obtained by
(1), and the peak voltage of V,, V; is

V,
( Peak(Vy,) = —oh
Dy, 2
V., (2)
Peak(V;)) = == x N,
D

Where N, is the transformer turn ratio of primary side winding over
LV side winding. With the voltage and inductance in Fig. 5
available, we can easily calculate the current increment Al in
each time interval (t; ~t; in Fig. 4) for all three ports using (3),
where the subscript n is the index of time intervals.

Vp,—Vh Vp,, = V1
AIpTl = AILSIZ + AIL513 = (M + M) X tTl

Ls12 Ls13
Vi, =V, Vi, -V
_ _ (Von~Vn V1
ALy, = Aljg15 — Al g3 = ( 7Ll - Z n) Xt, (3)
512 523
Vp,, = V1 Vh,— V1
Al = Aljg13 + Aljgp5 = (_pn i n) Xty
Lsi3 Ls23

Note (3) is only used to calculate the current increment in
each time interval. To calculate the initial current of every half
peroid, the summation of current increment in all time intervals
is needed. The summation equals twice the initial current, but
with opposite polarity in the steady state, as shown in (4). With
(3) and (4), the initial transformer current can be easily solved
then the current for all time intervals.

Z ALy, = =21,
n=1
7
Z Alh‘rl = _21111 (4’)
n=1
7
D Al =21y
n=1

However, for the current-fed port the transformer current is
not enough to calculate the device switching-on and switching-
off current. Using first phase leg of the LV side shown in Fig.
6 as an example. Here 1,,,, = I, — I;,. To calculate the accurate
ZVS current for the high-side switch, the coupled inductors’
current also needs to be considered. The coupled inductors have
been well studied in previous literature[16], [17]. The current
ripple can be solved by (21) in [18]. To avoid repeating, the
equation will be skipped in this paper.
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Fig. 6 ZVS current determined by the transformer and coupled
inductors

b.  Design considerations and operation modes

Multiple key parameters need to be determined when
applying the CFTAB to an integrated charger, such as the DC
link voltage, transformer turn ratio, clamp capacitor voltages,
etc. The specifications of the charger are summarized in the
Table. 1.

TABLE. 1 INTEGRATED CHARGER SPECIFICATIONS

Input voltage 1P 240V/3P 480V
HYV battery voltage 250V~450V
LV battery voltage 10~16V
Max output power for HV port 11kW
Max output power for LV port 3.5kW

To incorporate the 3P/480V grid voltage, the DC link
voltage has to be higher than the peak of line-to-line voltage.
Thus a 750V DC bus voltage is selected as rated. Then, the turn
ratio of the transformer is design at 12:12:1 for the primary side,
HV side, and LV side. The nominal transformer terminal
voltages for HV and LV are calculated as 750V and 60V. 1.2kV
SiC MOSFETs for primary and HV sides and 100V Si
MOSFETs for LV side are adopted.

Voltage match control is usually adopted for a current-fed
converter to minimize transformer current[19], [20]. The
control method is easy but suffers from high circulating current
and losing of ZVS at light load. Instead, this paper targets full
range ZVS and minimizes reactive power. Voltage mismatch



control with extended duty cycle is then developed. Here the
duty cycle is no longer used to boost the battery voltage to
match the transformer winding voltage induced from the
primary side. Instead, it is used to secure ZVS and minimize
reactive power. In addition, an extended duty cycle for the HV
port is adopted. Usually, for the current-fed converter, the duty
cycle is operating lower than 0.5 for the sake of ZVS, which
however is not suited for the integrated charger. For example,
when the HV battery is fully charged at 450V, even D;, = 0.5
yields a clamping voltage on Chy up to 900V. Thus, this paper
extends the Dy, to be higher than 0.5 when the battery voltage is
high. At the same time, the ZVS can still be secured by
compensation from the primary side.

With the model for transformer current and coupled

1000 T

] ,_/ + L

L L L d L L L L
0.1 0.2 03 0.4 0.5 06 0.7 08 0.9 1Ts

(a)

inductor current ready, an adaptive optimization method was
developed to select the proper operation modes for extended
voltage mismatch control. The selected operation modes are
classified by the battery voltage instead of the power level. The
reason is full power range ZVS is already set as the top priority
in the optimization process. Duty cycles are then further
optimized only based on battery voltage for reduced reactive
power. With optimized values, the typical transformer
waveforms are plotted in Fig. 7. ZVS currents for all three
ports are plotted in Fig. 8 using the color bar. It’s clear for a
given battery voltage, optimized duty cycles can always secure
ZVS at any output power. More detailed operation modes can
be generated other than shown in Fig. 7 to smooth the transition.
Limited by length, they are not illustrated in this paper.

(b)

Fig. 7 Transformer waveform with optimized duty cycles (a) 11kW@250V for HV and 3kW@16V for LV (b) 11kW@450V for HV and 3kW@10V for LV
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Fig. 8 Full range ZV'S with optimized duty cycles (a) 250V for HV and 16V for LV (b) 450V for HV and 10V for LV

Current-fed converters usually don’t need bulky output
capacitors. Instead, the output inductors are necessary.
Negatively coupled inductors are adopted in this paper to shrink
the output filter size. Thank for the interleaving operation of the
phase legs, the coupled inductor cancels the DC output current,

and only AC ripples are the source of magnetic fluxes. In this
case, the core size of the inductors can be significantly reduced.
In addition, due to interleaving, the output current ripple is also
significantly suppressed.

111 PROTOTYPE AND EXPERIMENTS



Based on the analysis and design above, a prototype is built
to verify the design, as shown in Fig. 9. Both the PFC stage and
CFTAB stage are included. The key parameters of the charger
are listed in the Table. II.

TABLE. 1 INTEGRATED CHARGER PARAMETERS

Transformer turn ratio 12:12:1
XFMR primary side leakage inductances 12uH
XFMR HV side leakage inductances 12uH
XFMR LV side leakage inductances 0.24uH
XFMR Magnetizing inductances 260uH
Rated DC link voltage 750V
HV clamp capacitor voltage ~750V
LV clamp capacitor voltage ~60V
Primary/HV side switches C3MO0032120K
LV side switches IRF100P219

The charger is tested to full power with a 750V DC Bus
voltage, 11kW power delivered at 350V for HV port, and
3.5kW power delivered at 12V for LV port separately. The key
waveforms of the transformer are shown in Fig. 13 and Fig. 11.

Fig.13~14 show the current stress for current-fed ports.
Comparing Fig. 13 to Fig. 14, current-fed ports show different
current stress on high-side and low-side switches. For high-side
switches, the current is used to charge and discharge the clamp
capacitor. Thus it’s a circulating current without flowing to
load. For low-side switches, Ids is mainly the load current and
almost always negative, securing ZVS with low switching-off
current, a critical benefit for the LV port. Compared with
conventional voltage-fed converters, the proposed converter
does not suffer from high current stress on both-side switches.

The proposed design also shows high power density. As
shown in Fig. 9. modular design is adopted for a compact and
flexible prototype. The oversize is measured as
46cm*22cm*7cm, i.e., 7 liters. Then the power density is
calculated as 2.05kW/L. For comparison, the state-of-art APM
usually has a power density <2kW/L[21] [22], for a 3.5kW
APM, the overall size is already >7L. No mention within a
similar volume, the proposed converter can deliver 3.5kW to
LV and 11kW for the HV battery at the same time.

Iv. CONCLUSIONS AND FUTURE WORK

This paper proposed a current-fed three-port DCDC
converter for the integration of the OBC and APM in EVs. An
11kW+3.5kW prototype is designed. The converter provides
multiple functions and presents superiorities over state-of-art
approaches in the following aspects: 1) simultaneously
charging for HV and LV batteries. 2) full range ZVS operation;
3) near-zero switching-off current for low-side switches; 4)
compact and cost-effective output filters design. All these
benefits make the proposed converter a good fit for the EV
applications saving both cost and space. Future work will
include the implementation of the power decoupling and
closed-loop control.
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Fig. 11 XFMR voltage/current at LV port (12.3V/250A output)
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