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Abstract—As the counterparts of alternators, the auxiliary
power modules (APM) in electric vehicles (EVs) play an
irreplaceable role in bridging the high-voltage (HV) propulsion
system and low-voltage (LV) auxiliary system. With the increasing
demands on fast charging, the HV propulsion system is seeing an
involution from 400 V system to 800 V system. To adapt to the
trends, the APM also faces the challenge of accepting a wider input
voltage range, particularly in EVs with a reconfigurable battery
pack. This paper proposed a reconfigurable current-fed dual
active bridges (CFDAB) based converter which accepts an ultra-
wide-range input from 180V to 900V and an output from 6V to
16V to cover both 400 V and 800 V systems. Topology, operation
principles, and simple control to minimize the switching loss are
discussed in the paper. A >3 kW prototype with a peak efficiency
of 97% was built and tested, which successfully validated the
proposed topology and control.

Keywords— Auxiliary power module, dc-dc converter, electric
vehicles, current-fed converter, reconfigurable batteries.

I. INTRODUCTION

The auxiliary power module (APM) is an important part of
the charging system in electric vehicles (EVs), which uses the
HYV system to charge the LV battery and support all LV loads,
e.g., the headlights, sensors, power steering systems, and some
other critical loads. Two major challenges exist in the APMs
design. Firstly, the wide input and output voltage range. The
APMs connect HV and LV batteries, and both batteries have a
wide voltage range. For example, for an HV battery rated at
400V, the terminal voltage can vary from 180V to 450V[1], and
an 800V system has the terminal voltage changing from 500V
to 900V[2]. More critically, EVs that are equipped with
reconfigurable battery packs to adopt both 400V and 800V
charging systems are emerging. The APM inside then has to
accept an input voltage from 180V to 900V[3]-[6]. No mention
the output voltage also varies from 6V to 16V[7], [8]. A wide
voltage range means wide range of the voltage gain. A typical
voltage gain from 0.94 to 12.5 is then required to cover the full
voltage range, where the voltage gain is defined as input voltage
divided by the product of output voltage and transformer turn
ratio.
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Secondly, the high output current. It will be particularly
difficult for an ultra-high-gain converter to deliver high output
current across the whole voltage range. Due to the low output
voltage, the APM usually suffers the high current stress at the
LV side. For instance, a 3.5kW output at 12V yields an output
current up to 300A. For the commonly used topologies such as
LLC [9]-[11] and DAB [12]-[15], the heavy loads either mean
high switching current or unpractically high voltage gain. Some
other two-stage designs are able to provide high power and
wide voltage gain, but the topology is complex and the cost is
high[16], [17].

The literatures proposed multiple topologies for wide-
voltage-range applications. However, most of them are
designed for the 400 V application only. The voltage gain is still
not high enough to cover the 400 V and 800 V reconfigurable
system. No mention to alleviate the current stress.

This paper proposed a CFDAB based reconfigurable
converter, as shown in Fig. 1. Compared with existing
technologies, four major superiorities exhibit:

1. The ultra-high voltage gain. The current-fed port integrates
an interleaved buck stage and presents an ultra-wide voltage
coverage. The reconfigurable topology further extends the
voltage gain and improves the extreme voltage case's
efficiency.

2. The low RMS and switching current on the L'V side. The
current-fed (CF) port has a nature of low switching current
when the duty cycles are well controlled. The switching current
is only the circulating current to charge the clamp capacitor.

3. Asymmetric current stress on the current-fed port. The CF
port presents different rms current on top switches and bottom
switches. High-side switches only handle a very low circulating
current. This allows an asymmetric hardware design to save
costs.

4. CF converter naturally presents a high voltage gain, the
proposed reconfigurable topology furtherly extends the voltage
range by altering the input port as CF port or VF port.
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Fig. 1. Proposed reconfigurable CFDAB for the ultra-wide voltage
range APM

II. OPERATION OF RECONFIGURABLE CFDAB

The proposed topology is illustrated in Fig. 1. A CF port is
equipped on the LV side, while the HV port can be configured
as either the voltage-fed (VF) or CF port by the switch SW. The
CF port on the LV side helps to reduce the transformer turn ratio
and the current stress. The HV port is designed as
reconfigurable to extend the voltage range and increase the
power capability at the extreme voltage range. The CF port
input/output filters Lop; and Lqpy are coupled inductors to
shrink the size. Chv and Clv are clamp capacitors to provide a
stable voltage for the full bridges. The Ls is the leakage
inductance of the transformer. V;,;, is the HV battery voltage
and V,; is the LV battery voltage. The voltage applied to the
transformer terminals is denoted as V,,, and V/,,.

A. Operation of CF port

For the LV side CF port, it can be decomposed into a VF full
bridge plus an interleaved boost stage, as shown in Fig. 2. For
the voltage applied to the HV winding, it is determined by both
input voltage Vinh and HV side duty cycle DA. However, in the
VF mode, the winding terminal voltage is solely determined by
Vinh. Typical waveforms of transformer terminal voltages,
currents and control variables are shown in Fig. 3.
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Fig. 2 The decomposition of the LV-side CF port
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Fig. 3 typical waveforms of CFDAB

Different from the VF port, where the switch-on and switch-
off currents are only determined by the transformer current, the
switching currents of a CF port are determined by both the
transformer current and the coupled inductor current, as
illustrated in Fig. 4.
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Fig. 4 Switching current of the CF port

The LV side is always a CF port despite the HV side
configuration. The operational principles, advantages, and
characteristics of the CF port include the following:

1. A CF port on the LV side helps to reduce the transformer
turn ratio, thus facilitating the transformer's fabrication. As
shown in Fig. 2, the embedded interleaved boost stage boosts
the LV battery voltage, thus effectively reducing the
transformer turn ratio.

2. The CF port high-side switches (S1, S3) and low-side
switches (S2, S4) carry different rms current. The typical
current and voltage waveform of the CF port switches are
illustrated in Fig. 5. It clearly shows the high-side and low-side
switches are undertaking different rms currents. This is
particularly beneficial for the high-current LV side since fewer
high-current MOSFETs are needed for the high side.

3. The low-side switches catrry a much higher load current.
However, the switching current is still the same as the high-side
switches. This reveals another significant benefit of the CF port,
i.e., the switching current can be low regardless of the output
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power. More detailed switching current and related operational
modes will be discussed later.
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Fig. 5 The typical Vs and 15 of CF port

However, such benefits of decoupled power and switching
current is only valid within the boundary of ¢ < D, — D,. If the
phase shift exceeds the boundary, the switching current of the
LV port will increase rapidly with the power, as shown in Fig.
6 and Fig. 7. This is a key operational boundary of the proposed
topology, and the design will control the duty cycles to make
sure the converter does not exceed the boundary in major
operational range.
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Fig. 7 LV side switching current
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B. HV configured as VF Port

When the SW shown in Fig. 1 is switched to position S1, the
HV port is configured as VF, and the LV side is kept as CF.
This configuration will be noted as VF-CFDAB in the paper.
The output power of the VF-CFDAB is

PVF — Nt¢T1VinhVol (1)
S
The HV side switching-on and switching-off currents are
symmetric, which means the switching-on current equals the
negative value of the switching-off current. The switching-on
current is

_ Ts(DhVinh - NtVol)
2L,

IVFhv—on -

2
The LV side switching-on and switch-off currents are also
symmetric. The switch-on current is

I _ _ NTsNeVor = DiVinn) _ TsVor(Liw — Dilyy + DiMyy) 3)
VEiv-on 2L, 2013, — M2)

where L, is the self inductance of the LV side coupled inductor
Lcpr, and M, is the mutual inductance between two symmetric
Lcpr windings. It is clear that the overall current consists of both
transformer current and coupled inductor ripple current.

C. HV Side Configured as a CF Port

When the switch SW shown in Fig. 1 is switched to position
S2, the HV port is configured as the CF mode, which will be
noted as CF-CFDAB configuration in this paper. The output
power of the CF-CFDAB is

_ Nt¢TsVinhVol

= 4
CF Dh,Ls ( )

The power has a similar form as VF-CFDAB. The main
difference is the involvement of D, . Meanwhile, in CF-CFDAB
the peak voltage on Cuv is boosted to Vi, /Dy, thus special
attention is needed for the voltage constraints when optimizing
the duty cycle.

The CF-CFDAB configuration is more complex due to the
introduction of an additional coupled inductor. a, 8,y and §
given in (5)~(8) are used to shorten the equations, where Ly, is
the self inductance of Lcpn and My, is the mutual inductance
between Lcpn windings.

o= TsVinh(Lny — DplLpy + DpMpy)

(%)
Z(L%w - M}%v)
_ TsVo(Lyy — DiLy, + DiMyy,) ©)
Z(L%v - Mlzv)
_ N.Ty(Dj — 2Dy Dy = 2Dpp + Df — 2Dyp + $?) @
V= 8D,D,L,
5= Ts(Vinh - NtVol) (8)
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The switch-on and switch-off currents are still symmetrical
despite the configuration. The HV port switch-on current is
N t ¢Ts Vol

lernpon = —@ =8 == 51— ©)
The LV port switch-on current is

DthTsVinh _ NtszVt)l _ B
2Dy Lg 2L

ICFlvon -

(10

III. CONTROL FOR RECONFIGURABLE CFDAB

From (2), it’s clear that for the HV side, the zero-voltage -
switching (ZVS) turn-on is naturally guaranteed when D) >
%, where Dy, for the VF mode is physically limited to D;<0.5.

inh
Using this as the boundary condition, the whole voltage range
with the expected efficiency map can be divided into the VF

range and CF range, as shown in Fig. 8.

Efficiency voltage map
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Fig. 8 The boundary of VF/CF mode and estimated efficiency map

As discussed, the power and the switching current are
decoupled when ¢ < D, — D;. Thus to simplify the control and
keep the switching current low, this paper will fix D, = D; +
¢. The boundary condition can then be satisfied. The power is
then solely controlled by the phase shift, and D, can be utilized
to control the LV side switching current.

When D, is set as D; + ¢, both HV side and LV side
switching currents are related to the LV side duty cycle D;. The
switching current vs. Dy is illustrated in Fig. 9 and Fig. 10. It is
clear that the lowest switching current of the HV side and LV
side are happening at different Di. However, checking the whole
duty cycle range, the HV switching current only changes for a
few amperes, but the LV side switching current changes up to
100A. Thus, Dy will be used to minimize the LV switching
current instead of the HV side.

In addition, figures also indicate the switch-on and switch-
off currents have the same aptitude but opposite directions.
Thus the switch-off current can not be set to zero. In practice,
to achieve ZVS, the switch-on current, or the negative switch-
off current must be larger than the boundary current in (11).
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Fig. 10 LV switching current vs. Dy

Then the optimized duty cycle to secure ZVS and minimize
the switch-off current is calculated as

TsVoth2 _ ZQlV leTsVal
D — ZLS Tdb ZL%U - ZMZZU (12)
topt NthVinh +TsVol(le - Mlv)
2L5 ZL%U - ZMZZV

Due to limited computational resources, it is difficult to
calculate the optimized duty cycles online. Since the duty is
only related to the input and output voltage, it is feasible to do
the optimization offline and store results as a look-up table
(LUT) for the control usage.

The overall optimization and control flow are summarized as
follows: 1) Run the optimization for the LV side switching
current and save the result as a look-up table (LUT); 2) Save the
boundary HV side duty cycles for ZVS; 3) In the real-time
control, select D; based on input/output voltages from LUT; 3)
Regulate the phase for the target power; 4) HV side duty cycle
will be set as D, = D; + ¢. If the calculated Dy, is out of the
ZVS boundary or reaches the maximal D, = 0.5, keep D), at
the boundary.
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IV. EXPERIMENTAL RESULTS

A 3kW prototype is built to test the proposed topology and
the control method. The hardware parameters, wide voltage
range power capability, efficiency, and loss breakdown are
presented in this section.

A. Hardware implementation

Following the design consideration and optimization
procedure, the parameters of the prototyped hardware are listed

in Table. I.

Table. I Hardware parameters of the prototypes

Tek stop I i I

Input voltage range 180-900 V
Output voltage range 6-16V nA;O;;Yu"E o I ® oy @ A ) :quus‘ - m}[:“ T
Max output power 3 kW gg;ﬁ?:;\‘}?‘ 203.2MHz Low signal amplitude 1
HV-side switches 2xC3M0032120K - - .
Fig. 12 Test at 700V/6V, 1.6kW
LV-side switches 2xIRF100P219 oK stop 1 20,005
Switching frequency 80 kHz 1
Leakage inductance 42 pH
Magnetizing inductance 540 pH LS — L
Transformer turn ratio N 12:1
Transformers Core 3C95, E65/32/27
HV coupled inductor self inductance 50 uH
HV coupled inductor mutual inductance 35 uH
LV coupled inductor self inductance 10 pH
LV coupled inductor mutual inductance 8 uH
Coupled inductors core 3C95, E65/32/27

B. Power test

The power test covers different input and output voltages.
The maximum power is tested up to 3.2 kW at 700 V input and
16 V output. The full voltage range is also tested to cover 6 V
to 16 V output and 180 V to 900 V input.
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Fig. 11 Test at 700V/16V, 3.25kW
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Fig. 13 Test at 180V/6V, 260 W
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Fig. 14 Test at 180V/16V, 330 W
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Fig. 15 Test at 900V/6V, 1.1 kW
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Fig. 16 Test at 900V/16V, 2.6 kW

C. Efficiency and loss breakdown

The efficiency is tested under different voltages, as shown in
Fig. 17. The peak efficiency is >97% at 1.5kW output. The
efficiency curve also indicates the power capability for the
corner cases by examining the maximal tested power for each
curve. Note that the maximal power is aligned with real-world
requirements and constraints. For example, at the low input
voltage and high output voltage, the maximum required power
is only 500W, which is reasonable given that the HV battery is
almost drained and the LV side battery is almost full thereby no
need to charge the LV battery with high power. Another case is
when the input voltage is high but the output voltage is low. The
maximal power is relatively higher at 1.5 kW. Such a
requirement also comes from the real application, given the HV
battery has a high state of charge (SoC) and can provide enough
power, while at the same time the LV battery is almost drained
and needs higher charging power.
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Fig. 17 Efficiency map
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Fig. 18 Peak efficiency of 97% at 500V input/14V output

The loss breakdown is also included. Aligned with what was
mentioned early in the paper, the major losses come from the
LV side switching losses and conduction losses.

XMFR:16%

SW.HV:20%

Cond.HV:2%
Cond.LV:14%

SW.LV:47%

Fig. 19 Loss breakdown at 600V/16V/2.2kW (103 W overall loss)

V. CONCLUSIONS

This paper proposed a reconfigurable APM topology to cover
an ultra-wide input and output voltage range. The detailed
analytical models to calculate the power and switching current
are derived for both VF and CF configurations in two major
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operational modes. The corresponding optimization method is
proposed for a simple control to minimize the switching losses
and secure a full-range ZVS. The power tests have been done
to cover 180V to 800V input and 6V to 16V output, with a peak
efficiency of 97% and a maximal power of 3.2kW. The test
results validated the wide voltage capability and effectiveness
of the control, which marks the proposed converter as a
promising candidate to power the LV system for the emerging
400V/800V EVs. The proposed technology compared to the
existing products and literatures is summarized in Table. II.

Table. II Specifications and performance comparison

Products Input Output voltage Peak Peak
/prototypes voltage power efficiency
UTK [17] 250-450V  10-16V 7.0 kW 96%
CAS-EV [18] 240-400V  10-15V 2.7kW 94%
BorgWarner [19] 220-800V 11-13.5V 1.2 kW 92%
Eaton [20] 225-450V  6-16V 3.0kW 94%
Bosch [21] 250-475V  105-155V 3.6 kW 95%
Vitesco [22] 220-450V  8-16V 3.5kW
Bel Power [23] 400-800V 9-16V 4 kW 93%
NCKU [24] 220-450V  9-16V 2.5 kW 97%
Seoul Tech [25] 460-780V 11.5-151V 12kW 93%
Queen’s [26] 250-430V 9-16V 1.3 kW 96.5%
NUAA [27] 200-450V  9-144V 3 kW 94.7%
This work 180-900V 6-16V 325kW  97%
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