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Design a 400 V–12 V 6 kW Bidirectional Auxiliary
Power Module for Electric or Autonomous Vehicles

With Fast Precharge Dynamics and Zero
DC-Bias Current

Liyan Zhu , Student Member, IEEE, Hua Bai , Senior Member, IEEE, Alan Brown , and Matt McAmmond

Abstract—An auxiliary power module in electric vehicles is a
dc/dc converter bridging the high-voltage propulsion battery with
a low-voltage auxiliary system. In the coming era of connected and
autonomous vehicles, the power rating of such dc/dc converters
is expected to surge from 2.5 to 6 kW. In addition, there is the
challenge of a wide operating voltage range, e.g., 250–450 V re-
quired by the high-voltage propulsion battery and 10–16 V at the
low-voltage auxiliary battery. To meet these voltage and power
challenges, this article proposes a two-stage bidirectional design,
i.e., interleaved buck + dc transformer (DCX) that offers full
voltage range coverage, 3.5 kW rated power, and peak power of
>6 kW. Experimental results indicated >96% efficiency, owing to
the zero-switching loss of DCX. Furthermore, the precharge mode
that charges the input dc-bus capacitor with the low-voltage battery
is accomplished using the inner phase shift control of the DCX stage.
DC-bias blocking capacitors on the low-voltage side are replaced
with a simple, unique dc-bias detection circuit that samples and
eliminates the dc-current offset of the transformer. Simulation and
test results confirm that the proposed method effectively detects
and eliminates the dc-bias current.

Index Terms—Auxiliary power module, dc-bias detection, dc
transformer, dc–dc converter, electric vehicles (EVs).

I. INTRODUCTION

AN ISOLATED, high-step-down dc/dc converter is a re-
quirement for electric vehicles (EVs) where an alternator

is not available to power 12-V auxiliary loads. Such a dc/dc
converter is shown in Fig. 1. It is also known as an auxiliary
power module (APM). In EVs, the APM bridges the high-
voltage (HV) on-board propulsion battery with the low-voltage
(LV) battery. For nowadays application, an exemplary design
using Si CoolMOS and a phase-shift full-bridge (PSFB) yields
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Fig. 1 APM in EV.

>93% efficiency and has a power density of 1.5 kW/L with
2 kW peak output power [1]. A current-fed, dual-active-bridge is
considered as an excellent candidate for a high-step-down dc/dc
converter [2], [3]. However, hard switch OFF large currents at the
LV side creates challenges, such as high switching losses and
electromagnetic interference (EMI) [4], [5]. Another approach
employs an LLC resonant converter [6]–[8]. These are typical
one-stage designs, while simple and cost-effective, typically
have limited output power and hard to cover wide input and
output voltage range requirements.

Facing future autonomous and connected EVs, there are three
primary challenges related to the proposed APM design, i.e.,
high output current/power rating, a wide input and output voltage
range, and bidirectional power flow.

First, the high output current/power rating. As a historical
reference point, the first generation 2005 Toyota Prius is consid-
ered. The Prius required 108 A current out of a 14 V battery [9].
Then, the auxiliary load consisted of basic applications, such as
the control unit, wiper, and headlights. Today, additional equip-
ment, such as speakers, screens, and electric steering systems,
increases the load on the 12 V system. The average power has
significantly risen from 2 to 3.5 kW in EVs [10]. Given the
trend of EV swapping out hydraulic systems with the electric
ones, the short-period overload situation, e.g., 6 kW, creates
a considerable challenge. The thermal stress induced by high
conduction loss and switching current must be addressed.

The next consideration is the wide input and output voltage
range. For a 400 V HV battery, the APM needs to accept the
input from 250 to 450 V [11] and provide an output voltage
that varies from 10 to 16 V [12], [13], subject to the HV and
LV battery state of charge. Aiming at high-power applications
in future autonomous and connected EVs, the APM needs to
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Fig. 2. Proposed topology for a 6 kW bidirectional EV APM.

output full power at all voltage scenarios, for example, 250 V/16
V or 450 V/10 V. This requires a wide range of voltage gain
that excludes the most commonly used dc/dc topologies. For
instance, the LLC circuit has a limited voltage gain and the dual-
active bridge (DAB) topology has a high switching OFF current.

Last but not the least, the bidirectional power capability is
also a desired feature to precharge the HV bus capacitors. To
avoid the in-rush current when turning ON the contactor to the
HV battery, the HV bus capacitor needs to be precharged to a
voltage matching the HV battery voltage. Usually, this function
is done by a dedicated circuit. For example, the most commonly
used method is adopting two relays [14]–[16]. One precharge
relay in series with a current-limiting resistor turns ON first.
When the capacitor is charged, the main relay turns ON. Such a
method requires two additional relays and one power resistor.
Therefore, the extra cost is needed and the mechanical relay also
presents a reliability issue. To extend the lifetime of the relay,
Ozguc et al. [17] use the semiconductor devices with gate-drive
circuits to replace relays. However, the additional cost is still
needed. Some other methods, such as using a dedicated dc–dc
converter, are also proposed [18], which controls the precharging
current. However, the cost is still a common issue. If the APM is
bidirectional, it will be easy to charge the HV capacitor without
any additional cost.

Facing the challenges of such a high-power wide voltage
range and bidirectional application, the single-stage APMs from
previous research works show the limitations. A GaN devices
based single-stage LLC converter for APM is proposed in [19],
where two paralleled LLC converter modules deliver 2 kW power
with a peak efficiency of 95%. If 6 kW power is needed, six
such LLC modules are needed and the total switches numbers
are unendurably high. No mention such an LLC converter is just
unidirectional. The improved single-LLC converters are studied
in [6] and [8] but common issues are still low power (<2.5
kW) and derated operation under extreme input/output voltages.

The phase-shift-based converters, such as DAB and PSFBs, are
popular topologies as well. Both voltage-fed and current-fed
phase-shift converters are proposed in [20]–[23] ranging from
1.5 to 3 kW. However, their peak efficiencies are only 87%–93%.
Higher output power yields a lower efficiency because of the
high switching-OFF current.

The limitation of single-stage design has led to the consid-
eration of a two-stage design using SiC devices, as shown in
Fig. 2. The front-end adopts interleaved buck converters to
step-down the HV battery to an intermediate dc-bus voltage,
which is then converted to the LV side through a resonance-based
dc transformer (DCX). The buck converters (Q1–Q4 made of
SiC MOSFETs) determine the power level and direction of flow.
The DCX isolation stage (P1–P4 using SiC MOSFETs and S1–S8
using LV Si MOSFETs) is always operated at the resonant fre-
quency, providing a unit voltage gain and close to zero switching
losses. With two matrix transformers, it is expected that each
transformer will take half of the load. Overall, the front-stage
addresses the wide voltage range and relies on the DCX stage to
avoid the high switching-OFF current, thereby providing high ef-
ficiency. Another merit of this design is its bidirectional feature,
allowing for symmetric HV to LV (defined as the buck mode)
and LV to HV (defined as the boost mode) power capabilities.
The goal is a device with a >2 kW/L power density and >96%
efficiency, with a peak output power of 6 kW, in contrast to an
in-market device with a ∼1 kW/L density, 94% efficiency, and
2.5 kW at the peak power.

The rest of this article is organized as follows. Section II of
this article compares a two-stage design with the conventional
one-stage design. It demonstrates that the proposed topology
can cover the whole voltage and power ranges at high-efficiency
levels. Section III discusses the zero-voltage switching (ZVS)
operation for both the buck stage and the DCX stage. In Sec-
tion IV, a dc-bias current detection and elimination method is
proposed to remove the dc-bias current. It removes the need for
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Fig. 3. (a) Voltage gain of the one-stage LLC converter. (b) Current of the
secondary-side switches at the boost mode.

installing the dc-blocking cap on the LV side. Section V focuses
on the bidirectional power capability of the topology with an
emphasis on the transient process when using the LV battery
to precharge the HVdc capacitor before closing the contactor
between the HV battery and input capacitor. A novel control,
combining phase shift with DCX, is proposed to secure ZVS
throughout the entire precharge process. Section VI details the
experimental results. Finally, Section VII provides the conclu-
sion.

II. TWO-STAGE VERSUS ONE-STAGE DESIGN

A two-stage design typically comes at a higher cost and lower
efficiency than the equivalent single-stage design. Therefore, it
is critical to evaluate the pros and cons of the single-stage design
(LLC, DAB, etc.) and two-stage design, respectively.

To cover the wide input and output voltage range, an LLC
design is shown in Fig. 3(a). Here the gain is defined as

Fig. 4. Peak current of DAB LV side for the APM application.

nt∗Vo/Vin, where nt is the transformer turn ratio, e.g., 10 for
each transformer and 20 for the overall matrix transformers.
When Cr = 517 nF, the resonant frequency is approximately
200 kHz. Given the LLC design is a well-understood topology
[24], [25], this article will not go through the details of its
design. This design struggles to perform over the entire voltage
range. It creates a challenge where the mutual inductance Lm

reflected the LV side is only 36.7 nH, resulting in a large current
when the secondary-side switches are enabled to power the HV
side. Shown as IMag in Fig. 3(b), the peak of excitation current
can go beyond 400 A, creating a large current stress on the
secondary-side switches.

The DAB converter has the advantages of a wider voltage
gain and the securing of ZVS turn-ON is well studied [26], [27].
However, the DAB always presents a considerable switching-
OFF current no matter the power flow direction. For the same
specifications, the peak current is highly related to the leakage
inductance. The worst-case LV-switch current stress is depicted
in Fig. 4. The peak switching-OFF current is>500 A, even worse
than LLC.

Concluded from the literature review and single-stage
LLC/DAB design mentioned above, the single-stage design usu-
ally delivers a power less than 3 kW with the efficiency lower
than 95%. Very few of APMs have the bidirectional capability
(<15% [28]) or the precharge mode. Even we managed to design
a single-stage 6 kW DAB or LLC, the current stress is extremely
high or the parameters are impractical for manufacturing. Facing
the 6 kW output power, bidirectional operation, and full-voltage
ranges, the proposed two-stage design relieves the design stress
and presents superiorities. Therefore, a two-stage design com-
posed of an interleaved buck stage and matrix DCX stage is
considered in this article, as shown in Fig. 2.

For the DCX stage, by setting its switching frequency exactly
to the resonant frequency of the Lr and Cr tank, the circuit always
runs at the resonant point and presents a unit voltage gain. As
a result, the current and voltage will be in phase, as shown in
Fig. 5. It shows near-zero switching stress. Note both Vpri and
Vsec (primary and secondary H-bridge output voltage) switch
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Fig. 5. Waveform of DCX showing ZCS stress.

the polarity right at the current zero-crossing point (red curves).
Therefore, the switching loss is negligible, which is essential to
providing a high output current or a high switching frequency.
The resonant design is frequency selective, requiring its input
across CDC to perfectly match its output. This is accomplished
with the front-end buck stage.

For instance, if the LV battery is Vo, the CDC will undertake
the voltage of Vo∗nt∗2. Here nt is the single-transformer turn
ratio. Now, if the HV battery is Vin, we need the duty cycle for
the buck converter as D∗ =Vo∗nt∗2/Vin. Of course, at this point,
it will not deliver any power. If we need the power to flow from
HV to LV, the duty cycle D > D∗, otherwise, D < D∗. So the
power demand determines the increment or decrement of the
duty cycle around this reference value.

Although the two-stage dc/dc converter looks more complex,
it has the advantage of nearly zero switching stress, low EMI
radiation, and simpler and more practical transformer design.
Also, fewer paralleled switches are needed on the secondary
side, given no high-switching current. Furthermore, the design
will be less sensitive to the parasitic inductance of the layout
because of low di/dt and the high frequency allows for the use
of a smaller output filter.

III. ZVS FOR TWO STAGES

SiC MOSFETs have higher switching-ON losses as compared
with their switching-OFF losses. Therefore, it is necessary to
achieve ZVS turn-ON in the buck stage. As for the DCX stage,
theoretically, it has natural ZVS. However, when considering the
impact of the transformer’s mutual inductance and the parasitics
of the switches and the printed circuit board (PCB), we might
not take ZVS for granted, which is covered in this section.

A. ZVS for Interleaved Bucks

Although securing zero-current turn-OFF is impossible, it is
very likely that the interleaved buck stage can still achieve ZVS
turn-ON when running in the critical conduction mode [29].
Given that the input and output voltage ranges are wide, the

switching frequency fs of the buck stage needs to be varied to
secure ZVS at any voltage and power level.

Assuming the overall power is P, each inductor current has
the maximum value as Imax and the minimum value as Imin. We
will have

L
Imax − Imin

DTs
= Vin − VDC (1)

VDC (Imax + Imin)

2
=

P

2
(2)

DVin = VDC (3)

Imin < −Iz. (4)

Here, Iz is the minimum current to secure ZVS turn-ON of the
switch. It is mainly determined by the switch output capacitance
Coss. Vin is the input battery voltage and VDC is the dc-bus
voltage. D is the duty cycle, L is the inductor inductance, and Ts

is the switching period. Given the nature of the DCX

2 ntVo = VDC (5)

where nt is the transformer turn ratio. Vo is the LV battery
voltage. From (1) to (5), we have

1

2

(
P

2ntVo
− Vin − 2ntVo

Lfs

2ntVo

Vin

)
< −Iz. (6)

The boundary ZVS current can be calculated in the following
equation, where tbd_bk is the deadband at the buck stage:

IZ =
2 · Coss

tdb_bk
. (7)

From (6) and (7), the desired switching frequency for the buck
stage to realize ZVS is

fs <
ntVo (Vin − 2ntVo)

VinL
(

2Coss
tdb_bk

+ P
4ntVo

) (8)

With the calculated frequency, the buck stage operated at
different voltages is simulated in Fig. 6, where the minimum
current is always negative in order to secure ZVS.

To implement the variable frequency control, (8) needs to
be calculated online. Note that the equation involves nt, Coss

of the switches, and output inductance L, which are constants
predefined in DSP based on the datasheet and design parameters.
Other variables in the equation, such as voltages and power, are
sampled and calculated in real time. Because the equation is
relatively simple, there is no need to build the lookup table. All
the calculation is done with DSP TMS32028379D in real time.

B. ZVS for the DCX

An LLC-based DCX usually uses the diode rectifier [30] or
synchronous rectifier [7], [31] to control (SRC) the secondary
side and to reduce the conduction losses. However, SRC re-
quires the use of specialized chips or complicated auxiliary
synchronous circuits to determine the turn-ON and turn-OFF time
[32], [33]. To obtain high efficiency and maintain the simplicity
of the system, this article proposed a novel digital pulsewidth
modulations (PWMs) for both the primary side and secondary
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Fig. 6. (a) fs = 170 kHz for 250 Vin/10Vout. (b) fs = 500 kHz for
450Vin/16Vout.

Fig. 7. Simplified ideal DCX model.

side of the DCX without any need for an auxiliary circuit. The
PWMs for the two sides cannot simply be the same because of
the parasitics of the switches and the PCBs.

A simplified DCX model in the buck mode is shown in Fig. 7,
where the matrix transformer is now replaced with a single
transformer with a turn ratio of 2∗nt, operated at the resonant
frequency. The ideal waveforms of the DCX are given in Fig. 8.

With the primary and secondary-side gate signals aligned,
it is clear that ZVS is easy to achieve on the primary side
of the LLC converter due to the magnetizing current. But on
the secondary side, it is zero-current-switching (ZCS) rather
than ZVS. Although ZCS is also lossless ideally, when all the
parasitics are taken into consideration, it is no longer true. Fig. 9
shows that during the deadband, there is no power delivered to
the secondary and all the switches are turned OFF. Coss of all
four switches is charged to the half of the output voltage Vout.
When the switches begin to turn-ON because of the zero load
current, the energy stored in Coss cannot be discharged before
the switches turning ON.

The zero load current and large Coss of the LV high-current Si
devices raise two concerns: first, the energy stored in Coss will

Fig. 8. Ideal waveforms of the DCX.

Fig. 9. Switching transient of the secondary side. (a) During deadband. (b)
Turn-ON transient.

Fig. 10. Simulation results showing the spike of partial ZVS.

be dissipated in the channel as a loss; second, when the channel
is turned ON, the voltage of upper Coss will decrease sharply and
the complementary side Coss will be charged by the output ca-
pacitor, which induces a relatively high di/dt creating a potential
oscillation and overvoltage scenario, as shown in Fig. 10. The
spike is particularly dangerous for the LV-side switches because
of their low voltage rating.

As a solution, this article proposes a simple control strategy
to achieve ZVS, i.e., imposing extra time delay, as illustrated in
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Fig. 11. Typical waveforms when the time delay is inserted.

Fig. 11. When operated in the buck mode, the primary-side gate
signals are delayed for a certain time interval. The deadband of
the secondary side occurs before the primary side, and a phase
difference between the primary and the secondary side current
is created. During the secondary-side deadband, the current is
no longer zero and there is a certain amount of load current
delivered to the secondary side to discharge the Coss before the
switches turn-ON. ZVS turn-ON for both sides is then realized.

The relationship between the discharge time and all parallel
Qoss is given as follows:∫ td

0

Ipeak sin

(
td
Ts

· 2πt
)
dt = 4Qoss (9)

where Ipeak is the peak current on the transformer secondary
side. When ignoring the impact of the deadband and losses,
Ipeak can be expressed when the loss is ignored as

Ipeak =

√
2Pout

2× Vout
. (10)

To calculate the needed delay time td, the sinusoidal current
wave can be regarded as a linearly increasing one, as long as
the phase angle is small enough, θ ≈ sin(θ). Then, the charging
process of Coss can be simplified as

1

2
× td × td

Ts
× 2π × Ipeak = 4Qoss. (11)

Together with (10), the delay time td is calculated in the
following equation, where tdon is the switch’s turn-ON delay:

td = 2

√√
2TsQossVout

πPout
+ tdon. (12)

In the boost mode, the principle is the same but the delay will
be on the secondary side.

IV. DC-BIAS CURRENT DETECTION AND ELIMINATION

For a low power and unidirectional resonant type converter,
the dc-bias current of the transformer is usually not a critical
issue because the resonant capacitor naturally blocks the dc
offset. However, in the proposed bidirectional high-power con-
verter, the secondary-side H-bridge has to actively switch to

push the energy back in the boost mode. It is difficult to equip
the dc-blocking capacitor at the LV side because the ac current is
>500 A. However, without capacitors, any small variation in the
device parameters or a control error can result in an unbalanced
square voltage at the LV side, yielding a large dc current offset.

For example, the proposed converter has a transformer with a
winding resistance of 0.4 mΩ. A 10 mV unbalanced voltage can
generate a 25 A dc-bias current. Two major concerns are exposed
when such a dc bias exists. First, the large dc bias makes the peak
magnetizing current increased by 25 A, potentially saturating
the transformer core. Second, with the dc bias, the magnetizing
current becomes a unipolar waveform, potentially resulting in
no negative magnetizing current to discharge Coss before the
switch turns ON. ZVS will be lost and higher switching loss
occurs. Therefore, the dc bias active control at such a power
level needs to be considered.

The dc-bias detection methods proposed in the previous
research can be categorized into two types, i.e., direct flux
measurement and indirect measurement. In the first scenario,
the most straightforward method is the use of a Hall sensor to
measure the flux in the airgap [34]. A specialized core structure
can also measure the flux. For instance, Patel [35] and Klopper
and Ferreira [36] proposed to use an external core parallelled
with the main core to sense the core’s saturation. But in cases
where dc bias exists without saturating the core, these methods
will not work. Adding an external winding instead of the core is
another option studied in [37] and [38] but these windings add
extra cost and are subject to high current levels. Ortiz et al. [39]
proposed a “magnetic ear” method, where the external core is
not only a passive sensor but also excited by an external source.
It is capable of detecting the dc bias even when the core is not
saturated. However, this approach is complicated.

The second type of detection does not measure the flux itself.
Instead, related electric signals are measured and processed
to estimate real bias. Dutta and Bhattacharya [40] proposed
a method of measuring the primary-side and secondary-side
current to calculate the dc bias. In the case of the APM, it
is difficult to measure the high-frequency transformer current
with hundreds of ampere peak. Since the dc bias is induced by
the unbalanced voltage, Wilson [41] proposed to measure the
voltage across the transformer. As already noted, this voltage
unbalance is typically tiny and it is hard to measure accurately.

A novel and simple dc current detection and elimination
method is proposed in this article. As shown in Fig. 12, one
extra sampling inductor is paralleled with the secondary-side
winding of the transformer. The equivalent circuit is shown in
Fig. 13.

The unbalanced voltage source can cause a dc-bias current in
the secondary-side winding. So, it can also affect the external
detecting inductor. Here Ld >> Lsec and RLD >>Rsec, meaning
the current flowing through such detecting inductor is much
smaller and yielding such an inductor is easy to manufacture.
Meanwhile, the large Ld filters out the high-frequency current
ripple and provides a smoother dc current for the current sensor.
The large RLD attenuates the peak current through the detecting
inductor, resulting in a small, cost-effective current sensor on
the LV side.
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Fig. 12. Proposed dc-bias detecting method.

Fig. 13. Model of dc-bias detection circuit.

The steady-state average value of the dc-bias current flowing
through the detecting inductor Id is

Id_avg =
Rsec

RLD
· Isecavg . (13)

The peak-to-peak current ripple in theLd is solely determined
by the inductance, i.e.,

Idp−p
=

Vsecp−p

2πfswLd
. (14)

To best track the secondary-side current, the time constants
of Ld/RLD and Lsec/Rsec need to be designed equal, i.e.,

τ =
Lsec

Rsec
=

Ld

RLd
. (15)

The dc–bias control algorithm in the transformer is then pro-
posed in Fig. 14.

The detected current Ibias in Fig. 14 can either be a positive or
negative value. With no dc bias being detected, the switches are
always run at a duty cycle of 0.5. When there is a positive dc bias,
the controller will reduce the duty cycle of S1/S4 and increase the
duty cycle of S2/S3 to compensate for the unbalanced voltage
applied to the winding. When there is a negative dc bias, the
controller will reduce the duty cycle of S2/S3 and increase the
duty cycle of S1/S4.

The simulation results are shown in Fig. 15. The detected
current perfectly tracks the trend of the actual current on the
secondary side. Once the dc-bias control is enabled, the dc-bias
current disappears.

Fig. 14. DC-bias elimination diagram.

Fig. 15. Simulation results of the proposed dc-bias elimination.

Fig. 16. Simplified model for the precharge mode.

With the proposed method, an off-the-shelf low rating and
low-cost current sensor can be easily found to detect the dc
bias. For example, if the current of the secondary-side winding
contains 25 A dc bias, and the selected detecting inductor has
a scale ratio of 12.5:1, the sensor will only see a 2 A dc bias.
Finding a commercial sensor to sample a 2 A dc current is easy.

V. PRECHARGING MODE CONTROL

When the EV is not in the drive mode, a contactor ensures
the propulsion HV battery is disconnected from the HVdc bus



5330 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 5, MAY 2021

Fig. 17. Typical waveforms of the precharge mode.

Fig. 18. Simulated waveform when the phase shift ramps up.

Fig. 19. Turn-ON current versus phase shift.

TABLE I
PROTOTYPE AND TEST PARAMETERS

Fig. 20. (a) Test setup. (b) APM prototype.

capacitor. When starting up, the HV capacitor is required to be
precharged before the contactor is turned ON.

Given that the proposed converter is bidirectional, there is an
option to simply use the converter itself to precharge the HVdc
bus capacitors. In this case, the voltage across CDC is close to
zero in the beginning so a different control is needed to avoid
the high short-circuit-like inrush current. Furthermore, even at
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Fig. 21. (a) Buck mode: 16 V/220 A/3.5 kW. (b) Buck mode: 16 V/440 A/7 kW. (c) Boost mode: 16 to 350 V/1.5 kW. (d) Boost mode: 16 to 350 V/3 kW.
(e) Current and voltage balancing of matrix transformers.

such transient mode, it is essential that ZVS be maintained for
all switches, for the sake of EMI and reliability.

This article proposes a soft starting control strategy for the
DCX stage in order to limit the precharging current, which
introduces an inner phase shift PS to the secondary side of the
DCX. Here, the PS is shown in Fig. 17 and is defined as

PS =
Tdelay

Ts
. (16)

Note we still have Vsec and Vpri center aligned, although it is
different from the conventional two-level output voltage. The in-
ner phase shift of the secondary H-bridge generates a three-level
output voltage on the LV side. As shown in Fig. 16, the duty cycle
of the BUCK stage is kept as a constant value D = 2NtVout

Vin
.

The dc-bus capacitor CDC and HV-side capacitor CHV will be
precharged simultaneously.

For the DCX stage, the secondary-side phase shift will grad-
ually increase from 0 to 0.5. It generates an equivalent voltage
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starting from zero on the LV side, which matches the voltage of
empty HVdc bus capacitors. Thus, the charging current can be
effectively limited.

The detailed switching modes and typical waveforms are
given in Figs. 17 and 18. In the precharging process, the relatively
higher current stress drive a recommendation to maintain ZVS
for the switches. To verify the ZVS condition, the switching-ON

current on the HV side for different LV-side voltages is plotted
in Fig. 19. Note all such currents are negative, indicating that
the ZVS is secured under all voltages.

VI. EXPERIMENTAL RESULTS

To verify the proposed two-stage design, a prototype is built
and tested with the system parameters given in Table I.

The prototype is shown in Fig. 20(a) and (b). It is assembled
with multiple PCBs. The main PCB on the top is for the signals
and gate drivers. All power switches are soldered on the metal
core PCB, which helps dissipate the heat. The overall size of the
converter is 30×18×5 cm3 with a volume of 2.7 L. The peak
power achieved is 7 kW, then the power density is calculated as
2.6 kW/L. This test bench will be used to verify the 3.5 kW rated
power output and >6 kW peak output along with the precharge-
mode operation and the dc-bias current elimination control.

The power test results in the buck mode are given in Fig. 21(a)
and (b) at the rated 3.5 and peak 7 kW, respectively, where
Vpri and Vsec are the primary and secondary-side voltages of
the single transformer, and Ipri and Isec are the primary and
secondary-side currents of the single transformer, respectively.
Here VDC = 12×16 V = 192 V. The unexpected voltage slope
on the LV side is due to the parasitic inductance of the PCB
layout. However, this slope does not significantly affect the
efficiency, given that the switching actions still occur around
the zero current. The test results in the boost mode are given in
Fig. 21(c) and (d), where the maximum output power is tested up
to 3 kW, boosting from 16 to 350 V. Again, both the switching-ON

and switching-OFF currents are close to zero.
To evaluate the balancing of matrix transformers, the voltage

and current waveforms of two transformers are tested, as shown
in Fig. 21(e). No obvious difference was detected. The reasons
include: first, the secondary winding is only one turn, which is
easy to control the length and keep the resistance equal; second,
even when the unbalance happens, the winding carrying higher
current will have a higher temperature than another winding.
Due to the MOSFET’s positive thermal coefficient, i.e., the higher
the temperature, the higher the resistance, the current will then
naturally shift to the other side, vice versa. This self-balance
mechanism also guarantees a balanced current sharing.

In addition, the matrix transformer is already well studied
by the previous work [42]–[45], a similar input-series-output-
parallel configuration is adopted and there is no unbalance issue
reported either. Therefore, in this article, how to balance the
matrix transformer is not the focus.

The proposed method of the dc-bias detection and elimination
is also tested. The converter was operated in the boost mode, and
the dc bias was intentionally added by introducing an extra 100

Fig. 22. DC bias elimination.

Fig. 23. (a) Precharge process. (b) Zoom-in waveform showing full range
ZVS.
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Fig. 24. (a) Buck stage ZVS: Vin = 450 V, Vout = 10 V, Pout = 1.2 kW,
and fsw = 400 kHz. (b) Buck stage ZVS: Vin = 250 V, Vout = 16 V, Pout =
3.5 kW, and fsw = 140 kHz.

ns deadband error for S3 and S4, compared with S1 and S2. The
tested waveform is shown in Fig. 22, where Vsec and Isec are the
secondary-side winding voltage and current, respectively, and ID
is the current of the external detecting inductor. Before the dc
elimination control starts, both Isec and ID have certain dc bias.
After the elimination control starts, the dc component in ID is
gradually attenuated and the dc bias in the transformer windings
is also reduced. This test validated the proposed control.

Fig. 23(a) shows the precharging process waveform. The
converter is powered by a 14 V voltage source to charge a
2.5 mF capacitor. The capacitor was charged to 400 V within
400 ms with the peak charging current being 80 A. The charging
current was successfully suppressed with the inner phase shift
control. The zoomed waveforms of the whole process are given
in Fig. 23(b). The results show that when the inner phase shift is
applied, the ZVS can still be secured in the whole precharging
process.

The interleaved buck converters were also tested, as shown in
Fig. 24. With the variable frequency control, the soft turn-ON is
secured under all the operation scenarios.

Finally, the measured efficiency of the buck mode is shown
in Fig. 25(a). The peak efficiency is >96%. The dashed line is

Fig. 25. (a) Forward-mode efficiency. (b) Efficiency comparison: buck mode
versus boost mode.

Fig. 26. Loss breakdown at 3.5 kW rated output.

the design specs, which show the experimental result is better
than the target. The efficiency of the buck and boost modes are
compared in Fig. 25(b). The peak efficiency of the boost mode is
higher than 94%. Overall, the boost mode has a lower efficiency
than the buck mode. The main reason is that in the boost mode,
the secondary-side H-bridge has to switch OFF at a relatively
higher current, yielding extra switching losses.

The loss breakdown is shown in Fig. 26. Although the pro-
posed design has two stages, because the DCX stage is always
operated at the resonant frequency, there are almost no switching
losses from this stage. The majority of the losses are the con-
duction loss instead of the switching losses. This explains why
the converter can still maintain a higher efficiency as compared
with a single-stage design.
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TABLE II
SPECIFICATIONS AND PERFORMANCE COMPARISON

VII. CONCLUSION

This article presented a design and respective test results for
a high-power dc/dc converter for APM applications in EVs.
The two main challenges were the wide voltage range and high
current capability. The challenge was met by using two stages,
i.e., the buck stage to handle the wide voltage range and DCX
stage to cope with the high current. The low current stress of the
DCX stage allowed the designed converter to achieve >6 kW
power capability and>96% peak efficiency. High efficiency also
means there is no need to parallel a massive amount of switches,
which further benefits the size. As a result, even it is a two-stage
design, it still exhibits superiorities compared with most of the
products and related research, as given in Table II.

In addition, to further extend the versatility, a novel and
simple dc-bias detection and elimination method, along with
a precharge control using the inner-phase shift, is proposed
in the article as well. The test results show the converter can
effectively eliminate the dc bias and precharge the capacitor
with a controllable current. More importantly, the ZVS turn-ON

can still be secured in the precharging process.
As shown in the experimental waveforms, the secondary-side

voltage still has some slope, caused by the parasitics inductance
in the PCB loop. Future work will focus on the minimization of
the parasitic inductances.
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