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Abstract—This paper proposes an integrated on-board charger
(IOBC) for Electric Vehicles (EVs) based on an isolated three-port
DC-DC converter. The proposed architecture integrates the on-
board charger (OBC) and the auxiliary power module (APM) in
a single multiport converter, offering low component count. The
proposed converter is capable of charging high-voltage (HV) and
low-voltage (LV) batteries simultaneously, over the entire battery
voltage ranges. A three-winding transformer is used to provide
galvanic isolation between the converter ports and consequently,
power flow is coupled among the three ports. In this paper, a
boundary condition is derived for the first time and a novel
modulation scheme is proposed to regulate the power flow at
the HV and LV ports independently, utilizing the converter’s 3-
degrees-of-freedom (DOF). Hence, charging of the HV and LV
batteries can be realized similar to dual-active-bridge (DAB) and
phase-shifted full-bridge (PSFB) converter, respectively. Results
show that all converter semiconductor devices operate with zero-
voltage-switching (ZVS) over wide power and voltage range
without the need of additional resonant components, due to the
proposed 3-DOF selection scheme. A 3.5kW hardware prototype
of the proposed converter is built and tested and key experimental
results are presented to verify the converter theoretical analysis
and ZVS operation.

Index Terms—Integrated electric vehicle (EV) charger, low-
voltage (LV) DC-DC converter, dual-active-bridge (DAB) con-
verter, phase-shifted full-bridge (PSFB), three-port converter.

I. INTRODUCTION

DUE to the growing concern about climate change, electric
vehicles (EVs) are gaining popularity and gradually

replacing the fossil fuel-based transportation solutions. Con-
ventionally, EVs have an on-board charging system which
is plugged into the utility grid to charge the on-board high-
voltage (HV) batteries that power the electric motor. Moreover,
EVs are equipped with a low-voltage (LV) battery that supplies
auxiliary loads e.g., lights, communication and navigation
systems. Current practice suggests that the on-board charging
system has a front-end active power-factor-correction (APFC)
stage followed by two separate DC-DC units i.e., on-board
charger (OBC) and auxiliary power module (APM), which are
responsible for charging the HV and LV batteries, respectively
[1], [2]. Fig. 1 presents the schematic diagram of a conven-
tional OBC and APM architecture.

A topological integration of the OBC and APM can signif-
icantly reduce the total weight, volume, and cost of the EV
charger, save space and extend the driving range capability of
the EV [3]. In addition, the integrated charger can achieve
high-efficiency, as the number of series connected power
processing stages are reduced, along with the reduction of

magnetic components. The schematic diagram of an integrated
on-board charger (IOBC) is presented in Fig. 2.
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Fig. 1. Schematic diagram of conventional OBC-APM architecture.
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Fig. 2. Schematic diagram of an integrated OBC-APM charger.

The front-end AC/DC power-factor-correction (PFC) stage
is responsible for the active power decoupling (APD) and is
the same for both the conventional and the integrated charger
architecture. However, in the integrated charger a multiport
DC/DC converter is used to regulate the charging power of the
HV and LV batteries, compared to the two separate DC/DC
units of the conventional OBC-APM architecture.

An integrated charger can support several charging func-
tions, including HV to LV battery charging when the EV is
running, as well as simultaneous HV and LV battery charging
from the grid when the EV is parked [4]. Recently, simulta-
neous charging of the HV and LV batteries from the grid is
attracting interest, as it can allow improved functionalities, for
example, by enabling battery pre-conditioning [4]. Moreover,
during OBC operation the LV battery provides continuous
power to the battery control modules, instrument panel and
mobile devices thus, simultaneous charging of both batteries
is necessary to avoid draining of the LV battery [5].

The integrated charger topologies reported in [6]–[10]
combine the active power decoupling and the LV battery
charging circuits, consequently, reducing the number of the
semiconductor components, as well as the size of the DC-link
capacitors. However, simultaneous charging of the HV and LV
batteries is not possible. Moreover, mechanical switches are
utilized to configure the circuit for either HV or LV battery
charging, resulting in low system reliability. [11] proposed an



improved architecture with simultaneous HV and LV battery
charging capability, however, mechanical switches are still
necessary to switch between each charging function. Further-
more, an additional LC resonance circuit is required to achieve
simultaneous charging of the HV and LV batteries, increasing
the converter component count. The integrated converter in
[12] can charge HV and LV batteries simultaneously, utilizing
a selective switch and two resonant tanks, but fails to meet
isolation requirements between the HV battery and the grid.
[13] proposed a novel integrated converter based on the phase-
shifted full-bridge (PSFB) and LLC resonant converter, with
simultaneous HV and LV battery charging operation. How-
ever, two separate two-winding transformers are necessary to
interface the HV battery and the grid, as well as the HV and
the LV battery, increasing the volume of the converter.

Several integrated chargers proposed in recent literature
focus on combining the transformers of the OBC and APM
units using a single multiwinding transformer [14]–[18]. Al-
though the converter demonstrated in [14] utilizes a single
three-winding transformer, it suffers from reduced efficiency
due to the additional buck converter at the LV battery port.
[15] proposed an integrated charger based on the triple-active
bridge (TAB) converter, however, special transformer design is
required to minimize the leakage inductance and to decouple
the power flow between the three ports. In [16], a TAB
converter is used as an integrated charger and an optimal mod-
ulation strategy is employed to minimize the conduction loss
of the converter. However, control complexity of the converter
is significantly increased due to the 12 active semiconductor
devices and the coupled power flow between the three ports. A
dual-output resonant DC-DC converter with reduced size and
increased efficiency has been presented in [17] however, simul-
taneous charging of the HV and LV batteries is not discussed.
Finally, the high-power current-fed triple-active bridge (CF-
TAB) converter presented in [18] demonstrates extended zero-
voltage-switching (ZVS) characteristics for IOBC, however,
additional coupled inductors are required before the HV and
LV batteries, which increase the volume of the converter.

Multiport converters are promising for IOBC application,
since they can significantly reduce the total number of semi-
conductor components of the integrated charger. Moreover,
in multiport converters a single multiwinding transformer
can be utilized and thus, overall volume, weight and cost
of the integrated charger are reduced, while at the same
time efficiency is improved. However, the main challenge
of this architecture results from the use of the multiwinding
transformer and the fact that power flow is coupled between
the converter ports [19]. The TAB multiport converter has
attracted significant interest and has been initially presented
as an extension of the dual-active-bridge (DAB) topology,
utilizing phase-shift and duty ratio control [20]. In addition,
[21] presented a multivariable modulation scheme aiming to
improve the effiency of TAB converter, especially at light
load conditions, while [22] proposed a power flow control
technique based on a frequency division method. Furthermore,
[23] presented a variation of the conventional TAB converter,
by adding two resonant LC tanks, aiming to extend the soft-
switching range of TAB, due to the series-resonant (SR)

converter operation. However, none of the TAB converters
presented in [20]–[23] is suitable for IOBC application, since
they account for increased number of active semiconductor
devices, control complexity, volume and cost. A three-port
DC-DC converter with reduced number of active switches
was presented in [24], however, specialized transformer design
with low primary winding leakage inductance is required to
decouple the power flow between the three ports. Moreover,
an additional LC resonant tank is utilized, which increases the
component count of the converter. Finally, a resonant three-
port converter was proposed in [25] and demonstrates extended
soft-switching characteristics. However, the two additional
LCC and LC resonant tanks increase the component count
and volume of the converter significantly.

This paper proposes an isolated three-port DC-DC converter
topology, which combines the two DC-DC converters of the
OBC and APM units. The proposed converter has the fol-
lowing features. (a) The three-port converter ensures isolation
between the HV battery and the grid, as well as between the
HV and LV batteries. A single three-winding transformer is
utilized, which results in reduced weight, volume and cost of
the magnetic components, compared to the use of two separate
two-winding transformers. (b) The HV battery is interfaced to
a bidirectional voltage port, while the LV battery is connected
to a unidirectional current port. (c) The proposed solution
employs only eight active devices which is significantly lower
than the conventional two-stage solution [26]. (d) A novel
modulation strategy is proposed to control the power flow
between the three ports and adjust the charging profiles of
the HV and LV batteries individually. As a result of the
proposed modulation scheme, power flow to the HV and LV
batteries can be controlled similar to dual-active-bridge (DAB)
and phase-shifted full-bridge (PSFB) converter architecture,
respectively. (e) The integrated converter can charge the LV
battery directly from the HV one, while also HV and LV
batteries can be charged simultaneously from the grid. (f) The
converter can switch between the different charging functions
without the need of mechanical switches or relays. (g) The
proposed converter can operate over the entire voltage range of
the HV and LV batteries. (h) All active semiconductor switches
can operate with ZVS over a wide power and voltage range
without the need of additional resonant components, due to the
proposed converter 3-degrees-of-freedom (DOF) operation and
3-DOF selection scheme.

This article is organized as follows. Section II presents the
topology of the proposed converter and its operating principles.
In this section, analytical equations are derived, the converter
ZVS capability is explored and the proposed 3-DOF selection
scheme is presented. In addition, Section II describes the
proposed HV and LV battery charging strategy. Simulation
results of the converter operation are shown in Section III.
Section IV provides experimental results to further validate
the theoretical analysis and the converter operation. Section V
presents the efficiency of the proposed converter, including a
loss breakdown analysis. The proposed converter topology is
then compared with the existing integrated charger solutions
in Section VI. Finally, Section VII concludes the presented
work.



II. CONVERTER OPERATION AND ANALYSIS

A. Converter topology and charging functions

The proposed three-port DC-DC converter topology is
shown in Fig. 3. A three-winding high-frequency (HF) trans-
former with turns ratio n1 : n2 : n3 is used to provide galvanic
isolation between the ports. Port 1 is connected to the utility
AC grid through a front-end PFC stage. Hence, the input DC
voltage of port 1 i.e., VDC , is considered well-regulated and
the PFC stage is not discussed in this paper. Ports 2 and
3 are connected to the HV and LV batteries with voltage
levels VHV and VLV , respectively. In addition, L1, L2 and L3

represent the leakage inductance of the transformer primary,
secondary and tertiary winding, respectively. The transformer
magnetizing inductance is significantly higher compared to
the leakage inductance of each winding and magnetizing
current is negligible. Therefore, magnetizing inductance is not
considered in the converter topology of Fig. 3.

i3

Fig. 3. Proposed integrated converter topology.

In the case of ports 1 and 2, H-bridge converters are utilized
to interface each port with the three-winding transformer.
Hence, port 1 and port 2 operate as voltage ports and have
bidirectional power flow capability. Each H-bridge converter
generates a high frequency quasi-square wave voltage, denoted
as uo1 and uo2 for port 1 and 2, respectively. Port 3 is
connected to a diode bridge rectifier through an output filter
inductor (Lf ) and thus, port 3 operates as a unidirectional
current port. The proposed converter can be represented by
an equivalent circuit model shown in Fig. 4, where again the
converter magnetizing inductance is omitted.

For the equivalent circuit model of Fig. 4 the following
have been considered. (a) The three-winding transformer has
been replaced by its equivalent lossless model i.e., resistance
of the transformer windings is neglected. (b) The output filter
inductor of port 3 i.e., Lf , is chosen large enough to have
negligible ripple in the output current i.e., ILV . Hence, port 3
can be represented as a square wave current port with ampli-
tude Io, due to the diode bridge action. (c) The transformer
tertiary winding leakage inductance i.e., L3, has been directly
neglected to simplify analysis, similar to PSFB converter
analysis [27]. More specifically, due to the square waveform
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Fig. 4. Equivalent circuit model of the proposed integrated converter.

of the tertiary winding current i.e., i3, L3 is only affecting the
circuit operation when i3 is changing polarity and results in the
commutation effect in the diode bridge of port 3. However, L3

is considered small and current commutation time is negligible
and thus, L3 can be omitted from the equivalent circuit of
Fig. 4. (d) All parameters are referred to the primary side
of the transformer i.e., u′

o2 = (n1/n2)uo2, i′2 = (n2/n1)i2,
L′
2 = (n1/n2)

2L2, i′3 = (n3/n1)i3, L′
3 = (n1/n3)

2L3.
Due to the use of the multiwinding transformer, the power

flow equations for this converter are mutually coupled, and
control complexity is increased [28]. In this paper a novel
modulation strategy is proposed to control power flow at ports
2 and 3. Power flow between port 1 and 2 can be controlled
similar to a DAB converter, whereas power flow to port 3
can be controlled using PSFB converter control. The proposed
modulation scheme is essential for simultaneous charging of
the HV and LV batteries and to ensure independent control
on charging of each battery. The detailed operation of the
converter is presented in sub-section II-B.

Fig. 5 presents the charging functions of the proposed inte-
grated charger. In the first function, the EV is not connected
to the grid and the LV battery can be charged from the
HV battery. In this function, the operation is similar to a
conventional PSFB converter [29]–[31]. In the second charging
function, the EV is connected to the grid and the HV and LV
batteries can be charged simultaneously. This paper focuses
on the second charging function i.e., simultaneous charging of
the HV and LV batteries from the grid. However, experimental
results of the converter PSFB operation are also presented
to demonstrate the performance of the proposed integrated
charger during HV to LV charging function (Section IV).

(a)

Fig. 5. Charging functions of the proposed integrated charger i.e., a) HV to
LV battery charging and b) simultaneous HV and LV battery charging from
the grid.



B. Converter steady state analysis and modulation scheme
The gate signals of the semiconductor switches of the pri-

mary and secondary H-bridge converter are shown in Fig. 6a.
The applied voltages at the transformer primary and secondary
winding i.e., uo1 and uo2, are generated according to these gate
signals and they are presented in Figs. 6b-c, along with the
current waveforms of the primary and secondary transformer
windings i.e., i1 and i2. Voltage induced at the low voltage
winding of the transformer i.e., ucom, and the respective
winding current i.e., i3, are shown in Fig. 6d. The phase-
shift between the fundamental components of uo1 and uo2

is denoted as ϕ, while τ 1 and τ 2 are the pulse widths of
the applied voltages uo1 and uo2, respectively. As shown in
Figs. 6b-c, the proposed converter offers 3-degrees-of-freedom
(DOF) i.e, ϕ, τ 1 and τ 2.
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Fig. 6. a) Gate signals of semiconductor switches S1 − S4, Q1 − Q4, b)
primary, c) secondary and d) tertiary winding voltage and current waveforms
with 3-DOF converter operation.

From the equivalent circuit model shown in Fig. 4, the
transformer primary winding current is the summation of
the primary referred secondary and tertiary winding currents
i.e., i1 = i′2 + i′3. As shown in Fig. 6c, the secondary
winding current i.e., i2, has a trapezoidal shape similar to DAB
converter current [32]. Moreover, the tertiary winding current
i.e., i3, is a square wave and is similar to PSFB converter
current [27]. In the case of i3, the ideal square waveform is
obtained under two assumptions. (a) First, the tertiary winding
leakage inductance i.e., L3, has been neglected as shown for
the equivalent model of Fig. 4. Hence, the commutation effect
taking place in the diode bridge of port 3 due to L3 is not
considered. Finally, ripple in the output current i.e., ILV , is

considered negligible due to the large output filter inductor
i.e., Lf .

Fig. 6d shows that ucom is a multilevel waveform which
results from the superposition of the applied voltages at the
primary and secondary winding of the transformer at each time
instant. Applying the superposition theorem on the equivalent
circuit model of Fig. 4, ucom referred to primary i.e., u′

com,
can be expressed as follows

u′
com(t) =

L′
2

L1 + L′
2

uo1(t) +
L1

L1 + L′
2

u′
o2(t) (1)

Fig. 7 presents the induced voltage at the transformer
tertiary winding with respect to primary i.e., u′

com, for two
different cases i.e., Case I and Case II, where variations of ϕ,
τ 1 and τ 2 have been considered.
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Fig. 7. Tertiary winding induced voltage referred to primary i.e., u′
com, for

two different cases of uo1 and u′
o2.

Case I and Case II operation are presented in Fig. 7
assuming VDC > (n1

n2
)VHV , however, the classification in the

two cases is independent of uo1 and u′
o2 amplitudes. More

specifically, the relationship between the converter’s 3-DOF
i.e., ϕ, τ1 and τ2 determines Case I or Case II operation and
the boundary condition is given below

ϕ+
τ1
2

+
τ2
2

≤ π (2)

The proposed converter operates in Case I when the boundary
condition in (2) is satisfied, otherwise the converter operates
in Case II.

The diode bridge of port 3 rectifies ucom and the expression
of the average output voltage of port 3 i.e., VLV , is given below
for each case of Fig. 7.

Case I : VLV =
n3

n1

2L′
2

L1 + L′
2

d1VDC +
n3

n2

2L1

L1 + L′
2

d2VHV (3)

Case II : VLV =
n3

n1

2L′
2

L1 + L′
2

d1VDC +
n3

n2

2L1

L1 + L′
2

yVHV (4)

where d1 =
τ1
2π

, d2 =
τ2
2π

and y = (1− d1 −
ϕ

π
). The 3-DOF

i.e., ϕ, τ1 and τ2 can be selected in the range of 0 < ϕ ≤ π
2 ,

0 < τ1 ≤ π, 0 < τ2 ≤ π and consequently, 0 < d1 ≤ 0.5, 0 <
d2 ≤ 0.5.



Equations (3), (4) show that in the first case, mean output
voltage is a function of τ1 and τ2 i.e., VLV = f(τ1, τ2), while
in the second case VLV = f(τ1, ϕ). In this paper, Case I
operation is preferred so that VLV is independent of ϕ and
can be regulated using only τ1 and τ2, similar to duty cycle
control of PSFB converter. As a result, ϕ can be utilized to
control power flow between port 1 and 2 as in DAB converter.

To determine the power flow in the proposed converter, first,
the transformer primary and secondary winding voltages i.e.,
uo1 and uo2, are expressed using Fourier series [33]

vo1(t) =
∞∑

n=1,3,5..

4VDC

nπ
cos(

nα1

2
)sin(nωst) (5)

vo2(t) =
∞∑

n=1,3,5..

4VHV

nπ
cos(

nα2

2
)sin(nωst+ nϕ) (6)

where α1 = π − τ1, α2 = π − τ2, ωs = 2πfs, fs is the
converter’s switching frequency and n indicates the order of
harmonic components. The equivalent model of Fig. 4 is then
utilized to derive the power flow equations as given below [34]

P1 = P2 + P3 (7)

P2 =
∞∑

n=1,3,5..

8VDCV
′
HV cos(

nα1

2 )cos(nα2

2 )

π2n3Xeq
sin(nϕ) (8)

P3 = VLV ILV (9)

where Xeq = ωs(L1 + L′
2), which represents the equivalent

impedance between ports 1 and 2.
Expression (8) suggests that power at port 2 is a function

of all 3-DOF i.e., P2 = f(ϕ, τ1, τ2). Moreover, according to
(9), the desired power at port 3 can be achieved by adjusting
the respective port output voltage i.e., VLV . Thus, when the
converter operates as in Case I (Fig. 7), τ1 and τ2 can be
utilized to adjust VLV and control the power flow of port 3
similar to PSFB converter, while ϕ can be independently se-
lected to regulate the power at port 2, similar to a conventional
DAB converter. In contrast, when the converter operates as in
Case II (Fig. 7), ϕ is utilized to adjust VLV and hence, control
complexity is increased.

A converter workspace of suitable [ϕ τ1 τ2] sets satisfying
(2) can be formed (Case I operation), based on the converter
specifications i.e., power and voltage levels. A wide operating
voltage range is considered for both the HV and the LV battery
and more specifically, the HV battery voltage varies from
250V to 420V, while the LV battery operates from 8V to
16V. In addition, the nominal power for simultaneous charging
operation is 3kW for the HV battery and 500W for the LV
battery.

Expressions (3), (8) indicate that the converter [ϕ τ1 τ2]
workspace is related to the transformer turns ratio i.e., n1 :
n2 : n3, and the primary referred leakage inductances L1

and L′
2. Based on the voltage range of the HV battery, the

turns ratio between the primary and secondary winding can be
selected in the range 0.625 ≤ n1

n2
≤ 1.05 and more specifically,

n1

n2
= 1 has been chosen. The turns ratio between the primary

and tertiary winding of the transformer has been selected
considering the requirement to achieve a maximum voltage at
port 3 equal to VLV = 16V . In the worst case scenario where
VLV = 16V is required, VDC = 400V and the HV battery
voltage is at the lower limit i.e., VHV = 250V , expression (3)
can be utilized to calculate n1

n3
, assuming d1 = d1,max = 0.5

and d2 = d2,max = 0.5. However, according to (3), the ratio
between L1 and L′

2 needs to be determined first. The operation
of the proposed converter does not require any specific ratio
or values of L1 and L′

2. In addition, it is shown in sub-section
II-E that the proposed converter achieves ZVS operation over
wide power and voltage range due to the proposed 3-DOF
selection scheme, which can be applied for any values of L1

and L′
2. Hence, for the simplification of the analysis, L1 = L′

2

is considered and as a result n1

n3
≈ 20 is calculated from (3).

Figs. 8-10 present the converter workspace for Case I
operation and different combinations of VHV , VLV , P2 and
P3. More specifically, Fig. 8 shows the [ϕ τ1 τ2] workspace
as the HV and LV battery voltages vary and the power in
the converter remains constant at nominal power levels, while
in Fig. 9, the power of port 2 is varied for several HV and
LV battery voltage levels. Finally, Fig. 10 shows the suitable
converter workspace for port 3 power variation and different
HV and LV battery voltages.
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Fig. 8. 3-DOF workspace for Case I operation and LV battery voltage
variation with VDC = 400V , P2 = 3kW , P3 = 0.5kW , a) VHV = 250V ,
b) VHV = 300V , c) VHV = 350V and d) VHV = 400V .
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As shown in Fig. 8 the proposed converter can generate
8∼16V at port 3, covering the entire voltage range of the LV
battery. When the desired output voltage increases above 10V,
fewer combinations of τ1, τ2 can achieve the required output
voltage and the [ϕ τ1 τ2] workspace is restricted. Still, there
are several combinations of 3-DOF to achieve certain output
voltage and nominal power at the LV port. It is also evident
from Fig. 9 that the converter can operate over the entire HV
battery power range. The respective [ϕ τ1 τ2] curves are shifted
up as the power requirement at port 2 increases. This is in line
with equation (8), which suggests that power flow at port 2
increases with the increase of ϕ. Finally, Fig. 10 presents the
corresponding workspace of the converter over the entire LV
battery power range, considering various combinations of HV
battery voltage levels and LV battery current requirements. It
is shown that power at the LV battery can be adjusted with
various combinations of applied voltage and current, while
at the same time nominal power can be delivered to the HV
battery for different HV battery voltage levels.

C. Converter modes of operation

Similar to a DAB converter, the ac voltages generated at
the output of each H-bridge converter i.e., uo1 and uo2, can
produce several voltage patterns, depending on the rising and
falling edges of uo1 and uo2 [35]. Given that (2) needs to
be satisfied (Case I operation), five modes of operation are
identified which are shown in Fig. 11 for sets of ϕ, τ1 and τ2,
corresponding to converter 3-DOF operation. The respective
voltage induced at the low voltage winding of the transformer
with respect to primary i.e., u′

com, is also shown in Fig. 11 for
each mode of operation. For clarity, waveforms of Fig. 11 are
drawn assuming VDC > (n1

n2
)VHV for all modes of operation

and ϕ > 0 i.e., power is transferred from the grid to the HV
and LV batteries. Similar waveforms can be obtained in case
of VDC < (n1

n2
)VHV .

Table I presents the boundary conditions of the five oper-
ating modes. It can be seen that Mode I is classified into two
modes i.e., Mode Ia and Ib. Although the converter operation
is the same for both Mode Ia and Ib, the difference lies in the
relationship between τ1 and τ2 i.e., τ1 ≥ τ2 or τ1 < τ2. As a
result, different boundary conditions describe Mode Ia and Ib.
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Fig. 11. Modes of operation of the proposed converter for Case I.

TABLE I
BOUNDARY CONDITIONS FOR EACH MODE OF OPERATION

Mode Boundary conditions

Ia ϕ > 0, τ1 ≥ τ2, ϕ−
τ1

2
+

τ2

2
> 0, − ϕ+

τ1

2
+

τ2

2
> 0

Ib ϕ > 0, τ1 < τ2, ϕ+
τ1

2
−

τ2

2
> 0, − ϕ+

τ1

2
+

τ2

2
> 0

II ϕ > 0, τ1 > τ2, − ϕ+
τ1

2
−

τ2

2
> 0

III ϕ > 0, τ1 < τ2, − ϕ−
τ1

2
+

τ2

2
> 0

IV ϕ > 0, ϕ−
τ1

2
−

τ2

2
> 0



TABLE II
TIME EXPRESSIONS OF SWITCHING SUB-INTERVALS FOR EACH MODE OF OPERATION

Time instant Mode I Mode II Mode III Mode IV

t0 0 0 0 0

t1 ϕ−
τ1

2
+

τ2

2

Ts

2
− τ1 ϕ−

τ1

2
+

τ2

2
ϕ−

τ1

2
−

τ2

2

t2
Ts

2
− τ1

Ts

2
+ ϕ−

τ1

2
−

τ2

2

Ts

2
+ ϕ−

τ1

2
−

τ2

2
ϕ−

τ1

2
+

τ2

2

t3
Ts

2
+ ϕ−

τ1

2
−

τ2

2

Ts

2
+ ϕ−

τ1

2
+

τ2

2

Ts

2
− τ1

Ts

2
− τ1

TABLE III
SECONDARY WINDING CURRENT EXPRESSIONS AT SWITCHING INSTANTS IN EACH MODE OF OPERATION

Current Mode I Mode II Mode III Mode IV

i2(t0) −
VDC

2L
τ1 +

VHV

2L
τ1 −

VHV

L
ϕ −

VDC

2L
τ1 +

VHV

2L
τ2 −

VHV

L
ϕ−

VDC

2L
τ1 +

VHV

2L
τ1 −

VDC

2L
τ1 −

VHV

2L
τ2

i2(t1) −
VDC

2L
τ1 +

VHV

2L
τ2 i2(t0) −

VDC

2L
τ1 +

VHV

2L
τ2 i2(t0)

i2(t2) i2(t1)
VDC

L
ϕ−

VDC

2L
τ2 +

VHV

2L
τ2 i2(t1) −

VDC

2L
τ1 +

VHV

2L
τ2

i2(t3)
VDC

L
ϕ−

VDC

2L
τ2 +

VHV

2L
τ2

VDC

L
ϕ+

VDC

2L
τ2 −

VHV

2L
τ2

VHV

L
ϕ−

VDC

2L
τ1 +

VHV

2L
τ1 i2(t2)

A piece-wise time domain analysis for the five operat-
ing modes is carried out and analytical expressions of the
transformer currents are derived. The duration of each sub-
interval of the five operating modes is listed in Table II,
utilizing the converter’s 3-DOF. Analytical expressions of the
transformer secondary winding current i.e., i2, at different
switching instants are given in Table III, where L = L1 +L′

2.
Transformer primary winding current can be estimated by
applying Kirchhoff’s Current Law (KCL) at the equivalent
circuit of Fig. 4 i.e., i1 = i′2+i′3. Table IV presents the primary
winding currents by combining port 3 current amplitude i.e.,
Io, and the secondary winding currents of Table III. Time and
current expressions of Tables II-IV are presented only for half-
switching period (t4 = Ts

2 ) due to the symmetric operation of
the converter i.e., ti+4 = ti +

Ts

2 and i2(ti+4) = −i2(ti),
where i = 0, 1, 2, 3. Finally, Table V lists the devices and
their turn-on instances for different operating modes.

TABLE IV
PRIMARY WINDING CURRENT EXPRESSIONS AT SWITCHING INSTANTS

FOR EACH MODE OF OPERATION

Current Mode I Mode II Mode III Mode IV

i1(t0) i′2(t0)− I′o i′2(t0)− I′o i′2(t0)− I′o i′2(t0)− I′o

i1(t1) i′2(t1)− I′o i′2(t1)− I′o i′2(t1)− I′o i′2(t1)− I′o

i1(t2) i′2(t2)− I′o i′2(t2) + I′o i′2(t2)− I′o i′2(t2)− I′o

i1(t3) i′2(t3) + I′o i′2(t3) + I′o i′2(t3) + I′o i′2(t3)− I′o

TABLE V
DEVICE TURNING-ON AT EACH SWITCHING INSTANCE FOR EACH MODE

OF OPERATION

Time instant Mode I Mode II Mode III Mode IV

t0 S1 S1 S1 S1

t1 Q1 S4 Q1 Q3

t2 S4 Q4 Q4 Q1

t3 Q4 Q2 S4 S4

t4 S2 S2 S2 S2

t5 Q2 S3 Q2 Q4

t6 S3 Q3 Q3 Q2

t7 Q3 Q1 S3 S3

The boundaries of each mode of operation can be found with
respect to the power and voltage of the HV and LV battery
ports i.e., VHV , VLV , P2 and P3. To calculate P2 (expression
(8)), the equivalent inductance between ports 1 and 2 i.e.,
L = L1 + L′

2, needs to be determined. An upper limit for
the leakage inductances L1 and L′

2 can be calculated from the
power flow equation of the DAB operation between ports 1
and 2. More specifically, considering that the nominal power of
P2 = 3kW is delivered at the HV battery when VHV = 370V ,
the maximum leakage inductance between ports 1 and 2 is
calculated as follows [36]

P2 =
VDCVHV

ωL
ϕ(1− ϕ

π
) ≤ 3kW =⇒ L ≤ 61.67uH (10)

where ϕ = π
2 has been used to achieve the maximum P2.



As mentioned in sub-section II-B, the operation of the
proposed converter does not require a specific ratio of L1 and
L′
2, while also a maximum boundary for L1 + L′

2 is set by
(10). To simplify the analysis, L1 = L′

2 = 6.67uH is assumed,
which is in agreement with (10). It is shown in sub-section II-
E that the proposed converter 3-DOF selection scheme can be
applied for any values of L1, L′

2, as long as (10) is satisfied.
The boundaries of each mode of operation are shown in

Fig. 12 for several port voltages and power levels. More
specifically, Fig. 12a shows the mode boundaries for 250V ≤
VHV ≤ 420V and 0.5kW ≤ P2 ≤ 3kW , while the
voltage and power of port 3 are kept at nominal levels i.e.,
VLV = 10V , P3 = 500W . Finally, Fig. 12b shows the
corresponding mode boundaries for 8V ≤ VLV ≤ 16V and
100W ≤ P3 ≤ 500W while the voltage and power level of
port 2 are nominal i.e., VHV = 370V and P2 = 3kW .

(a)

(b)

Fig. 12. Boundaries of each mode of operation for a) 250V ≤ VHV ≤ 420V
and VLV = 10V , P3 = 500W , b) 8V ≤ VLV ≤ 16V , 100W ≤ P3 ≤
500W and VHV = 370V , P2 = 3kW .

It can be seen from Fig. 12a that when VHV is below 380V
and VLV = 10V , P3 = 500W , Mode IV cannot be used to
achieve the necessary P2. In addition, Fig. 12b shows that
Modes I and IV can be used in the case of VHV = 370V ,
P2 = 3kW and VLV < 9V , while Modes I, II and III can be
utilized when VHV = 370V , P2 = 3kW and VLV > 9V .

D. ZVS analysis of the converter

It is crucial to investigate the soft-switching characteris-
tics of the proposed converter and more specifically, ZVS
turn-on capability of the switches. For this reason, polarity
of the switch current during the switching instant of each
semiconductor device needs to be determined [37]. To achieve
ZVS during turn-on transient of a switch, the H-bridge output
current needs to be flowing through the complementary switch
of the corresponding phase-leg instead of the anti-parallel
diode of the complementary switch. Hence, the right polarity
of the H-bridge output current must be ensured. In this case,
since a dead-time is required between the turn-on/off of the

two complementary devices of the phase-leg, current will
naturally commutate to the antiparallel diode of the device
turning-on and ZVS will occur.

Since the two semiconductor switches of each H-bridge leg
(half-bridge) are operated in complementary fashion, the cur-
rent waveform is symmetrical for both devices. Thus, the soft-
switching operation of each H-bridge leg can be determined by
examining only one of the two switches. Table VI presents the
requirements for ZVS operation of the semiconductor switches
of port 1 and 2. More specifically, ti, tj , tk and tl indicate
the turn-on instant of S1, S4, Q1 and Q4, respectively, while
all currents are drain currents of the respective semiconductor
switches.

TABLE VI
ZVS REQUIREMENTS OF DEVICES S1 , S4 , Q1 , Q4

Device ZVS condition

S1 iD,S1
(ti) = i1(ti) < 0

S4 iD,S4
(tj) = i1(tj) < 0

Q1 iD,Q1
(tk) = −i2(tk) < 0

Q4 iD,Q4
(tl) = −i2(tl) < 0

E. Selection of operation modes

Figs. 8-10 suggest that for a specific operating point of
the converter i.e., designated port voltage levels and power
requirements, the converter can operate with multiple combi-
nations of ϕ, τ1 and τ2. Each [ϕ τ1 τ2] set indicates converter
operation in one of the five modes of Case I shown in Fig. 11.
Fig. 13 shows the converter workspace for Case I at four
different operating points, where variations of VHV , VLV , P2

and P3 have been considered and the corresponding converter
mode of operation is presented with a specific color.
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Fig. 13. Converter workspace and operating modes for a) VHV =
350V, VLV = 12V, P2 = 1kW,P3 = 200W , b) VHV = 400V, VLV =
16V, P2 = 1kW,P3 = 200W , c) VHV = 250V, VLV = 8V, P2 =
3kW,P3 = 500W , d) VHV = 350V, VLV = 12V, P2 = 3kW,P3 =
500W .



Fig. 13 indicates that operation at a given operating point
can be achieved by numerous combinations of the converter 3-
DOF and thus, a set of [ϕ τ1 τ2] can be selected aiming to im-
prove converter performance. More specifically, Tables II-IV
can be used to calculate the exact values of the switching cur-
rents of all semiconductor devices for all modes of operation
within the converter workspace of Case I. Comparing these
values with the switching current requirements of Table VI,
one can determine whether the proposed converter is operating
with ZVS. Finally, a set of [ϕ τ1 τ2] can be selected such that
the converter is operating in a specific mode of operation, in
which all active semiconductor devices operate with ZVS.

The selected modes of operation to achieve ZVS for all
active devices of the proposed converter during simultaneous
charging of the HV and LV batteries from the grid are
presented in Fig. 14, where the entire range of VHV , VLV ,
P2 and P3 is covered. More specifically, the converter ZVS
operation is investigated when the HV and LV battery voltages
vary in the ranges 250∼420V and 8∼16V, respectively, while
the total power delivered from the grid to the HV and LV
batteries varies from 0.5kW to 3.5kW . Finally, three differ-
ent relationships between P2 and P3 are considered i.e., 1)
P2 = P1−P3, P3 = 50W , 2) P2 = P1−P3, P3 = 450W and
3) P2 = ( 67 )P1, P3 = ( 17 )P1.

Fig. 14 shows that all active devices of the proposed
converter can operate with ZVS over wide voltage and power

range. As shown in Fig. 14, all modes of operation can be
used to achieve ZVS, except Mode IV. In addition, Modes
Ib and III are suitable to achieve ZVS when VHV ≤ 400V ,
with Mode III operation preferred for low HV battery voltage
levels, and Mode Ib operation dominating as VHV increases.
Moreover, Modes Ia and II can be used to achieve ZVS when
VHV > 400V . ZVS operation for all active semiconductor
devices of the proposed converter can be achieved from low to
nominal power levels, while the hard switching areas (marked
with grey color) are limited. Fig. 14 shows the worst case
scenario for VHV = 250V , where hard switching of port
2 devices i.e., Q1 − Q4, occurs the most, especially when
VLV > 12V . On the other hand, Fig. 14 shows that for
VHV ≥ 400V , all converter active devices can operate with
ZVS over the entire range of VLV and P1.

For given converter operating conditions i.e., VDC , VHV ,
VLV , P2 and P3, multiple combinations of [ϕ τ1 τ2] can be
selected, which correspond to the same mode of operation
and result in ZVS turn-on of all active devices. For this
reason, minimization of the total converter conduction loss is
considered as a secondary criteria, given that ZVS is ensured
for all devices. As a result, a unique solution of the converter
3-DOF can be determined for specified voltage and power
levels. Fig. 15 shows the flowchart for the selection of the
unique [ϕ τ1 τ2] converter parameters for a specific operating
point.
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Fig. 14. ZVS range of the proposed converter for 8V ≤ VLV ≤ 16V , P1 in the range 0.5kW ≤ P1 ≤ 3.5kW , VHV = 250V, 350V, 400V, 420V and
three different relationships between P2 and P3 i.e., 1) P2 = P1 − P3, P3 = 50W , 2) P2 = P1 − P3, P3 = 450W and 3) P2 = ( 6

7
)P1, P3 = ( 1

7
)P1.



Specify port voltage levels i.e., VHV, VLV 

and desired power profile i.e., P2, P3.

Initialize minimum converter conduction loss 

i.e., Pc,min
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Fig. 15. Flowchart of the unique [ϕ τ1 τ2] parameters selection for given
converter operating conditions.

As shown in Fig. 15, first, the converter operating point
is identified based on the port voltage levels and power
requirements i.e., VLV , VHV , P2, P3, and the converter [ϕ τ1
τ2] workspace is created. Then, each [ϕ τ1 τ2] combination is
examined separately and the corresponding mode of operation
of Fig. 11 is identified. The time and current expressions of
Tables II- IV are utilized to calculate the switching currents of
Table VI and determine whether all converter semiconductor
devices are operating with ZVS for this specific combination
of [ϕ τ1 τ2]. In case all active semiconductor devices of the
proposed converter operate with ZVS, converter total conduc-

tion loss for the corresponding [ϕ τ1 τ2] combination i.e.,
Pc, is calculated and compared with the minimum converter
conduction loss i.e., Pc,min, which results from the previous
iterations of the [ϕ τ1 τ2] combinations within the converter
workspace. If Pc < Pc,min, then Pc,min is updated and set
equal to Pc, while the unique [ϕ τ1 τ2] set is also updated.
At the end of the selection scheme, a unique set of [ϕ τ1 τ2]
parameters has been determined for a given operating point,
in which all semiconductor devices operate with ZVS and
conduction loss is minimum compared to the rest [ϕ τ1 τ2]
combinations that can also achieve ZVS for all active switches.

It is clear that, to ensure wide ZVS range for all converter
active switches, the proposed 3-DOF selection scheme exam-
ines each combination of [ϕ τ1 τ2] as a set of three and
not one by one. In addition, the converter ZVS range has
been presented in Fig. 14 for specific combinations of voltage
and power levels with respect to the corresponding mode of
operation that achieves ZVS for all active devices. However,
for any converter voltage and power operating conditions, the
flowchart of Fig. 15 can still be utilized to determine the
suitable mode of operation that achieves ZVS for the given
operating point, as long as the required VHV , VLV , P2 and P3

are within the specifications of the proposed integrated charger.
Finally, it is evident from Fig. 15 that the proposed converter
3-DOF selection strategy does not set any requirement for the
leakage inductances L1 and L′

2. As a result, the flowchart of
Fig. 15 can be used for any values of L1 and L′

2, as long
as they satisfy (10). Consequently, for given L1 and L′

2, the
corresponding converter [ϕ τ1 τ2] workspace is created and
the unique combination of [ϕ τ1 τ2] is extracted, based on the
converter operating conditions.

F. Constant Current and Constant Voltage charging

The proposed integrated charger operates with the constant-
current (CC) and constant-voltage (CV) charging scheme [38].
The architecture of the CC/CV charging scheme is similar for
both the HV and the LV batteries and is described below.

To determine the CC and CV operating range of the HV
and LV batteries, IHV,CC , ILV,CC , VHV,crit and VLV,crit

parameters are set in advance. More specifically, VHV,crit

is the critical voltage at which charging of the HV battery
changes from CC to CV mode. Moreover, VHV,crit is set at
370V and hence, the HV battery is in CC charging mode when
VHV is in the range 250V-370V, while CV charging mode
occurs when VHV exceeds 370V. The nominal P2 = 3kW
power is delivered at the HV battery at VHV = 370V and
the CC charging mode current is calculated IHV,CC = 8.1A.
During CC charging mode, the HV battery is charged at 8.1A,
while in the CV charging mode the charging current of the
HV battery is continuously decreasing with the increase of
VHV and is gradually reaching zero when the HV battery is
fully charged. The CC and CV ranges of the LV batteries are
determined similarly to the HV batteries and more specifically,
VLV,crit = 10V and ILV,CC = 50A. All parameters of
the CC/CV charging are presented in Table VII, where the
x subscript refers to either the HV or LV batteries i.e.,
x = HV,LV .



TABLE VII
CONSTANT-CURRENT (CC) AND CONSTANT-VOLTAGE (CV) CHARGING

PARAMETERS FOR THE HV AND LV BATTERIES

Parameters Symbol HV battery LV battery
(x = HV,LV )

CC mode operating range - 250V-370V 8V-10V

CV mode operating range - 370V-420V 10V-16V

CC/CV mode transition voltage Vx,crit 370V 10V

CC mode charging current Ix,CC 8.1A 50A

The unique combinations of the converter 3-DOF i.e., ϕ, τ1
and τ2 are calculated in advance for specific operating points
according to the flowchart of Fig. 15, stored in look-up tables
and identified based on the converter operating conditions i.e.,
VHV , VLV , P2 and P3. In addition, linear interpolation is used
to increase the accuracy between ϕ, τ1 and τ2 stored in the
look-up tables. Once the unique combination of [ϕ τ1 τ2] has
been identified, the appropriate PWM signals are generated to
drive the converter S1 − S4 and Q1 − Q4 devices. Fig. 16
shows the schematic diagram of the CC/CV charging scheme
utilizing lookup tables.
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Fig. 16. Constant-current and constant-voltage charging scheme of the
proposed integrated charger using lookup tables.

III. SIMULATION RESULTS

The converter is simulated using PLECS software for si-
multaneous HV and LV battery charging operation with the
CC/CV charging scheme, using all ideal components and the
simulation parameters are presented in Table VIII.

TABLE VIII
CONVERTER PLECS SIMULATION PARAMETERS

Description Port 1 Port 2 Port 3

Voltage level (V) 400 250-420 8-16

Nominal power level (kW) 3.5 3 0.5

Leakage inductance (µH)
6.67 6.67 6.67

(primary referred)

Transformer winding turns 20 20 1

Switching frequency (kHz) 100

Fig. 17 shows the voltage and current waveforms of the
HV and LV battery, as well as the converter 3-DOF, when
both batteries are in the CC charging region. For simulation
purposes, the capacity of each battery is set small enough,
such that the charging interval of Fig. 17 lasts approximately
20ms. During this time, VHV and VLV start from 360V and
9V, respectively, which correspond to the CC charging region
of each battery. As a result, both batteries are charged with
constant current i.e., IHV,CC = 8.1A and ILV,CC = 50A,
while VHV and VLV increase continuously.
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Fig. 17. a) Voltage and current waveforms of the HV and LV batteries and
b) converter 3-DOF during CC charging of the HV and LV batteries.

It is evident from Fig. 17 that the currents flowing to the HV
and LV batteries are IHV = 8.1A and ILV = 50A during the
entire CC charging period, while the error is smaller than 2%
in both cases. In addition, VHV and VLV increase up to 370V
and 10V , respectively, while the converter 3-DOF i.e., ϕ, τ1
and τ2 are continuously adjusted such that constant current is
maintained at each battery. More specifically, depending on
the levels of VHV , VLV , P2 and P3, a unique combination
of [ϕ τ1 τ2] is identified from the lookup tables and utilized
for each operating point. As a result, the converter is working
at the pre-defined operating point at which all active semi-
conductor devices operate with ZVS.

The proposed converter is operating in Mode Ib during the
entire CC charging period of Fig. 17, as indicated by the
converter 3-DOF. This is in line with Fig. 14, which suggests
that Mode Ib is most suitable to achieve ZVS for all active
switches when high P2, P3 are required and VHV > 350V .
Fig. 18 shows the transformer voltage and current waveforms
close to nominal power operation during the CC charging
period of Fig. 17 i.e., VHV = 370V , VLV = 10V , P2 = 3kW
and P3 = 500W .
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Fig. 18. Transformer voltage and current waveforms for nominal power
operation in Mode Ib with VDC = 400V , VHV = 370V , VLV = 10V ,
P2 = 3kW and P3 = 500W .

As shown in Fig. 18, the transformer voltage and current
waveforms indicate that the converter is operating in Mode
Ib for nominal voltage and power levels. In addition, the
device turn-on currents are reflected through the corresponding
transformer winding currents i.e., i1 and i2, and according
to the ZVS requirements of Table VI, all active devices of
the proposed converter operate with ZVS for the nominal
operating point of VHV = 370V , VLV = 10V , P2 = 3kW
and P3 = 500W .

To evaluate the performance of the proposed converter
during transition between two different modes of operation,
the CV charging region of the HV and LV batteries is
examined. More specifically, according to the CC/CV charging
scheme, the voltage across the HV and LV batteries is set at
VHV = 420V , VLV = 16V , respectively, while IHV , ILV are
continuously decreasing, along with the power delivered to the
HV and LV batteries. Fig. 19a shows the currents flowing to
the HV and LV batteries i.e., IHV , ILV , while the transformer
voltage and current waveforms during the entire period are
shown in Fig. 19b, along with the converter 3-DOF (Fig. 19c).
In addition, Fig. 20 shows the transformer voltage and current
waveforms for two different time intervals of the CV charging
period of Fig. 19b. More specifically, the transformer voltage
and current waveforms are examined at t = 10ms and t =
49ms, which correspond to converter operation in Mode Ia
and Mode II, respectively.

Fig. 19a shows that during CV charging of the HV and
LV batteries, IHV , ILV are significantly lower compared to
the CC charging of Fig. 17 and gradually reaching zero. It is
evident from Fig. 19b that the transformer winding currents
are also decreasing, until the converter transits from Mode
Ia to Mode II, where i1 and i2 start to increase, while i3
continues to decrease. The reason for this is that the converter
3-DOF are continuously adjusted based on VHV , VLV , P2

and P3, such that ZVS is achieved for all devices. As a result,
when ZVS cannot be achieved for a given operating point
with Mode Ia operation, the converter transits to Mode II,
where ZVS is possible. It is evident from Fig. 19b that Mode
II operation results in higher switching currents compared to
Mode Ia, however, ZVS operation is achieved for all converter
devices.
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Fig. 19. a) Current waveforms of the HV and LV batteries, b) transformer
voltage and current waveforms and c) converter 3-DOF during CV charging
of the HV and LV batteries.
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Finally, Fig. 20 shows the transformer voltage and current
waveforms during the CV charging period, where it is evident
that the converter operates initially in Mode Ia and ultimately
in Mode II. By examining the polarity of the transformer
primary and secondary winding current during the device turn-
on instances, it is again verified that all converter devices
operate with ZVS for both Mode Ia and Mode II opera-
tion. The latter is in accordance with Fig.14, which suggests
that Mode Ia and Mode II are used to achieve ZVS when
VHV = 420V, VLV = 16V , while also the converter transits
from Mode Ia to Mode II when P2 and P3 decrease.

IV. EXPERIMENTAL RESULTS

A laboratory prototype of the proposed converter is devel-
oped and tested. The converter is operated at 100kHz and can
deliver 3kW and 500W simultaneously to the HV and LV
batteries, respectively. SCT015W120G3-4AG SiC MOSFET
devices are used for the active switches for ports 1 and 2,
while IPP016N08NF2S Si MOSFETs are utilized for port
3. Although Si diodes can be selected for port 3, active
switches are preferred as synchronous rectification scheme
can be adopted to increase the converter efficiency. A control
board is implemented based on the LAUNCHXL-F28379D
development kit with the TMS320F28379D microprocessor
and is used to generate the PWM signals based on the desired
ϕ, τ1 and τ2 control parameters.

The three-winding transformer is implemented using a set
of N87 E71 ferrite cores, while all three windings are winded
around the middle leg of the core. Primary and secondary
windings consist of 20 turns of Litz wire, while tertiary
winding utilizes 1 turn of copper foil. Characterization of the
three-winding transformer is performed according to [39] and
is verified by ANSYS simulations. The output filter inductor of
port 3 i.e., Lf , is chosen 150uH to eliminate the ripple in the
output current ILV , as suggested by the analysis of Section II.
The specifications of the converter prototype are presented in
Table IX.

TABLE IX
KEY PARAMETERS OF THE PROPOSED INTEGRATED CHARGER

Parameters Symbol Values

HV-bridge switches S1 − S4, Q1 −Q4 1.2kV, 15.5mΩ

LV-bridge switches D1 −D4 80V, 0.88V

Primary bridge DC capacitance C1 13.2uF/630V

Secondary bridge DC capacitance C2 2uF/630V

Output inductor Lf 150uH

Magnetizing inductance Lm 4.5mH

Primary leakage inductance L1 7.2uH

Secondary leakage inductance
L′
2 1.2uH

(primary referred)

Tertiary leakage inductance
L′
3 8uH

(primary referred)

Transformer turns ratio n1 : n2 : n3 20:20:1

Switching frequency fs 100kHz

Table IX shows the value of the tertiary winding leakage
inductance with respect to primary i.e., L′

3 = 8uH , which
is in the same range with L1 = 7.2uH and L′

2 = 1.2uH .
However, L′

3 = 8uH has small impact on the operation of the
proposed converter and results in less than 5% error on the
output voltage of port 3 i.e., VLV . As a result, the assumption
of neglecting L′

3 throughout the analysis of Section II is
valid. In addition, according to Table IX, the experimental
prototype utilizes L1 ̸= L′

2, while the analysis and simulation
of the proposed converter in Sections II and III have been
presented for L1 = L′

2. However, the converter experimental
results verify that L1 ̸= L′

2 does not impact the operation
of the proposed converter. The reason for this is that for a
given operating point, the converter 3-DOF i.e., ϕ, τ1 and
τ2, are calculated according to expression (3) and ultimately
selected using the flowchart of Fig. 15, which are valid for
any combination of L1 and L′

2 that satisfy (10).
Two power supplies with bidirectional power flow capability

are connected at ports 1 and 2 to set VDC and VHV . Port 1
voltage i.e., VDC , is fixed at 400V for all experiments. Finally,
the experimental setup of the proposed integrated charger is
shown in Fig. 21.

H-bridge

Diode bridge

H-bridge

3-winding
Control board

Port 1

Port 2

Port 3

Transformer

Fig. 21. Experimental setup of the proposed integrated charger.

Several tests are performed and the proposed converter is
operated for simultaneous HV and LV battery charging to ver-
ify the theoretical analysis (Figs. 22-31). Then, the converter
is also tested as traditional PSFB converter to charge the LV
battery from the HV battery (Figs. 32-33). Case I operation
has only been considered for all converter experiments and the
values of ϕ, τ1 and τ2 are given in rad for each experiment.

Experiment 1: First, the converter is tested to generate the
minimum specified voltage of 8V at the LV port i.e., VLV =
8V , while the HV battery port is operating close to the CC/CV
mode transition and P2 = 2.9kW , VHV = 360V (Table VII).
In addition, the load of the LV port is adjusted such that
the output current i.e., ILV , is close to 50A, according to
Table VII. The converter operates with ϕ = 0.02, τ1 = 2.8
and τ2 = 2.9 and the corresponding waveforms are shown in
Fig. 22.



time 2us/div

i2 50A/div

i3 100A/div

uo2 500V/div

i1 50A/div
uo1 500V/div

Fig. 22. Experimental converter voltage and current waveforms for simul-
taneous HV and LV battery charging operation and VDC = 400V, VHV =
360V, VLV = 8V, τ1 = 2.8, τ2 = 2.9 and ϕ = 0.02; P2 = 2.9kW and
P3 = 460W .

It is evident from Fig. 22 that the converter can produce
8V at the LV battery port, while at the same time 2.9kW are
delivered from the grid to the HV battery port. Fig. 22 also
confirms that the transformer primary winding current results
from the secondary and tertiary winding currents i.e., i1 =
i′2+i′3. Moreover, the tertiary winding current has a trapezoidal
shape due to the tertiary winding leakage inductance i.e., L3.
As a result, when i3 is changing polarity from Io to −Io and
vice versa, commutation effect takes place in the diode bridge
of port 3 and i3 deviates from the ideal square waveform.

Experiment 2: Similarly to Experiment 1, the converter is
tested to generate the maximum specified voltage of VLV =
16V , while VHV is set at 380V. The power requirements
for the HV and LV batteries are set at P2 = 1.8kW and
P3 = 110W . The latter is in accordance with Table VII, which
suggests that when battery voltage is in the CV region, the
power delivered to the battery is decreasing with the increase
of voltage. Hence, P2 and P3 requirements are decreased com-
pared to the values of Experiment 1. The converter operates
with ϕ = 0.01, τ1 = 3 and τ2 = 3.1 and the resulting
waveforms are shown in Fig. 23.

time 2us/div

i2 50A/div

i3 20A/div

uo2 500V/div

i1 50A/div
uo1 500V/div

Fig. 23. Experimental converter voltage and current waveforms for simul-
taneous HV and LV battery charging operation and VDC = 400V, VHV =
380V, VLV = 16V, τ1 = 3, τ2 = 3.1 and ϕ = 0.01; P2 = 1.8kW and
P3 = 110W .

As shown in Fig. 23, the converter is capable of generating
16V at the LV port, while 1.8kW and 110W are delivered

to the HV and LV battery ports, respectively. In addition, τ1
and τ2 are increased compared to Fig. 22 and almost the
whole duty cycle is utilized to generate the maximum 16V.
Finally, it is evident from Fig. 23 that i3 is close to the ideal
square waveform and the commutation effect is weak. The
reason for this is that due to the low power requirement of
port 3 i.e., P3 = 110W , the amplitude of i3 is decreased and
commutation time is significantly reduced.

Experiment 3: In this experiment, the converter independent
power flow operation is evaluated according to the modulation
scheme proposed in sub-section II-B. More specifically, VHV

is set at 380V, τ1 = 2.2, τ2 = 2.9 are selected such that
VLV = 10V , while VDC remains fixed at 400V. According to
the proposed modulation scheme, when the converter operates
as in Case I (Fig. 7), VLV is independent of ϕ, which can be
utilized to control the power at the HV battery port. Fig. 24
shows the corresponding converter waveforms for the above
operating conditions and two different values of ϕ.

(a)

(b)

i2 50A/div

i3 100A/div

uo2 500V/div
i1 50A/div

uo1 500V/div

VLV 10V/div

i2 50A/div

i3 100A/div

uo2 500V/divi1 50A/div

uo1 500V/div

VLV 10V/div

VLV =10V

VLV =10V

Fig. 24. Experimental converter voltage and current waveforms for simul-
taneous HV and LV battery charging operation, VDC = 400V, VHV =
380V, VLV = 10V, P3 = 400W, τ1 = 2.2, τ2 = 2.9, a) ϕ = 0.1,
P2 = 1.2kW and b) P2 = 3kW , ϕ = 0.2.

It is evident from Fig. 24 that although ϕ is increased from
0.1 to 0.2, the output voltage at the LV battery port remains
constant at 10V, since τ1 and τ2 are kept constant and the
converter requirements for Case I operation are satisfied. In
addition, when ϕ is increased from 0.1 to 0.2, power flow
at the HV battery port is also increased from P2 = 1.2kW
to P2 = 3kW , while power at the LV battery port remains
constant at 400W. As a result, the proposed modulation scheme



is validated and τ1, τ2 can be selected to produce the desired
VLV at port 3, while ϕ can be independently selected to adjust
the power flowing to the HV battery port.

Experiment 4: The proposed converter is first tested for
simultaneous charging operation for power close to nominal
levels. According to Table VII, during simultaneous charging
operation, maximum power flow occurs when both batteries
are in the transition between CC and CV charging mode.
Hence, VHV and VLV are selected close to 370V and 10V,
respectively. In addition, τ1 = 2.5 and τ2 = 2.9, so that the
desired voltage of 10V is produced at the LV battery port,
while also the LV port load is adjusted so that output current
is close to 50A i.e., ILV = 50A. Finally, ϕ is selected 0.15
to achieve the nominal power transfer at the HV battery port
i.e., P2 = 3kW . The corresponding converter waveforms are
presented in Fig. 25.

i3 100A/div

uo2 500V/div

uo1 500V/div

VLV 20V/div

time 2us/div

i1 100A/div

i2 100A/div

Fig. 25. Experimental converter voltage and current waveforms for
rated simultaneous HV and LV battery charging operation and VDC =
400V, VHV = 380V, VLV = 10V, τ1 = 2.5, τ2 = 2.9 and ϕ = 0.15;
P2 = 3kW and P3 = 450W .

It can be seen from Fig. 25 that, with the above operating
parameters, the converter can achieve power flow close to
nominal levels i.e., P2 = 3kW , P3 = 450W , for the HV
and LV battery ports, respectively. In addition, the converter
3-DOF correspond to Mode III operation, which agrees with
the respective voltage and current waveforms. Finally, com-
mutation effect in the diode bridge of port 3 is again present
when i3 is changing polarity, due to the fact that the amplitude
of i3 is significantly high and commutation time is increased.

The proposed converter is then tested for the case where
nominal power is transferred to the HV battery port, while the
LV battery is considered fully charged and hence, P3 = 0W .
As suggested by the CC/CV charging scheme of Table VII, the
nominal power of 3kW is delivered to the HV battery when
VHV = 370V , while P3 = 0W corresponds to VLV = 16V
(fully charged LV battery). In this case, the converter operates
with τ1 = 2.5, τ2 = 2.9 and ϕ = 0.1 and the results are shown
in Fig. 26.

It is evident from Fig. 26 that VLV = 16V at port 3, while
at the same time the tertiary winding current is zero i.e., i3 =
0A, which confirms that there is no power flow at port 3 i.e.,
P3 = 0W . In addition, nominal power P2 = 3kW flows from
the grid to the HV battery port.

i2 50A/div

i3 100A/div

uo2 500V/div

i1 50A/div
uo1 500V/div

VLV 20V/div

time 2us/div

VLV =16V
i3 =0A

Fig. 26. Experimental converter voltage and current waveforms for simulta-
neous HV and LV battery charging operation and VDC = 400V , VHV =
370V, VLV = 16V, P2 = 3kW,P3 = 0W, τ1 = 2.5, τ2 = 2.9, ϕ = 0.1.

The converter is also tested for the case where the HV
battery is fully charged i.e., VHV = 420V and P2 is close
to zero, while the LV battery voltage is at the lower limit
i.e., VLV = 8V . According to the CC/CV charging scheme
(Table VII), the LV battery is charged in the CC region with
ILV = 50A and for this reason, the converter 3-DOF are
selected as τ1 = 2.8, τ2 = 2.5 and ϕ = 0.02 to achieve
P3 = 400W . The corresponding converter voltage and current
waveforms are shown in Fig. 27.

i2 50A/div

i3 100A/div

uo2 500V/div

i1 50A/div
uo1 500V/div

VLV 10V/div

Fig. 27. Experimental converter voltage and current waveforms for simulta-
neous HV and LV battery charging operation and VDC = 400V , a) VHV =
420V, VLV = 8V, P2 = 0W,P3 = 400W, τ1 = 2.8, τ2 = 2.5, ϕ = 0.02.

It can be seen from Fig. 27 that the converter waveforms
correspond to Mode II operation when VHV = 420V . In
addition, i3 has a trapezoidal shape due to the commutation
effect at port 3, which however does not impact the converter
operation, since the required voltage and current are generated
at port 3.

Experiment 5: In this experiment, the ZVS capability of
the converter semiconductor devices is evaluated. To begin
with, both low and nominal port 2 power requirements are
considered, while port 3 power is set close to nominal levels.
The converter ZVS capability is first examined for low port 2
power operation and more specifically, for the operating point
of VDC = 400V , VHV = 370V , VLV = 10V , P2 = 1.2kW ,
P3 = 430W , ϕ = 0.1, τ1 = 2.2 and τ2 = 2.9. The



drain-to-source (uDS) and gate-to-source (uGS) voltages of
semiconductor devices S1, S4, Q1 and Q4 are shown in
Fig. 28, along with the transformer primary and secondary
winding currents.

VDS,Q4 500V/div

i2 50A/div

VDS,Q1 500V/div

VDS,S4 500V/div

time 2us/div

time 2us/div

i1 50A/div

VDS,S1 500V/div

(a)

(b)

ZVS

ZVS

ion,S1
<0 ion,S4

<0

ion,Q1
>0

ion,Q4
>0

Fig. 28. Experimental voltage and current waveforms for simultaneous HV
and LV battery charging operation and VDC = 400V, VHV = 370V, VLV =
10V, P2 = 1.2kW,P3 = 430W, τ1 = 2.2, τ2 = 2.9 and ϕ = 0.1; a) S1, S4

and b) Q1, Q4 devices.

Fig. 28 shows that all semiconductor devices of the pro-
posed converter operate with ZVS for the given operating
point of low port 2 power requirement i.e., P2 = 1.2kW ,
while P3 = 430W . More specifically, when the gate-to-source
voltage of one semiconductor device starts to rise, drain-to-
source voltage is already close to 0, since current is flowing
through the antiparallel diode of the device. Hence, ZVS is
achieved. In addition, it is evident that the transformer primary
winding current i.e., i1, is negative during turn-on of S1

and S4, while the current of the secondary winding of the
transformer i.e., i2, is positive during turn-on of Q1 and Q4,
as shown by the cursors in Fig. 28. This is in line with the
ZVS analysis of sub-section II-D and verifies ZVS operation
for all active switches of the proposed converter.

Fig. 29 shows the semiconductor devices waveforms along
with the transformer primary and secondary currents for close
to nominal P2 and P3 power requirements, where again the
ZVS operation of all switches is verified. For the operating
point of Fig. 29 the converter operates close to nominal power
levels with VDC = 400V , VHV = 370V , VLV = 10V , P2 =
2.9kW , P3 = 450W , ϕ = 0.15, τ1 = 2.5 and τ2 = 2.9.

Examining the drain-to-source and gate-to-source wave-

VDS,Q4 500V/div

i2 50A/div

VDS,Q1 500V/div

VDS,S4 500V/div

time 2us/div

time 2us/div

i1 50A/div

VDS,S1 500V/div

(a)

(b)

ZVS

ZVS

ion,S1
<0

ion,S4
<0

ion,Q1
>0

ion,Q4
>0

Fig. 29. Experimental voltage and current waveforms for high power simul-
taneous HV and LV battery charging operation and VDC = 400V, VHV =
370V, VLV = 10V, P2 = 2.9kW,P3 = 450W, τ1 = 2.5, τ2 = 2.9 and
ϕ = 0.15; a) S1, S4 and b) Q1, Q4 devices.

forms of the semiconductor devices in Fig. 29, as well
as the transformer primary and secondary winding current
polarity during switching instants, it clear that all converter
semiconductor devices operate with ZVS. In the case of device
S4, a short period of overlap between the drain-to-source and
gate-to-source voltages is present. However, when the drain-
to-source voltage of S4 reaches zero, gate-to-source voltage is
around 3V, which is below the device turn-on threshold level
and thus, ZVS is achieved. The latter is further verified by the
polarity of S4 turn-on current i.e., ion,S4

< 0.
The converter ZVS capability is examined for two more

cases and more specifically, for the operating points of
Figs. 26-27. In the case of Fig. 26, the LV battery is fully
charged and P3 = 0W , VLV = 16V , while nominal power is
delivered to the HV battery i.e., P2 = 3kW , VHV = 370V .
Similarly for Fig. 27, the HV battery is fully charged and
P2 = 0W , VHV = 420V , while P3 = 400W , VLV = 8V .
Figs. 30-31 show the gate-to-source and drain-to-source volt-
ages of semiconductor devices S1, S4, Q1 and Q4 along with
the transformer primary and secondary winding currents i.e.,
i1 and i2.

By examining the polarity of the primary and secondary
winding currents during switching instants, as well as the
uDS and uGS waveforms of the devices, Figs. 30-31 confirm
that ZVS is achieved for devices S1, S4, Q1 and Q4. Finally,
according to the analysis of sub-section II-D, due to the
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Fig. 30. Experimental converter voltage and current waveforms for simulta-
neous HV and LV battery charging operation and VDC = 400V , VHV =
370V, VLV = 16V, P2 = 3kW,P3 = 0W, τ1 = 2.5, τ2 = 2.9, ϕ = 0.1.

symmetric converter operation, since ZVS is achieved for a
device of a specific phase-leg, ZVS is also guaranteed for
the complementary device of the phase-leg. As a result, all
converter active switches can operate with ZVS for the above
two extreme case operating points.

Experiment 6: Finally, the converter is tested for HV to
LV battery charging operation. Hence, port 1 is disconnected
and power is transferred from port 2 to port 3. The converter
operates as a PSFB converter with VHV = 400V and τ2 = 2.7,
aiming to produce VLV = 10V . In addition, the power deliv-
ered at the LV battery port is P3 = 480W . Fig. 32 shows the
voltage and current waveforms of the transformer secondary
winding, along with the transformer tertiary winding current
and the output voltage at the LV port of the converter.

Fig. 32 shows that 10V are generated at the output of the
LV battery port, when the proposed converter operates as
a traditional PSFB with τ2 = 2.7. It is also evident from
Fig. 32 that the transformer tertiary winding current i.e., i3,
has a trapezoidal shape due to the commutation effect in the
diode bridge of port 3, similarly to the simultaneous charging
operation of the proposed integrated converter. More specif-
ically, rated power is transferred to the LV battery port and
ILV is significantly high i.e, 50A, which results in increased
commutation time. Finally, it is seen that for converter PSFB
operation, the transformer secondary winding current i.e., i2,
has also a trapezoidal shape similar to i3, scaled down by the
transformer turns ratio i.e., i2 = (n3

n2
)i3.
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Fig. 31. Experimental converter voltage and current waveforms for simulta-
neous HV and LV battery charging operation and VDC = 400V , a) VHV =
420V, VLV = 8V, P2 = 0kW,P3 = 400W, τ1 = 2.8, τ2 = 2.5, ϕ = 0.02.

i2 10A/div

uo2 500V/div

i3 100A/div

time 2us/div

Fig. 32. Experimental PSFB converter voltage and current waveforms for HV
to LV battery charging operation and VHV = 400V, τ2 = 2.7, VLV = 10V
and P3 = 480W .

The converter HV to LV charging function is further in-
vestigated in Fig. 33 with respect to the primary winding of
the three-winding transformer. Although port 1 is disconnected
from the grid and left open during HV to LV charging function,
it is still magnetically coupled to the HV and LV ports, due
to the three-winding transformer. Fig. 33 shows the DC of
voltage of port 1 i.e., VDC , as well as the current of the primary
winding of the transformer during converter PSFB operation
and HV to LV charging at nominal power levels.

When the converter PSFB operation starts, voltage is in-
duced at the primary winding of the transformer and it is



uo2 500V/div

VLV 10V/div

VDC 500V/div

time 2us/div

i1 20A/div

i3 100A/div

Fig. 33. Experimental PSFB converter voltage and current waveforms for HV
to LV battery charging operation and VHV = 400V, τ2 = 2.7, VLV = 10V
and P3 = 480W .

rectified through the body diodes of the semiconductor devices
of port 1. As a result, current flows in port 1 and the DC link
capacitor of port 1 is charged. When VDC exceeds the induced
voltage at the primary winding, current stops flowing in port 1.
As a result, VDC remains constant and the converter operates
as PSFB in steady state (Fig. 33).

The active switches of port 1 are not modulated during
PSFB operation, however, it is evident from Fig. 33 that a res-
onant current exists in the primary winding of the transformer
i.e., i1. This resonant current is the result of a high-frequency
LC resonance between the device parasitic capacitance and the
primary winding leakage inductance. However, the magnitude
of the resonant current i1 is low and does not impact the
converter HV to LV charging operation.

V. CONVERTER EFFICIENCY AND LOSS ANALYSIS

The efficiency of the proposed converter for simultaneous
HV and LV battery charging from the grid is shown in Fig. 34
for several operating points. More specifically, in Fig. 34a, the
voltage and power of the LV battery are set at nominal levels
i.e., VLV = 10V , P3 = 500W , while the HV battery power
varies from 500W to 3kW . In Fig. 34b, the voltage and power
of the HV battery are set at nominal levels i.e., VHV = 370V ,
P2 = 3kW , while P3 varies from 100W to 500W . Finally,
the efficiency of the proposed converter is demonstrated in
Fig. 34c for 1kW ≤ P2 + P3 ≤ 3.5kW and constant power
ratio i.e., (P2/P3) = 6. For all cases, two different operations
have been considered for the diode bridge of port 3 i.e., 1)
operation with the device body diodes and 2) synchronous
rectification modulation. The corresponding loss breakdown
analyses are shown in Figs. 35a-b.

The efficiency of the proposed converter for the nominal
operating point of VLV = 10V , P3 = 500W , VHV = 370V ,
P2 = 3kW is 94% when diodes are utilized at port 3,
while efficiency can be increased to 97% using synchronous
rectification modulation. Results show that in the first case,
when the body diodes of the devices of port 3 are used,
conduction loss accounts for 63% of the converter total loss,
while also conduction loss of port 3 diodes reaches 100W. In
the case of synchronous rectification scheme, conduction loss
of port 3 devices is reduced by more than 10 times, while
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Fig. 34. Total efficiency of the proposed converter for a) VLV = 10V ,
P3 = 500W and 0.5kW ≤ P2 ≤ 3kW , b) VHV = 370V , P2 = 3kW and
0.1kW ≤ P3 ≤ 0.5kW , c) 1kW ≤ P2+P3 ≤ 3.5kW and (P2/P3) = 6.
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Fig. 35. Converter loss breakdown for VLV = 10V , P3 = 500W , VHV =
370V , P2 = 3kW and a) device body diode conduction, b) synchronous
rectification modulation.

the transformer core and conduction loss account for most
of the loss in the converter. More specifically, to extract the
transformer conduction loss for nominal power operation i.e.,
P2 = 3kW and P3 = 500W , first, the transformer winding
currents were measured when the converter operates with the
proposed 3-DOF scheme of Fig. 15. Next, the transformer
primary, secondary and tertiary winding resistances were mea-
sured at the operating switching frequency of 100kHz using
the impedance analyzer and transformer conduction loss is
estimated at approximately 34W. Finally, due to the ZVS
operation of the active switches of ports 1 and 2, total converter



switching loss is mostly due to the device turn-off loss and
accounts for 9% when body diodes are utilized at port 3,
while switching loss corresponds to 15% when synchronous
rectification modulation is applied at port 3.

VI. COMPARISON WITH OTHER CHARGERS

The three-winding transformer with the E71/33/32 cores
used for the integrated converter is compared to the individual
two-winding DAB and PSFB transformers of the conventional
OBC and APM, which are based on E65/33/27 and E55/28/21
cores, respectively. The design parameters for all transformers
are presented in Table X, while core selection is performed
based on the calculated Area-Product (AP) of each trans-
former. For a fair comparison, a 3-DOF operation and an
RMS current minimization scheme are adopted for both the
integrated charger and the separate DAB OBC charger. More
specifically, the 3-DOF of the integrated charger are selected
such that the nominal power of P2 = 3kW , P3 = 500W
occurs, while at the same time transformer RMS current is
minimum. For the DAB OBC charger, 3-DOF are selected for
POBC = 3kW while transformer current remains minimum.

Magnetic core loss and winding copper loss are estimated
for the three-winding transformer and the individual OBC and

TABLE X
DESIGN PARAMETERS FOR INTEGRATED AND SEPARATE OBC-APM

TRANSFORMERS

Parameter Symbol Integrated OBC APM

Primary winding RMS current I1,rms 13A 10A 2.5A

Secondary winding RMS current I2,rms 11.5A 10A 50A

Tertiary winding RMS current I3,rms 50A - -

Peak magnetic flux Bmax 150mT

Switching frequency fs 100kHz

Current density J 4A/mm2

Fill factor - Litz k1 0.15

Fill factor - Foil k2 0.4

APM transformers and the results are presented in Fig. 36.
For a fair comparison, the same core material is selected
for all transformers and core loss is Pv = 280kW/m3 at
fs = 100kHz, Bmax = 150mT . Finally, resistance of the
primary, secondary and tertiary winding of the three-winding
transformer were measured using the impedance analyzer and
estimated accordingly for the OBC and APM transformers
based on the core dimensions and design specifications.
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Fig. 36. Total volume, magnetic core loss and winding copper loss comparison
between the transformers of the separate HV and LV battery chargers and the
integrated one.

According to Fig. 36, 16.7% reduction of the transformer
volume can be achieved with the proposed integrated three-
winding transformer, compared to the individual ones. Since
magnetic core loss is proportional to the volume of the
magnetic core, transformer core loss can also be reduced by
16.7% in the case of the three-winding transformer. Although
winding loss of the integrated transformer is increased by 28%,
total power loss of the integrated transformer can be reduced
by 6% compared to the separate DAB and PSFB transformers.

A comparison between the proposed integrated charger and
existing chargers in the literature is shown in Table XI. The
proposed integrated charger is capable of simultaneous HV
and LV battery charging in contrast to the integrated chargers
presented in [6] and [17]. Moreover, isolation requirements
between the grid and the HV battery as well as the HV and
LV battery are ensured due to the use of the three-winding
transformer. The latter reduces the total volume and cost of
the integrated charger compared to the use of two-winding

TABLE XI
COMPARISON WITH EXISTING CHARGERS

Charger Proposed [6] [11] [13] [14] [17] [18] [35], [40]

OBC-APM topology DAB-PSFB DAB-DAB & Buck Full bridge-LLC LLC-PSFB DAB-Buck LLC-LLC CFTAB Separate DAB

Simultaneous charging Yes No Yes Yes Yes No Yes -

Isolation Yes Yes No Yes Yes Yes Yes Yes

Mechanical switches No Yes Yes No No No No No

Active switches 8 8 6 10 9 10 12 16

Diodes 4 0 2 0 3 0 0 0

Transformer 3-winding 2-winding 3-winding 2 x 2-winding 3-winding 3-winding 3-winding 2 x 2-winding

Nominal power (kW) 3.3/0.5 0.7 2/0.5 3.3/0.4 3/0.3 3.3 11/3.5 3.7/2

Efficiency (%) 94 - 95.7 97.7 94 - - 94.2



transformers [13], [35], [40]. Moreover, the chargers described
in [6], [11] rely on mechanical switches which raises reliability
concerns. On the other hand, the proposed charger can support
all operation modes without the need of mechanical switches
or relays. Finally, the efficiency of the proposed converter is
presented in Table XI for nominal power operation and the
case where port 3 utilizes diodes instead of the synchronous
rectification scheme. It is shown that the proposed converter
can achieve high efficiency, while at the same time the number
of active switches can be significantly reduced, compared to
most of the existing chargers of Table XI. Hence, control
complexity is improved, while also cost is reduced due to the
need of less low-power control electronics.

VII. CONCLUSIONS

An isolated three-port DC-DC converter has been presented
and analyzed in this paper. The proposed converter is suitable
for OBC and APM integration in the EV powertrain and is
capable of charging both HV and LV batteries simultane-
ously, operating over a wide voltage range. Moreover, the
proposed converter does not rely on mechanical switches or
relays. A single three-winding transformer is utilized to meet
isolation requirements, which reduces the volume and cost of
the magnetics compared to the use of separate two-winding
transformers. A boundary condition has been derived and
a novel modulation scheme has been proposed to decouple
the power flow between the converter three ports and allow
independent charging of the HV and LV batteries. In addition,
a converter 3-degrees-of-freedom selection scheme has been
proposed and as a result ZVS is achieved for all active devices
of the converter over wide power and voltage range, without
the need of additional resonant components. The experimental
results of a SiC MOSFET converter prototype proved the
effectiveness of the proposed converter for future integrated
OBC application.
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