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ABSTRACT This paper presents a novel bidirectional DC–DC converter for several applications such as
energy storage systems. The proposed power circuit topology not only has inherent soft switching but also
offers reduced conduction losses. The reduction in conduction losses is achieved through a direct power
transfer (DPT) path, which can effectively bypass the transformer as well as power semiconductors at the
primary side, and transfer power directly to the secondary side. In addition, The power circuit offers flexibility
to shape the input current waveform to have lower peak values, resulting in further reduction in conduction
losses. Thus, the proposed circuit can potentially provide high efficiency by reducing both the conduction
losses and switching losses simultaneously. Theoretical analysis, simulation results, and experimental results
demonstrate the feasibility of the proposed circuit and its superior performance.

INDEX TERMS Bidirectional converters, coupled inductors, DC–DC converters, direct power transfer
(DPT), dual active bridge (DAB), soft switching, zero voltage switching (ZVS).

I. INTRODUCTION
Bidirectional DC–DC converters have become an integral
part of several emerging applications such as energy stor-
age systems. In particular, power conversions needed for the
charge-discharge of batteries in many applications require
bidirectional power flow [1], [2]. Electric vehicles and energy
storage systems are among the main applications where bidi-
rectional DC–DC converters are required [3], [4], [5].

Bidirectional DC–DC converters are typically categorized
as either isolated or non-isolated. Within the non-isolated
category, two prominent options for higher power ranges are
the two-stage interleaved buck/boost converters and multilevel
buck/boost converters [6], [7]. In [6], an advanced inter-
leaved bidirectional buck/boost converter is presented, which
can provide high voltage gains and minimal current ripples
through a new power circuit and modulation techniques. Sim-
ilarly, in [7], a high-power non-isolated multilevel DC-DC
converter is introduced that offers reduced switching losses
in a five-level bidirectional structure. However, non-isolated
configurations lack stringent safety requirements, essential
for many applications such as electric vehicles and grid-
connected energy storage systems.

Many types of isolated bidirectional DC–DC converters
have been proposed for battery charging applications in the

literature [8], [9]. A bidirectional flyback converter has been
proposed in [10], [11], which can provide zero current switch-
ing (ZCS) for power semiconductors. However, the proposed
converter may not be a good candidate for high power appli-
cations (i.e., kW range) due to the inherent limitations of the
flyback topology.

A new bidirectional three-phase push-pull converter has
been proposed in [12], [13], which can be used for higher
power applications. This power circuit topology can provide
ZVS and achieve a balanced three-phase current at the low-
voltage side. However, the topology suffers from the excessive
circulating current within some operating conditions.

The dual active bridge (DAB) converter is the industry
standard for bidirectional DC–DC converters. This topology
is capable of transferring high amounts of power and effi-
ciently utilizing the high-frequency transformer [14], [15],
[16]. Comprehensive analyses of the operation, design, and
control of DAB converters are presented in [17]. Moreover,
DAB converters can easily provide soft switching to reduce
the switching losses [18], [19]. However, this topology has
some disadvantages among which is handling a wide range of
input/output voltages. Since battery voltage ranges are usually
very wide, the current slopes in DAB converters can result
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FIGURE 1. Bidirectional DC–DC converter with direct power transfer (DPT) capability.

in excessive conduction losses specifically [20], [21], [22].
Moreover, maintaining soft switching for light load condi-
tions is difficult for DAB converters [23], [24], [25], [26].
In [27], a new bidirectional Current-Fed half-bridge converter
(CF-DAB) is presented, which can potentially address the
challenges of DAB converters. This topology is suitable for
applications where the input current ripple should be min-
imized due to the presence of an inductor. However, this
topology still suffers from high conduction losses in applica-
tions where the current waveforms become triangular and can
have very high peaks.

In order to extend the soft switching range of DAB,
resonant-type converters have been proposed in the litera-
ture [28], [29]. Series resonant converters [30], [31], [32], and
series-parallel resonant converters have been the main focus
and well-studied in the literature (e.g., CLLC, CLC, CLTC
resonant circuits) [33], [34], [35], [36], [37], [38]. These
circuit topologies can offer several advantages such as soft
switching, wide voltage gains, and minimized circulating cur-
rents. However, the high number of resonant components used
in these circuits and many resonant components process the
full amount of power, which results in excessive conduction
losses in applications where the range of voltage variations
is wide.

In order to address the issues with resonant-type converters,
non-resonant converters have been proposed with bidirec-
tional power flow capability. Isolated full-bridge bidirectional
DC–DC converter (IFBDC) is a non-resonant power circuit
topology proposed for higher power applications [39], [40],
[41]. This topology requires a simple control and utilizes a
DC inductor as compared to a high-frequency AC inductor
in DAB or resonant converters [42], [43]. This allows for
lower core losses and lower proximity/fringing losses in the
winding [39], [40], [44]. However, this circuit suffers from
high conduction losses for applications with a wide range
of voltage variations. Moreover, the other drawbacks of this
circuit are the duty-cycle loss, free-wheeling intervals, and
hard switching at light loads.

In summary, most of the research work on bidirectional
DC–DC converters is focused on soft switching to improve the
switching losses. However, the improvements in conduction

losses have received little interest. In [45], a new unidirec-
tional DC–DC topology is introduced which can potentially
offer lower conduction losses and higher efficiency. However,
this converter can only offer uni-directional power flow and
the existence of a diode at the input side may offset any re-
duction in conduction losses. The control variable used in [45]
is the switching frequency. Thus, the range of switching fre-
quencies is very wide for applications with a wide range of
voltage variations, leading to sub-optimal magnetic design
and in turn compromised performance.

In this paper, we propose a new bidirectional power circuit
topology, which can offer a wide soft-switching range and
provide Direct Power Transfer (DPT) capability to reduce
conduction losses. In addition, the proposed circuit can shape
the input current to reduce its peak values, further decreasing
conduction losses. In terms of control variables, the converter
can utilize many control variables such as the phase shifts to
optimally control the power flow.

This paper is structured as follows. Section II presents the
proposed topology and its modes of operation. The steady-
state analysis is provided in Section III, followed by the design
considerations in Section IV. Simulation results are presented
in Section V, while Section VI presents the experimental re-
sults. Finally, Section VII concludes the paper.

II. PROPOSED BIDIRECTIONAL DC–DC CONVERTER WITH
DPT
In this section, the proposed bidirectional DC–DC converter is
introduced. Fig. 1 shows the schematic of the proposed topol-
ogy. According to this figure, the proposed circuit provides
two paths for power transfer. A portion of the power is trans-
ferred to the output through the coupled inductor and the rest
through the primary side power semiconductors and the high-
frequency transformer. Thus, the coupled inductor provides a
path for direct power transfer (DPT) to the secondary side of
the transformer. The DPT results in a reduction in the amount
of current flowing through the primary side power switches
and magnetics, and reduces the conduction losses. Moreover,
this circuit allows for shaping the input current to reduce its
peak values. This further decreases the conduction losses. In
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FIGURE 2. Key waveforms of the proposed converter for the bidirectional power flow: (a) HV2LV, (b) LV2HV.

summary, the proposed circuit can effectively reduce the over-
all conduction losses of the converter, in addition to utilizing
the inherent soft-switching in a wide range of operations.

The proposed converter provides bidirectional power flow:
the high voltage to low voltage (HV2LV) power flow and the
low voltage to high voltage (LV2HV) power flow. Fig. 2(a)
and (b) respectively show the key waveforms for the HV2LV
and LV2HV. According to this figure, the current waveforms
of the coupled inductor and the series inductor are piece-
wise linear with different slopes during each interval. For the
coupled inductor, the current slopes are given by:

diL1

dt
= L2

L2
t
vL1 − M

L2
t
vL2

diL2

dt
= − M

L2
t
vL1 + L1

L2
t
vL2 (1)

where Lt =
√

L1L2 − M2.
In the following subsection, different modes of operation

will be described for the HV2LV power flow.

A. HV2LV POWER FLOW
Fig. 3 shows the equivalent circuits for each interval of
HV2LV. It is assumed that the power switches S1, S3 and S6

are ON before the interval 1.
Interval 1 [t0, t1]: At the beginning of this interval, S1 turns

OFF at t0. The voltage across the capacitor CS1, and across
S1 is zero. Thus, the switch turns OFF under zero voltage
(ZVS). In this interval, iLs is positive and charges CS1 and
discharges CS2 such that the voltage across S1 increases to the
bus voltage, while the voltage across S2 decreases to zero.
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FIGURE 3. Equivalent circuits of each interval for the HV2LV mode of operation in the proposed converter: (a) interval 1, (b) interval 2, (c) interval 3,
(d) interval 4, (e) interval 5, (f) interval 6, (g) interval 7, and (h) interval 8.

Interval 2 [t1, t2]: At t1, the anti-parallel diode of switch
S2 is conducting while the switch S2 turns ON; hence, the
switching occurs under ZVS condition. In this interval, vinv =
−Vdc/2 and vL1 = Vin. Since S3 and S6 are ON, the voltage
across the secondary side of the transformer is vsec = Vo, and
consequently, the voltage across the series inductor can be
calculated as vLs = vinv − nvsec. In this interval, the voltage
across the L2 is vL2 = −Vo, and the slope of iL1 and iL2 can
be calculated from (1). Moreover, the current it is the sum of
n × iLs and iL2, which both decrease in this interval; hence, it
decreases as well.

Interval 3 [t2, t3]: This interval starts with a change in the
status of the secondary side switches, and the pair S3 and S6

turn OFF. At t2, the voltage across CS3 and CS6 are zero, and
the switches S3 and S6 turn OFF under ZVS condition. In this
interval, it is negative and charges the capacitors CS3 and CS6,
and discharges the capacitors CS4 and CS5 such that the voltage
across S3 and S6 increases to the output voltage, while the
voltage across S4 and S5 decreases to zero.

Interval 4 [t3, t4]: At t3, the voltage across the switches
S4 and S5 are zero because their anti-parallel diodes are
conducting; hence both of the switches turn ON under ZVS
condition. In this interval, vsec = −Vo and vL2 = Vo, and in the

primary side of the transformer, vinv = −Vdc/2 and vL1 = Vin.
Consequently, the slopes of currents iL1 and iL2 can be calcu-
lated from (1).

Interval 5 [t4, t5]: At t4, switch S2 turns OFF while the
voltage across the snubber capacitor CS2 is zero, so the switch
turns OFF under ZVS condition. In this interval, both of the
switches S1 and S2 are OFF, and the negative iLs charges CS2

to the bus voltage, and discharges CS1 to zero.
Interval 6 [t5, t6]: At the beginning of this interval, switch

S1 turns ON while its anti-parallel diode is conducting. Thus,
the switching happens under the ZVS condition. In this inter-
val, vinv = Vdc/2 and vL1 = −(Vdc − Vin), and consequently,
the current slopes of the series and coupled inductors can be
calculated from (1). Since iL2 and iLs both increase in this
interval, it increases as well.

Interval 7 [t6, t7]: At t6, switches S4 and S5 turn OFF while
the voltage across the snubber capacitors CS4 and CS5 are zero.
Thus, the switching happens under ZVS condition. Since all
of the switches are OFF during this interval, the positive it
charges CS4 and CS5, and discharges CS3 and CS6. This will
continue until the voltage across S3 and S6 gets to zero.

Interval 8 [t7, t8]: At the beginning of this mode, the
anti-parallel diodes of the switches S3 and S6 are conducting,
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FIGURE 4. Circuit diagram in steady-state.

while the switches S3 and S6 turn ON. Thus, the switching
happens under ZVS condition. During this interval, vsec = Vo

and vL2 = −Vo, and the voltages vinv and vL1 do not change.
Using (1), the current slopes for the coupled inductors and
series inductor can be calculated. Both of the currents iLs and
iL2 are ascending, so the current it is also ascending. Modes
of operation for the LV2HV power direction are discussed in
Appendix A.

III. STEADY-STATE ANALYSIS
In this section, the mathematical analysis is performed for the
proposed converter during the steady-state operation.

A. HV2LV POWER FLOW
Fig. 4 shows the simplified circuit of the proposed converter
in the steady state. In this figure, the half-bridge inverter in the
primary side of the transformer is modeled with a square-wave
voltage source with an alternating value between Vdc/2 and
−Vdc/2 (50% duty cycle is assumed). Also, the voltage of
the rectifier in the secondary side of the transformer (vsec)
is modeled as a square-wave voltage source with alternating
values between Vo and −Vo (50% duty cycle). The primary
side of the transformer is modeled as a voltage-controlled
voltage source since it is dependent on vsec.

The DPT is characterized by calculating the power trans-
ferred through the primary side power switches and the
high-frequency transformer, Ptr , and the power transferred
through the coupled inductor, PDPT . Ptr is calculated based
on iLs and PDPT is calculated based on iL2.

According to Fig. 2(a), and by neglecting intervals 1, 3, 5,
and 7, iLs can be calculated as follows (t0 = 0).

iLs,1(t ) = −Vdc + 2nVo

2Ls
t + I0 t ∈ [0, tφ

]
(2)

iLs,2(t ) = −Vdc − 2nVo

2Ls
(t − tφ ) + I1 t ∈

[
tφ,

Ts

2

]
(3)

iLs,3(t ) = Vdc + 2nVo

2Ls

(
t − Ts

2

)
+ I2 t ∈

[
Ts

2
,

Ts

2
+ tφ

]
(4)

iLs,4(t ) = Vdc − 2nVo

2Ls

(
t − Ts

2
− tφ

)
+ I3 t ∈

[
Ts

2
+ tφ, Ts

]
(5)

The constant values I1, I2, and I3 can be specified based
on the I0 by evaluating (2), (3), and (4) at tφ , Ts/2, and
Ts/2 + tφ , respectively. In order to calculate Ptr , the integral of
instantaneous power vinv.iLs should be taken over one switch-
ing cycle. Using (2)–(5), the averaged transformer power Ptr

is given by:

Ptr = VdcnVo

2Ls fs
φ (1 − 2φ) (6)

where φ = tφ/Ts. Equation (6) is proportional to φ. The max-
imum amount of Ptr would be achieved when φ = 0.25. Also,
it can be seen that Ptr is inversely proportional to the switching
frequency, and by increasing the switching frequency, the Ptr

would be reduced.
In the next step, we are going to calculate the direct power

transfer portion of the whole power PDPT , and to do that, iL2

should be calculated first. According to Fig. 2(a), iL2 can be
formulated as follows:

iL2,1(t ) = −MVin + L1Vo

L2
t

t + I20 t ∈ [0, tφ
]

(7)

iL2,2(t ) = −MVin + L1Vo

L2
t

(t − tφ ) + I21 t ∈
[

tφ,
Ts

2

]
(8)

iL2,3(t ) = M(Vdc − Vin) + L1Vo

L2
t

(
t − Ts

2

)
+ I22

t ∈
[

Ts

2
,

Ts

2
+ tφ

]
(9)

iL2,4(t ) = M(Vdc − Vin) − L1Vo

L2
t

(
t − Ts

2
− tφ

)
+ I23

t ∈
[

Ts

2
+ tφ, Ts

]
(10)

The constant values I21, I22, and I23 can be calculated based
on I20 by solving (7)–(9) at the end of their intervals. The
instantaneous PDPT passing through the coupled inductors is
equal to PDPT (t ) = −vL2.iL2, and its average value can be
achieved by taking an integral over one switching cycle using
(7)–(10).

PDPT = MVo

L2
t fs

[
Vin (φ − 0.25) + Vdc

(
1

8
− φ2

)]
(11)

Equation (11) shows that PDPT is inversely proportional
to the switching frequency, and by increasing the switching
frequency, the amount of power directly transferred to the
output will be reduced. Assuming the loss is negligible, the
total amount of power transferred to the output is equal to
Po = Ptr + PDPT .

In the next step, the averaged input current Iin is needed.
Based on Fig. 2(a), iL1 can be formulated as:

iL1,1(t ) = L2Vin + MVo

L2
t

t + I10 t ∈ [0, tφ
]

(12)

iL1,2(t ) = L2Vin − MVo

L2
t

(t − tφ ) + I11 t ∈
[

tφ,
Ts

2

]
(13)
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iL1,3(t ) = −L2(Vdc − Vin) + MVo

L2
t

(
t − Ts

2

)
+ I12

t ∈
[

Ts

2
,

Ts

2
+ tφ

]
(14)

iL1,4(t ) = −L2(Vdc − Vin) + MVo

L2
t

(
t − Ts

2
− tφ

)
+ I13

t ∈
[

Ts

2
+ tφ, Ts

]
(15)

The constant values I11, I12, and I13 can be calculated based
on I10 by evaluating (12)–(14) at the end of their intervals.
Finally, the averaged input current is as follows:

Iin = MVo

L2
t fs

(φ − 0.25) − Vdc − 4Vin

8L2
t fs

L2 (16)

The average input current is inversely proportional to the
switching frequency, so the average input current decreases by
increasing the switching frequency. The steady-state analysis
for LV2HV mode is discussed in Appendix B.

IV. DESIGN CONSIDERATION
In this section, the design procedure for the proposed con-
verter is described in both HV2LV and LV2HV power flow
directions. The design method is based on the equations pre-
sented in the previous section. Our desire is to achieve the
maximum PDPT for a given power rating, and have lower peak
and higher RMS values for a constant average input current.

For coupled inductors, the mutual inductance is M =
k
√

L1L2, where k is the coupling coefficient. The amplitude of
k directly affects the amplitude of L1,L2, and M. While k goes
toward unity, the amplitude of coupled inductance increases.
The range 0.9 < k < 0.95 is quite suitable for the coupling
coefficient, where the coupled inductances are small, and at
the same time, the implementation of coupled inductors is not
complicated; hence, we choose k = 0.95 for the design.

According to Fig. 2(a), the input current waveform can have
lower peaks and higher RMS values if it is more like a square
wave rather than a triangular wave. This would be achieved
by decreasing m12 as positive and close to zero as possible.

m12 = L2Vin − MVo

L2
t

> 0 ⇒ x <
Vin

Vo
(17)

where x = M/L2. For the input/output characteristics men-
tioned in Table 1, the proper value for x would be lower than
8.3, and the more the amplitude of x, the lower the input
current peaks. Thus, x can be considered as x = 7.

Since the duty cycle in the primary side of the transformer
is 50%, the gain of the primary half bridge is 2 and we
have Vdc = 2Vin. However, by changing the duty cycle of
the switches, different values for Vdc can be achieved which
directly affects the power (6) and (11).

In order to find the maximum amount of transmitted power
through the DPT path for a given output power, a new param-
eter called normalized direct power transfer, PDPT,n, can be
derived as:

PDPT,n = PDPT

Po

TABLE 1. Simulation Parameters for the Proposed Converter

FIGURE 5. The normalized direct power transfer curve with respect to φ

for different values of x parameter.

= xVo

Vin

Vin (φ − 0.25) + Vdc

(
1
8 − n2

φ

)
xVo (φ − 0.25) + 1

2Vin − 1
8Vdc

(18)

Fig. 5 shows the PDPT,n curve respect to φ for different values
of parameter x = M/L2. The maximum amount of PDPT,n can
be achieved by adjusting the φ based on the parameter x. The
maximum possible amount of PDPT,n is 0.545 at φ = 0.12
for the x = 7. It means that 54.5% of the whole power can
be transferred to the output through the DPT path. Thus, the
designed value for φ is selected as 0.12.

In the next step, inductor L2 can be formulated by doing
some manipulations on (16) as:

L2 = k2

Iin fsx2
(
1 − k2

)
×
(

xVo (φ − 0.25) + 1

2
Vin − 1

8
Vdc

)
(19)

where Iin ≈ Pout/Vin. By substituting all the known param-
eters into the (19), the designed value for the inductor
L2 is L2 = 14.2μH. Using the definition of x, the mutual
inductance will be calculated as M = 99.3μH. Again, by
doing some manipulations on (16), we have:

L2

L2
t

= Iin fs

xVo (φ − 0.25) + 1
2Vin − 1

8Vdc
(20)

Using (20), the inductor L1 is designed as L1 = 770μH.
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FIGURE 6. Variation of power with respect to changes in the switching
frequency.

The RMS value of the series inductor current, iLs, can be
increased by decreasing the voltage difference on the two
sides of the series inductor. This would result in n = 8.

Finlay, the ratio Ls/n can be calculated using (6) as:
Ls

n
= VdcVo

2 fsPo
(
1 − PDPT,n

)φ(1 − 2φ) (21)

Using the designed value of n, Ls can be calculated as Ls =
102μH. Design considerations for the LV2HV mode are dis-
cussed in Appendix C.

Equations (6) and (11) show that power is inversely propor-
tional to the switching frequency in both Ptr and PDPT . Using
the designed parameters in Table 1 and evaluating the Ptr and
PDPT in a range of frequencies, the distribution of power for
the switching frequency can be illustrated in Fig. 6. As Fig. 6
shows, the output power can be higher in lower frequencies.
Thus, the switching frequency can be designed properly to
have maximum efficiency.

A. ZVS REGION
The proposed converter has an inherent soft-switching advan-
tage. To identify the ZVS region of the proposed converter
under variations in the converter gain, it is essential to ensure
that the inductive energy stored in the inductors exceeds the
capacitive energy stored in the Coss of the switches at the time
of switching. Due to the non-symmetric current waveforms
within the primary half-bridge, there is an elevated risk of
ZVS loss for the lower switch S2. To verify the ZVS condition,
the current flowing through S1 and S2 should charge CS1 and
discharge CS2 at time t0, i.e., I0 − I10 > 0. The expression for
I0 is given by:

I0 = Vdc − 2nVo

4Ls
· Ts

2
+ nVo

Ls
· tφ (22)

Similarly, for the coupled inductor current I10, the expression
is:

I10 = Ptr + PDPT

Vin
− Iin (23)

Here, Ptr , PDPT , and Iin are defined in (6), (11), and (16),
respectively. Fig. 7 illustrates the ZVS range under differ-
ent operating conditions. For the unity gain in the converter,
ZVS is guaranteed. However, for the gains exceeding unity,
the ZVS range becomes smaller at lower phase shifts. This

FIGURE 7. ZVS region of the proposed converter.

implies that under light-load conditions, ZVS for switch
S2 might be compromised. Additionally, for gains below
unity, ZVS for the LV side switches will be lost with small
phase shifts.

V. AC MODEL OF THE PROPOSED CONVERTER
To investigate the dynamic behavior of the proposed con-
verter, it is essential to establish the AC model of the system.
One approach involves using the average model and determin-
ing the small signal model by introducing a perturbation in the
control variable. However, as indicated by the analysis in [46],
this method may lack accuracy. Alternatively, another method
is to derive the discrete-time model of the system through a set
of state space equations and determine the transfer function as
presented in [47] for the DAB converter. In this section, the
same approach is employed to find the transfer function of the
proposed converter.

A. DYNAMICAL EQUATIONS OF THE PROPOSED
CONVERTER
Fig. 2 illustrates the voltage and current waveforms of the
proposed converter. By excluding the converter’s behavior
during the deadtime intervals (1), (3), (5), and (7), the sys-
tem’s operation becomes piecewise linear. Consequently, the
dynamical equations of the inductors and capacitors can be
calculated. For the series inductor, the rate of change of the
current is proportional to the voltage across the inductor and
is given by:

diLs

dt
=

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

1
Ls

(−vC2 − n.vCo ) t ∈ Tn1

1
Ls

(−vC2 + n.vCo

)
t ∈ Tn2

1
Ls

(
vC1 + n.vCo

)
t ∈ Tn3

1
Ls

(
vC1 − n.vCo

)
t ∈ Tn4

(24)

where: ⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

Tn1 = ∀ t ∈ [0, φTs]

Tn2 = ∀ t ∈ [φTs, 0.5Ts]

Tn3 = ∀ t ∈ [0.5Ts, (0.5 + φ)Ts]

Tn4 = ∀ t ∈ [(0.5 + φ)Ts, Ts]
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For the coupled inductor L1, the rate of change of current
can be calculated from (1) and is given by:

diL1

dt
=

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

L2
L2

t
Vin + M

L2
t
vCo t ∈ Tn1

L2
L2

t
Vin − M

L2
t
vCo t ∈ Tn2

L2
L2

t

(
Vin − vC1 − vC2

)− M
L2

t
vCo t ∈ Tn3

L2
L2

t

(
Vin − vC1 − vC2

)+ M
L2

t
vCo t ∈ Tn4

(25)

The rate of change of current for the coupled inductor L2 is
given by:

diL2

dt
=

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

− M
L2

t
Vin − L1

L2
t
vCo t ∈ Tn1

− M
L2

t
Vin + L1

L2
t
vCo t ∈ Tn2

− M
L2

t
(Vin − vC1 − vC2 ) + L1

L2
t
vCo t ∈ Tn3

− M
L2

t
(Vin − vC1 − vC2 ) − L1

L2
t
vCo t ∈ Tn4

(26)

The rate of change of capacitor voltages in the HV side half-
bridge are as follows:

dvC1

dt
=
⎧⎨
⎩

0 t ∈ [Tn1,Tn2]

1
C1

(iL1 − iLs ) t ∈ [Tn3,Tn4]
(27)

dvC2

dt
=
⎧⎨
⎩

1
C2

iLs t ∈ [Tn1,Tn2]

1
C2

iL1 t ∈ [Tn3,Tn4]
(28)

Finally, we assume the presence of capacitors on both the
input and output sides of the converter. Specifically, we con-
sider the input capacitor to be large, so the dynamic behavior
of the input capacitor is much slower than that of the output
capacitor. In this context, we can treat the input voltage as the
input of the system, and the output voltage as one of the state
variables. Thus, the rate of change of voltage for the output
capacitor is given by:

dvCo

dt
=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

1
Co

(
iL2 + n.iLs − 1

RL
vCo

)
t ∈ Tn1

1
Co

(
−iL2 − n.iLs − 1

RL
vCo

)
t ∈ Tn2

1
Co

(
−iL2 − n.iLs − 1

RL
vCo

)
t ∈ Tn3

1
Co

(
iL2 + n.iLs − 1

RL
vCo

)
t ∈ Tn4

(29)

B. STATE SPACE MODEL OF THE SYSTEMS
As discussed in the previous section, the proposed converter
has six independent energy storage elements, so the number of
state variables in the system is six, and the state space vector
can be defined as follows:

X =
[
iLs , iL1 , iL2 , vC1 , vC2 , vCo

]T
(30)

so, the state space model of the systems can be written for
each interval as follows:

Ẋ = Ai ∗ X + Bi ∗ Vin (31)

where i = 1, 2, 3, 4. Using (24)–(30), the state space model is
given by:

A1 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 0 − 1
Ls

− n
Ls

0 0 0 0 0 M
L2

t

0 0 0 0 0 − L1
L2

t

0 0 0 0 0 0
1

C2
0 0 0 0 0

n
Co

0 1
Co

0 0 − 1
Co.R

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

A2 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 0 − 1
Ls

n
Ls

0 0 0 0 0 − M
L2

t

0 0 0 0 0 L1
L2

t

0 0 0 0 0 0
1

C2
0 0 0 0 0

− n
Co

0 − 1
Co

0 0 − 1
Co.R

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

A3 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 1
Ls

0 n
Ls

0 0 0 − L2
L2

t
− L2

L2
t

− M
L2

t

0 0 0 M
L2

t

M
L2

t

L1
L2

t

− 1
C1

1
C1

0 0 0 0

0 1
C2

0 0 0 0

− n
Co

0 − 1
Co

0 0 − 1
Co.R

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

A4 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 1
Ls

0 − n
Ls

0 0 0 − L2
L2

t
− L2

L2
t

M
L2

t

0 0 0 M
L2

t

M
L2

t
− L1

L2
t

− 1
C1

1
C1

0 0 0 0

0 1
C2

0 0 0 0
n

Co
0 1

Co
0 0 − 1

Co.R

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

B1 = B2 = B3 = B4 =
[
0, L2

L2
t
,− M

L2
t
, 0, 0, 0

]T

The discrete-time model is derived through a periodic sam-
pling of the continuous-time dynamics’ state variables, and
can be calculated as depicted in Fig. 8.

Xn1 = f1 (Xn, φ) = eA1.tn1 Xn + ψ1Vin

Xn2 = f2 (Xn1, φ) = eA2.tn2 Xn1 + ψ2Vin

Xn3 = f3 (Xn2, φ) = eA3.tn3 Xn2 + ψ3Vin

Xn+1 = f4 (Xn3, φ) = eA4.tn4 Xn3 + ψ4Vin (32)

where for i = 1, 2, 3, 4 we have:

ψi =
∫ tni

0
eAit Bidt = A−1

i .
(
eAitni − I

)
.Bi (33)

and tn1 = tn3 = φTs, tn2 = tn4 = ( 1
2 − φ)Ts. Finally, the

discrete-time model of the converter in one switching cycle
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FIGURE 8. Discrete-time model of the proposed converter.

FIGURE 9. Pole Zero map of the discrete-time open-loop transfer function of the system: (a) Zoom out (b) Zoom in.

is:

Xn+1 = f4 ( f3 ( f2 ( f1 (Xn, φ))))

= eA4tn4
{
eA3tn3

[
eA2tn2

(
eA1tn1 Xn + ψ1Vin

)
+ψ2Vin] + ψ3Vin} + ψ4Vin

= F (φ)Xn + G(φ)Vin (34)

where we have:

F (φ) = eA4tn4 .eA3tn3 .eA2tn2 .eA1tn1

G(φ) = eA4tn4 .eA3tn3 .eA2tn2 .ψ1 + eA4tn4 .eA3tn3 .ψ2

+ eA4tn4 .ψ3 + ψ4 (35)

In the proposed converter, matrices A1 and A2 are rank
deficient, and they do not have an inverse. In this scenario,
we cannot use the closed-form equation (33) to calculate ψ1

and ψ2, and we should use the Taylor series expansion of eA.t

as follows:

A−1
i .

(
eAi.t − I

) = A−1
i

( ∞∑
k=0

1

k!
Ak

i .t
k − I

)

= A−1
i

( ∞∑
k=1

1

k!
Ak

i .t
k

)
=

∞∑
k=0

1

(k + 1)!
Ak

i .t
(k+1) (36)

Using (34)–(36), and by considering the parameters of the
systems presented in Table 1, we can find the state space
equations of the system. However, the closed-form state space
equation is complex to calculate and it should be solved nu-
merically in MATLAB software. By defining output voltage
Vo as the output of the systems, the open loop transfer function
of the output voltage Vo over the control variable φ can be
calculated. Fig. 9 shows the pole-zero map of the system. The
proposed converter is stable since all the poles of the discrete-
time system are inside the unit circle, and by designing a
proper controller, we can change the location of these poles
and zeros to get the desired dynamic response.

VI. SIMULATION RESULTS
In this section, we present the simulation results for the pro-
posed converter, conducted using the PSIM software. The
simulation parameters utilized are documented in Table 1.
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FIGURE 10. Simulation results for HV2LV power direction. (a) Waveforms of vDS1, iDS1, vDS2, iDS2. (b) Waveforms of vDS3, iDS3, vDS4, iDS4. (c) Waveforms of
iL1, iLs, iL2, it . (d) Waveforms of vinv , vpri , iLs. (e) Waveforms of vL1, iL1, vL2, iL2. (f) Waveforms of vinv , vLV,Bridge , iLs, iL2, it .

Fig. 10(a) displays the voltage and current waveforms of
S1 and S2 for the HV2LV mode of operation. It can be ob-
served that when S1 turns ON, the current flowing into the
switch is negative. During the dead time, this negative current
discharges the snubber capacitor across the switch, resulting
in switching under the ZVS condition. The behavior of S2 is
similar, with switching also occurring under ZVS. However,
since the current is not symmetric for both switches in the
half-bridge, the current for switch S2 needs to be sufficiently
high to achieve full ZVS. Fig. 10(b) illustrates the voltage
and current waveforms of S3 and S4 for the HV2LV mode of
operation. The negative current during turn ON enables ZVS
during the switching process.

Fig. 10(c) presents the current distribution between the DPT
path and the HV bridge. It is evident that the current it is
divided between iL2 and iLs, indicating that the DPT path
transfers a portion of the power to the output, reducing the
amount of current flowing through the primary side power
switches and thus decreasing conduction losses. Fig. 10(d)
showcases the voltage across the series inductor and its cur-
rent. A smaller difference between vinv and vpri results in a
more square waveform for iLs. Fig. 10(e) illustrates the voltage
and currents on both sides of the coupled inductor. Lastly,
Fig. 10(f) depicts the bridge voltages and currents simulta-
neously.

To evaluate the performance of the proposed converter in
the LV2HV power direction, another set of simulation results
is presented in Fig. 11. Similar to the HV2LV mode, the top
and bottom switches in the half-bridge exhibit non-symmetric

behavior. However, in the LV2HV mode, the switch current
during turn ON is negative, resulting in ZVS at turn ON, as
depicted in Fig. 11(a). Fig. 11(b) illustrates the voltage and
current waveforms of the LV side bridge, where the current
is again negative during switching, leading to ZVS at the turn
ON.

Fig. 11(c) demonstrates the power distribution between
the DPT path and the half-bridge. The slope of the current
waveforms differs compared to the HV2LV mode. Fig. 11(d)
displays the voltage across the series inductor and the current
slopes relative to the voltage. Fig. 11(e) depicts the voltage
and current waveforms of the primary and secondary sides of
the coupled inductor. Finally, Fig. 11(f) illustrates the current
distribution relative to the bridge voltages in the primary and
secondary sides of the converter.

To compare the bidirectional DAB converter, IFB converter,
and the proposed converter, we summarize various aspects of
these topologies in Table 2. One significant advantage of the
proposed topology over DAB and IFB is the reduced number
of switches on the HV side for the same power rating. This
significantly reduces the semiconductor losses on the HV side.
Additionally, the lower RMS current passing through the se-
ries inductor and high-frequency transformer leads to reduced
conduction losses in these magnetic components. Further-
more, the lower current through the HV switches also results
in decreased conduction losses. These advantages collectively
contribute to lower overall conduction losses in the proposed
topology, resulting in higher efficiency, particularly when
combined with the inherent ZVS capability of the switches.
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FIGURE 11. Simulation results for LV2HV power direction. (a) Waveforms of vDS1, iDS1, vDS2, iDS2. (b) Waveforms of vDS3, iDS3, vDS4, iDS4. (c) Waveforms of
iL1, iLs, iL2, it . (d) Waveforms of vinv , vpri , iLs. (e) Waveforms of vL1, iL1, vL2, iL2. (f) Waveforms of vinv , vLV,Bridge , iLs, iL2, it .

TABLE 2. Comparison of Bidirectional DAB, IFBDC, and Proposed Topology

VII. EXPERIMENTAL RESULTS
To validate the performance of the proposed circuit, an ex-
perimental setup was designed to demonstrate its feasibility.
Fig. 12 illustrates the prototype utilized in this experiment,
and Fig. 13 shows the block diagram of the control algorithm
used in this prototype. As an industrial product, the setup is
specifically designed for a high power range of 3 kW. To
achieve feasibility, two identical proposed converters are re-
quired to operate in an interleaved mode, with each converter
capable of providing 1.5 kW. However, for the purpose of this
paper and to focus on proving the feasibility of the proposed
converter, only one converter is employed. The interleaved
mode, as well as the details regarding the controller and
switching operation in that mode, are not discussed in this
paper. Based on the reported dimensions of the prototype in
Fig. 12, the power density of the prototype is 43.4 W/in3.

TABLE 3. Main Components Used in the Prototype

Table 3 presents the major components employed in the
prototype. In the primary side of the proposed converter,
1200 V SiC MOSFETs were utilized due to the maximum
DC bus voltage reaching 800 V, without considering voltage
spikes at the switching frequency. Given the non-symmetric
behavior of the HV side switches, the lower switch in the HV
half bridge experiences a higher current stress compared to
the top switch. To lower the conduction losses on the switch
S2, two SiC MOSFETs are paralleled. The selected switches
and gate drivers for the HV side are IMW120R140M1 and
IR2213SPBF, respectively.
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FIGURE 12. Image of the implemented prototype.

FIGURE 13. Block diagram of the implemented experimental setup.

For enhanced performance on the low voltage side, GaN
HEMTs were employed. GaN HEMTs offer advantages such
as lower conduction loss, switching loss, zero reverse recovery
loss, lower parasitics, and ultimately improved overall perfor-
mance. Considering the high current range on the LV side
and to reduce the conduction losses on the switches, a par-
allel configuration of two GaN HEMTs was adopted for each
switch in the LV bridge. The selected switches are GS61008P
from GaN Systems Inc. with the Vds = 100 V, Ids = 90 A.
The selected gate driver for driving these GaN switches is one
SI8273AB-IS1 for each pair of parallel switches.

The winded coupled inductor, with a coupling coefficient of
k = 98%, consists of 4 turns of 4 paralleled AWG 14 litz wire

for the high current side and 32 turns of AWG 14 litz wire
for the low current side. The selected cores are uncoated N87
Ferrite core ETD54 from TDK manufacturer which is capable
of working up to 500 kHz switching frequency.

As a bidirectional converter, the circuit performance was
initially tested in the HV2LV mode. Fig. 14 illustrates the
waveform of the proposed converter operating in the HV2LV
mode, with input voltage Vin = 300 V, output voltage Vout =
32 V, and power P = 1.1 kW. The ratio of transferred power
from the DPT path to the total output power is 87.1%. This in-
dicates that 87.1% of the total power is transferred through the
coupled inductor. Consequently, the current flowing through
the HV switches and the high-frequency transformer is rel-
atively low, as evidenced by the value of iLs. As a result,
the conduction losses in the HV switches are expected to be
minimal, thereby eliminating the need for large heat sinks for
cooling purposes.

To verify the ZVS of the switches during the turn-on phase,
the VDS and VGS characteristics of the switches are illustrated
and magnified in Fig. 15. During the switching process, the
VDS of all the switches initially decreases to zero, and then the
VGS rises up to activate the switches. Consequently, ZVS is
attainable for all the switches.

To assess the performance of the proposed converter in the
LV2HV power direction, an additional set of experimental
tests was conducted. Fig. 16 depicts the waveform of the
proposed converter operating in the LV2HV mode, with an
output voltage of Vout = 20 V, input voltage of Vin = 200 V,
and power of P = 700 W. The ratio of transferred power from
the DPT path to the total power is 87%, indicating that con-
duction losses in the HV switches are expected to be minimal.
Notably, the slope of the current waveforms in this mode
differs from that of the HV2LV mode, aligning with both
the theoretical waveforms shown in Fig. 2 and the simulated
waveforms illustrated in Fig. 11.

Fig. 17 demonstrates the efficiency of the proposed pro-
totype over a load range of 20% to 100%, considering
the operation with and without the DPT path. For the
operation with the DPT path, the efficiency is lower at
lower power ratings compared to higher power ratings. The
maximum achieved efficiency is 97.25% for HV2LV and 97%
for LV2HV directions at 74% of the full load, gradually de-
creasing with increasing power thereafter. For the operation
without the DPT path, the efficiency is lower under light
load conditions due to the loss of ZVS, and it gradually
improves up to 50% of the full load. However, efficiency
declines beyond this point due to increased conduction loss.
Notably, the gap between the two efficiency curves widens as
power increases. This behavior is attributed to the high current
flow through the DPT path at higher power ratings, leading
to significantly reduced RMS current at the HV switches.
In contrast, for the operation without the DPT path, all the
current must pass through the HV switches, resulting in higher
conduction losses and reduced overall efficiency.

Fig. 18 illustrates the converter efficiency at full load for
different input voltages. The range of efficiency variation for
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FIGURE 14. Experimental waveforms for HV2LV power direction at Vin = 300 V, Pout = 1.1 kW. (a) Bridge voltages and currents. (b) Currents.
(c) Drain-Source voltages of HV switches, currents. (d) Drain-Source voltages of LV switches, currents. (e) Voltage and current of L1. (f) Voltage and current
of L2.

FIGURE 15. VDS and VGS of different switches and the magnified waveforms. (a) S1. (b) S2. (c) S3.

the converter with DPT is notably lower than that for the
converter without the DPT path. This discrepancy is attributed
to the current sharing feature of the DPT. In the absence of the
DPT, the current waveforms exhibit more triangular shapes
with higher peaks, leading to increased conduction loss and
reduced efficiency. However, with the DPT path, a significant
portion of the current flows to the rectifier side from the cou-
pled inductor. Consequently, the current in the high-voltage
switches is smaller, resulting in reduced variation in conduc-
tion losses and a more stable efficiency.

Although it was expected to have higher efficiency in the
prototype, the conduction losses on the GaN switches turned
out to be higher than anticipated due to thermal issues. The
prototype utilizes GS61008P GaN switches, which are pack-
aged in compact bottom-cooled packaging called GaNPacks.
This packaging posed challenges in achieving proper cooling,
resulting in an increase in the channel resistance (Rds,on) and
consequently, lower efficiency.

Fig. 19 illustrates the RMS current of the HV side switches
S1 and S2 for different loads. As depicted in the figure, the
RMS current for both switches is lower in the converter with
DPT compared to the converter without DPT. Additionally,
the current in the HV bridge is asymmetric, with switch S2 ex-
periencing higher current than S1, resulting in increased losses
and temperature for S2. To address this issue, in the designed
prototype, two switches are placed in parallel for S2 to reduce
the current and losses in each, achieving a balance in the losses
of HV side switches and enhancing the product’s lifetime.

Fig. 20 illustrates the distribution of the PDPT,n over the
range of the normalized output power. This parameter is
calculated based on the ratio of the RMS value of current
waveforms iL2 (blue) and it (red) in Fig. 14. The variation of
PDPT,n across the power range is approximately 86–87%, as
depicted in this figure. At lower power ratings, this parameter
is slightly smaller, but it gradually increases with increas-
ing power, reaching a maximum of 87.2%, after which it

244 VOLUME 5, 2024



FIGURE 16. Experimental waveforms for LV2HV power direction at Vout = 20 V, Pout = 700 W. (a) Bridge voltages and currents. (b) Currents. (c) Drain-Source
voltages of HV switches, currents. (d) Drain-Source voltages of LV switches, currents. (e) Voltage and current of L1. (f) Voltage and current of L2.

FIGURE 17. Efficiency for normalized output power at
Vin = 400 V,Vo = 48 V.

FIGURE 18. Efficiency for input voltage variation at full load and Vo = 48 V.

decreases for higher power levels. Moreover, the ability to ad-
just the DPT ratio contributes to lower conduction losses and
improved efficiency. However, it is essential to strike a balance
between reducing conduction losses by increasing the DPT

FIGURE 19. Variation of rms current of HV switches for normalized output
power.

FIGURE 20. Distribution of power in different paths (PDPT and Ptr , left axis)
and the ratio PDPT,n (right axis) with respect to normalized output power.

ratio and potentially lowering power density by decreasing the
DPT ratio, which corresponds to a smaller coupled inductor.
Finding the optimal DPT ratio involves considering trade-offs
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FIGURE 21. Distribution of losses for different components at
PDPT,n = 54%. (a) Full-load. (b) Half-load. (c) Light-load.

TABLE 4. Comparison of Bidirectional DC–DC Converters

between conduction losses and power density to achieve the
most efficient and compact design.

The analytical assessment of the converter losses under
various load conditions, full-load, half-load, and light-load is
presented in Fig. 21. Conduction losses are calculated based
on the RMS current flowing through each component. Ad-
ditionally, switching losses during turn-off are computed by
scaling the datasheet values to match the voltage and current
of each switch at different load conditions. Notably, since
this topology employs ZVS during turn-on, turn-on losses are
only calculated for light-load conditions, and for half-load and
full-load scenarios, these losses are negligible. The magnetic

FIGURE 22. Thermal images of the prototype at 200 V input voltage,
700 W power. (Top) HV switches. (Middle) LV switches. (Bottom) Magnetic
components.

losses include both core losses and copper losses in the con-
ductors. Core losses are estimated using datasheet values for
the cores. As depicted in the figure, at full-load, conduction
losses on the LV side dominate, while at light-load conditions,
the loss of ZVS results in higher switching losses on the
HV side.

Fig. 22 presents thermal images of the prototype operating
at Vin = 200 V and P = 700 W. As anticipated, the tempera-
tures of the HV switches remained below 30 ◦C, while the LV
switches exhibited temperatures around 57 ◦C. Additionally,
among all the magnetic components, the coupled inductor
exhibited a higher temperature due to its higher RMS cur-
rent, resulting in increased conduction losses. The Flyback
converter in Fig. 22(b) shows the temperature of the flyback
switch which is utilized for the signal supply.

Table 4 compares key features of bidirectional topologies
from the literature, including maximum reported efficiency,
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FIGURE 23. Equivalent circuits of each interval for the LV2HV mode of operation in the proposed converter: (a) interval 1, (b) interval 2, (c) interval 3,
(d) interval 4, (e) interval 5, (f) interval 6, (g) interval 7, and (h) interval 8.

the number of components, output power, and switching fre-
quency. The proposed converter exhibits promising character-
istics compared to other topologies. With fewer components,
higher efficiency (resulting in smaller heat sinks), and a higher
switching frequency, the advantages of the proposed topol-
ogy become evident in applications requiring higher power
density. Furthermore, the efficiency of the proposed converter
can be further improved by implementing different switching
techniques, such as double phase shift (DPS).

VIII. CONCLUSION
This paper presented a novel bidirectional DC–DC converter
that offers reduced conduction losses through a DPT path,
allowing power to flow directly to the secondary side of the
high-frequency transformer. The DPT power ratio can be ad-
justed through an optimal design of the circuit, leading to
improved overall efficiency. Furthermore, the input current is
shaped to have lower peak values, resulting in further reduc-
tions in conduction losses. The proposed topology benefits
from the inherent soft switching as well and can provide a
cost-effective solution for high-performance energy storage
systems.

APPENDIX
A. LV2HV MODES OF OPERATION
Fig. 2(b) shows the key waveforms of the proposed converter
for the LV2HV power flow. According to this figure, there
are eight switching intervals in each switching cycle. Fig. 23
illustrates the equivalent circuits for each interval.

B. LV2HV STEADY STATE ANALYSIS
The steady-state analysis for the LV2HV mode is similar to
the HV2LV mode. In this mode, the averaged Ptr is equal to:

Ptr = −VdcnVo

2Ls fs
φ (1 − 2φ) (37)

The negative sign in (37) shows the direction of power. Also,
(37) is inversely proportional to the switching frequency, and
has a maximum at φ = 0.25.

The averaged power transferred through the DPT can be
achieved as:

PDPT = MVo

L2
t fs

[
Vin (φ − 0.25) +Vdc

(
1

8
− φ + φ2

)]
(38)

Equation (38) shows that the PDPT is inversely proportional to
the switching frequency.
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Finally, the averaged input current Iin can be achieved as:

Iin = MVo

L2
t fs

(φ − 0.25) − Vdc − 4Vin

8L2
t fs

L2 (39)

Again, the averaged input current is inversely proportional to
the switching frequency.

C. LV2HV DESIGN CONSIDERATIONS
The normalized direct power transfer in the LV2HV mode is
as follows:

PDPT,n = PDPT

Po

= −xVo

Vin

Vin (φ − 0.25) + Vdc

(
1
8 − nφ + n2

φ

)
xVo (φ − 0.25) + 1

2Vin − 1
8Vdc

(40)

By plotting the PDPT,n we can find that it has a maximum of
0.545 at φ = 0.12.
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