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A Hybrid Modulation Strategy Providing Lower
Inductor Current for the DAB Converter With the

Aid of DC Blocking Capacitors
Peng Liu and Shanxu Duan , Senior Member, IEEE

Abstract—For the dual active bridge converter, the single phase
shift (SPS) modulation strategy is simple and effective for con-
trolling the transmission power. However, when the voltage varies
widely, it is hard to realize soft switching and the circulating power
increases dramatically, which results in the increased current stress
and reduced efficiency. Thus, a hybrid modulation strategy is pro-
posed in this article, whose main idea is to introduce a voltage
offset across the dc blocking capacitors in both sides, and the
converter can switch between different operating modes to lower
the inductor current according to different operating conditions.
Operational principle of the proposed modulation is introduced,
and the normalized root-mean-square values of the inductor cur-
rent in different working modes are derived mathematically, which
leads to the selection criterion among different operating modes.
The proposed scheme retains the simplicity of the conventional
SPS strategy and improves the efficiency over wide voltage range
and wide load range without complicating the topology structure.
Finally, the performance of the proposed modulation is verified by
the experimental results.

Index Terms—Dual active bridge (DAB), dc blocking capacitor,
hybrid modulation, inductor current reduction.

I. INTRODUCTION

THE dual-active-bridge (DAB) converter was originally
presented in [1], since then, the DAB converter and its

variants (three-phase DAB [2], current-fed DAB [3], three-level
DAB [4], [5], etc.) have been widely studied in the isolated
dc−dc conversion area [6], [7]. Lately, due to its advantages such
as galvanic isolation at high frequency and bidirectional power
flow, DAB has become a promising interface for solid-state
transformers [8], electric vehicles (EV) [9], medium-voltage
direct current [10], [11] grids, etc.

As for the modulation technique, the conventional strategy is
the single phase shift (SPS) modulation, which is known to be
simple and effective for controlling the amplitude and direction
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of the power delivered by the DAB converter. When a DAB
is connected to the battery of an uninterruptible power supply,
EV, or energy storage device, the input or output voltage of the
converter varies widely; therefore, a large amount of reactive
power will be generated and the zero-voltage switching (ZVS)
is hard to realize, which not only reduces the system efficiency
but also dramatically increases the current stress of the switches.

In order to improve the performance of the DAB converter
over wide voltage range and wide load range, one modulation
method extended from SPS is to lower the duty cycle of the full
bridge to below 50%. The resulting schemes are referred to as ex-
tended phase shift modulation [12], dual phase shift modulation
[13], and triple phase shift modulation [14], which can help the
DAB achieve lower current stresses [15] and an improved overall
efficiency [16]. However, because of more control degrees to
tune, the implementation of these advanced modulation strate-
gies usually adopts complex mathematical analysis tool [15],
which is significantly tougher than SPS. In contrast, SPS only
needs a PI or other regulator to generate a proper phase-shifted
angle from the output voltage or current error, depending on
the applications. A variable switching frequency modulation
technique was proposed in [17], which retains the simplicity of
SPS, but a variable switching frequency will increase complex-
ities associated with electromagnetic interference filter design.
Moreover, under light load conditions, the switching frequency
may also become extremely high to guarantee soft switching.

In order to retain the use of a fixed switching frequency
SPS strategy, some researchers have explored different topol-
ogy structures for efficiency improvement over wide voltage
range and wide load range. A reconfigurable stacked active
bridge converter was proposed in [18], which comprises a double
stacked bridge inverter coupled with a reconfigurable rectifier
through a three-winding transformer. The proposed converter
can work in the low-power mode that improves light-load ef-
ficiency by extending the ZVS range and reducing the core
loss. A similar structure was proposed for the resonant DAB
converter in [19], which introduces two additional switches
in the secondary side to switch the operation modes between
full-bridge and half-bridge, thus the converter can achieve high
efficiency throughout a wide range of operation voltage. An-
other reconfigurable three-level structure was proposed in [20],
which also switches operation modes between full-bridge and
half-bridge to reduce circulating current and reactive power for
efficiency enhancement.
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Fig. 1. DAB converter with dc blocking capacitors.

Although these reconfigurable converters can use the simple
SPS strategy for efficiency enhancement, the additional switches
increase the cost and complicate the topology structure. A simple
solution was proposed in [21] and [22], whose main idea is
to generate a voltage offset across the dc blocking capacitor,
which is placed in series with the isolation transformer, to match
the voltage ratio between the two ports. However, in the above
publications, the voltage offset in only introduced in the primary
side, so the improvement is limited, the converter cannot adapt
to wider voltage range and the light-load efficiency does not
improve significantly.

In order to improve the efficiency of the DAB, a modified
hybrid SPS modulation strategy is proposed to lower the inductor
current in this article. The main idea is to introduce a voltage
offset across the dc blocking capacitors in both sides, when the
voltage ratio varies widely or the transmission power is lower
than a certain level. Moreover, the converter can switch between
different working modes according to different operating condi-
tions. Then, by regulating only the phase shift angle between the
two full bridges, a lower inductor current can be achieved with-
out complicating its implementation. Although a similar idea
has been reported in [21] for widening the ZVS range, however,
the proposed method could introduce the voltage offsets in both
sides, so the converter can adapt to a wider voltage variation and
the light-load efficiency enhancement is obvious.

This article is organized as follows. In Section II, the op-
erational principle of four working modes with dc blocking
capacitors is introduced. In Section III, the normalized root-
mean-square (rms) values of the inductor currents in the four
working modes are derived mathematically, which is the foun-
dation of the proposed hybrid modulation. In Section IV, the
working mode selection criterion is determined based on the
map of inductor current rms value, and the simplified boundaries
between different operation modes are proposed for easy imple-
mentation. Section V presents the experimental results to verify
the performance of the proposed modulation strategy. Finally,
Section VI concludes the article and outlines the future work.

II. OPERATIONAL PRINCIPLE BY INTRODUCING

DC VOLTAGE OFFSET

A DAB converter consists of two full bridges assembled with
switches Q1–Q4, S1–S4, an isolation transformer with turns
ratio of n: 1, an inductor Lr, two dc blocking capacitors Cbp

and Cbs, and two dc bus capacitors Cin and Co, as shown in
Fig. 1. Besides, vab and vcd are pulsed voltages at the alternating
terminals of the two full bridges, vp and vs are primary and

secondary voltages of the transformer, and iL is the inductor
current. Among the components, Cbp and Cbs may not be
necessary with the conventional modulation strategies, if an
alternative strategy is adopted to prevent magnetic saturation
of the transformer [23]. However, for the proposed modulation
strategy, the dc blocking capacitors are necessary.

The conventional SPS scheme for the DAB converter is de-
noted in Fig. 2(a), where both full bridges are modulated to
generate two ac square voltages vab and vcd with 50% duty
cycle each. Since dc offsets of these square voltages are ideally
zero, corresponding dc voltage drops across Cbp and Cbs are
also zero. Phase angle between the square voltages can then be
regulated to control the power delivered by the converter. With
the conventional SPS strategy, the converter is easy to realize
ZVS and the reactive power is small when the reflected output
voltage nVo is close to the input voltage Vin. However, when the
voltage ratio nVo/Vin deviates from 1, the circulating power
increases dramatically, which leads to the increased current
stress and reduced efficiency.

When the voltage rationVo/Vin is smaller than 1, hard switch-
ing occurs in the secondary side and reactive power increases,
causing efficiency to drop. To rectify, a new modulation strategy
for addressing the voltage ratio close to 0.5 is proposed and
illustrated in Fig. 2(b), which shows that the gate signals of
the new strategy are noticed to be nearly similar to those of
conventional SPS. However, the new strategy keeps Q4 always
ON and Q3 always OFF, instead of pulsewidth modulating them,
namely the primary bridge turns into a voltage halver. Then
terminal b in Fig. 1 is thus clamped to the lower dc rail of the
input voltage full bridge and vab changes from a pure ac voltage
to one with a dc component, as shown in Fig. 2(b). Since the
duty cycle of vab is still 50%, the dc component in vab is simply
Vin/2.

When the voltage ratio nVo/Vin is larger than 1, hard switch-
ing occurs in the primary side and circulating current increases,
leading to a lower efficiency. To rectify, a new modulation
strategy for addressing the voltage ratio close to 2 is proposed
and illustrated in Fig. 2(c), where the gate signals of the new
scheme are similar to those of conventional SPS. However, the
new scheme keeps S4 always ON and S3 always OFF, instead of
pulsewidth modulating them, namely the secondary bridge turns
into a voltage doubler. Then terminal d in Fig. 1 is thus clamped
to the lower dc rail of the output voltage full bridge and vcd
changes from a pure ac voltage to one with a dc component, as
shown in Fig. 2(c). Since the duty cycle of vcd is still 50%, the
dc component in vcd is simply Vo/2.

In order to improve the efficiency of the DAB converter at
light load, a new modulation strategy is proposed and illustrated
in Fig. 2(d), where gate signals of the new scheme are similar
to those of the conventional SPS strategy. However, the new
scheme keeps Q4/S4 always ON and Q3/S3 always OFF, instead
of pulsewidth modulating them, namely the primary bridge turns
into a voltage halver and the secondary bridge turns into a voltage
doubler. Terminal b in Fig. 1 is thus clamped to the lower dc rail
of the input full bridge, and terminal d is clamped to lower dc
rail of the output bridge. Therefore, vab and vcd change from
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Fig. 2. Gate signals, voltages, and currents of DAB controlled by (a) conventional SPS scheme, (b) introducing dc offset voltage in the primary side, (c) introducing
dc offset voltage in the secondary side, and (d) introducing dc offset voltages in both sides.

a pure ac voltage to one with a dc component, as shown in
Fig. 2(d). Since the duty cycle of vab and vcd are still 50%,
the dc components in vab and vcd are simply Vin/2 and Vo/2,
respectively. For the new modulation strategy in Fig. 2(d), the
voltage ratio between the terminal voltages is the same as that
of the conventional SPS strategy, but the shifted phase angle
should be extended to deliver the same power, which helps
to enlarge the soft-switching region and reduce the circulating
power, especially at light load.

With the four working modes in Fig. 2, the next key point is
how to select the appropriate working mode according to the
operating state. In this article, the selection criterion is to lower
the rms value of the inductor current; therefore, the current
rms value of different modulation schemes will be derived in
Section III.

III. INDUCTOR CURRENT RMS VALUE DERIVATION

In this section, the rms value of the inductor current of the
four working modes in Fig. 2 will be derived, which is the
foundation of the proposed hybrid strategy. For the simplicity
of description, the working modes of Fig. 2(a)–(d) are labeled
as Mode I: FB/FB, Mode II: HB/FB, Mode III: FB/HB and
Mode IV: HB/HB, respectively.

A. Mode I: (FB/FB) Conventional SPS Modulation

The instantaneous currents in Fig. 2(a) can be derived as [24]{
iL (t0) =

Ths

2Lr
[(1− 2dϕ)nVo − Vin]

iL (t2) =
Ths

2Lr
[nVo − (1− 2dϕ)Vin]

(1)

where Ths is half of the switching cycle, and dϕ is the phase
shift ratio. The transmission power is

P =
1

Ths

∫ Ths

0

vp (t) iL (t) =
nVinVoThs

Lr
(1− dϕ) dϕ (2)

when the input and output voltages are matched, namely Vin =
nVo, and the shift ratio equals 0.5, the converter can deliver
the maximum power, which can be set as the basic power.

The expression is as follows:

Pbase =
VinVinThs

Lr
(1− 0.5) 0.5 =

V 2
inThs

4Lr
. (3)

Then the normalized power is

P ∗ =
P

Pbase
= 4k (1− dϕ) dϕ (4)

where k is the ratio between the terminal voltages: k = nVo

/Vin.
The basic current can be set in the similar way

Ibase =
Pbase

Vin
=

VinThs

4Lr
. (5)

Then the normalized currents of (1) can be obtained as

{
i∗L (t0) =

iL(t0)
Ibase

= 2 [(1− 2dϕ) k − 1]

i∗L (t2) =
iL(t2)
Ibase

= 2 [k − (1− 2dϕ)] .
(6)

Then the rms value of the normalized current can be derived,
as expressed in (7), shown at the bottom of the next page.

From (4), the phase shift ratio dϕ can be expressed as

dϕ =
1−√1− P ∗/k

2
. (8)

Substituting (6) and (8) into (7), it is obvious that the normal-
ized rms value is only related to the normalized power P∗ and
the voltage ratio k. The three-dimensional (3-D) diagram of the
normalized current value can be depicted in Fig. 3(a). With the
voltage ratio k = 0.5, 1, 1.5, and 2, the curves of the current
value are illustrated in Fig. 3(b), it can be seen that the curve of
k = 1 has a lower value in a wide power range, which indicates
that the Mode I, namely the traditional SPS, is more suitable for
the situation where nVo equals Vin.



4312 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 4, APRIL 2020

Fig. 3. Normalized rms currents of Mode I (FB/FB). (a) 3-D diagram of rms
currents. (b) 2-D curves with k = 0.5, 1, 1.5, and 2.

B. Mode II: (HB/FB) Introducing DC Voltage Offset
Across the Primary Blocking Capacitor

The instantaneous currents in Fig. 2(b) can be derived as{
iL (t0) =

Ths

2Lr
[(1− 2dϕ)nVo − 0.5Vin]

iL (t2) =
Ths

2Lr
[nVo − (1− 2dϕ) 0.5Vin] .

(9)

Then the normalized currents are{
i∗L (t0) =

iL(t0)
Ibase

= 2 [(1− 2dϕ) k − 0.5]

i∗L (t2) =
iL(t2)
Ibase

= 2 [k − 0.5 (1− 2dϕ)] .
(10)

The transmission power is

P =
1

Ths

∫ Ths

0

vp (t) iL (t) =
0.5VinnVoThs

Lr
(1− dϕ) dϕ.

(11)
Then the normalized power is

P ∗ =
P

Pbase
= 2k (1− dϕ) dϕ. (12)

The phase shift ratio dϕ is

dϕ =
1−√1− 2P ∗/k

2
. (13)

The rms value of the normalized current can be derived in the
same way as (7)

I∗rms =

√√√√∫ dϕ

0 [i∗L (t0) + 4 (0.5 + k)x]2dx

+
∫ 1

dϕ
[i∗L (t2) + 4 (0.5− k) (x− dϕ)]

2dx
. (14)

Fig. 4. Normalized rms currents of Mode II (HB/FB). (a) 3-D diagram of rms
currents. (b) 2-D curves with k = 0.5, 1, 1.5, and 2.

The 3-D diagram of the normalized current value can be
depicted in Fig. 4(a). With the voltage ratio k = 0.5, 1, 1.5,
and 2, the curves of the current value are illustrated in Fig. 4(b),
it can be seen that the curve of k = 0.5 has a lower value in
almost the whole power range, which indicates that the Mode II
(HB/FB) strategy is more suitable for the situation of k = 0.5,
namely nVo is half of Vin.

C. Mode III: (FB/HB) Introducing DC Voltage Offset
Across the Secondary Blocking Capacitor

The instantaneous currents in Fig. 2(c) can be derived as{
iL (t0) =

Ths

2Lr
[(1− 2dϕ) 0.5nVo − Vin]

iL (t2) =
Ths

2Lr
[0.5nVo − (1− 2dϕ)Vin] .

(15)

Then the normalized currents are obtained as{
i∗L (t0) =

iL(t0)
Ibase

= 2 [(1− 2dϕ) 0.5k − 1]

i∗L (t2) =
iL(t2)
Ibase

= 2 [0.5k − (1− 2dϕ)] .
(16)

The transmission power is

P =
1

Ths

∫ Ths

0

vp (t) iL (t) =
Vin0.5nVoThs

Lr
(1− dϕ) dϕ.

(17)
Then the normalized power is

P ∗ =
P

Pbase
= 2k (1− dϕ) dϕ. (18)

I∗rms =

√
∫ dϕThs
0

[
iL(t0)+

Vin+nVo
Lr

t
]2

dt+
∫ Ths
dϕThs

[
iL(t2)+

Vin−nVo
Lr

(t−dϕThs)
]2

dt

Ths

Ibase

=

√√√√∫ dϕThs

0

[
i∗L (t0) + 4 (1 + k) t

Ths

]2
dt+

∫ Ths

dϕThs

[
i∗L (t2) + 4 (1− k)

(
t

Ths
− dϕ

)]2
dt

Ths

� (suppose x = t/Ths)

=

√∫ dϕ

0

[i∗L (t0) + 4 (1 + k)x]2dx+

∫ 1

dϕ

[i∗L (t2) + 4 (1− k) (x− dϕ)]
2dx (7)
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Fig. 5. Normalized rms currents of Mode III (FB/HB). (a) 3-D diagram of rms
currents. (b) 2-D curves with k = 0.5, 1, 1.5, and 2.

The phase shift ratio dϕ can be obtained as

dϕ =
1−√1− 2P ∗/k

2
. (19)

The rms value of the normalized current can be derived in the
same way as (7)

I∗rms =

√√√√∫ dϕ

0 [i∗L (t0) + 4 (1 + 0.5k)x]2dx

+
∫ 1

dϕ
[i∗L (t2) + 4 (1− 0.5k) (x− dϕ)]

2dx
. (20)

The 3-D diagram of the normalized current value can be
depicted in Fig. 5(a). With the voltage ratio k = 0.5, 1, 1.5,
and 2, the curves of the current value are illustrated in Fig. 5(b),
it can be seen that the curve of k = 2 has a lower value in the
entire power range, which indicates that the Mode III (FB/HB)
strategy is more suitable for the situation of k = 2, namely Vin

is half of nVo.

D. Mode IV: (HB/HB) Introducing DC Voltage
Offsets in Both Sides

The instantaneous currents in Fig. 2(d) can be derived as{
iL (t0) =

Ths

2Lr
[(1− 2dϕ) 0.5nVo − 0.5Vin]

iL (t2) =
Ths

2Lr
[0.5nVo − (1− 2dϕ) 0.5Vin] .

(21)

Then the normalized currents are obtained as{
i∗L (t0) =

iL(t0)
Ibase

= 2 [(1− 2dϕ) 0.5k − 0.5]

i∗L (t2) =
iL(t2)
Ibase

= 2 [0.5k − 0.5 (1− 2dϕ)] .
(22)

The transmission power is

P =
1

Ths

∫ Ths

0

vp (t) iL (t) =
0.5Vin0.5nVoThs

Lr
(1− dϕ) dϕ.

(23)

Then the normalized power is

P ∗ =
P

Pbase
= k (1− dϕ) dϕ. (24)

The phase shift ratio dϕ can be obtained as

dϕ =
1−√1− 4P ∗/k

2
. (25)

Fig. 6. Normalized rms currents of Mode IV (HB/HB). (a) 3-D diagram of
rms currents. (b) 2-D curves with k = 0.5, 1, 1.5, and 2.

The rms value of the normalized current can be derived in the
same way as (7)

I∗rms =

√√√√∫ dϕ

0 [i∗L (t0) + 2 (1 + k)x]2dx

+
∫ 1

dϕ
[i∗L (t2) + 2 (1− k) (x− dϕ)]

2dx
. (26)

The 3-D diagram of the normalized current value can be
depicted in Fig. 6(a), which shows that the transmission power
capability has been reduced significantly compared to Fig. 3(a).
With the voltage ratio k = 0.5, 1, 1.5, and 2, the curves of the
current value are illustrated in Fig. 6(b), it can be seen that the
curves of the same voltage ratio k has a lower current value than
that in Fig. 3(b) when delivering the same power, especially at
light load.

IV. HYBRID MODULATION STRATEGY

From the analysis above, it can be observed that different
working modes are suitable for different operating conditions.
If the best working modes are selected for the specific operating
condition, then the lowest current value can be achieved through
the entire operating regions.

When the voltage ratio k is fixed, the graphs of normalized
rms currents with different working modes are shown in Fig. 7.
Take the Fig. 7(a) as an example, if the converter can operate in
Mode II (HB/FB) when the transmission power P∗ is less than
0.25, and operate in Mode I (FB/FB) when P∗ is larger than 0.25,
the rms current value can maintain the minimum value through
the entire range of transmission power. So the next key point is to
find the critical boundary conditions between different working
modes to make the converter operate in the optimal status.

A. Derivation of the Boundaries Conditions

Integrating the 3-D diagrams of the normalized rms current in
the four operation modes, namely Figs. 3(a), 4(a), 5(a), and 6(a),
into a diagram, as shown in Fig. 8(a), which shows clearly that if
different modulation strategies can be selected according to the
operating point, then a lower inductor current can be obtained.
So it is necessary to propose a hybrid modulation strategy, of
which the key point is how to determine the operation regions
of different modulation strategies.

The bottom view of Fig. 8(a) is illustrated in Fig. 8(b), which
shows that when the voltage ratio k is less than 0.6, the Mode II
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Fig. 7. Normalized rms currents with different woking modes: (a) k = 0.5,
(b) k = 1, (c) k = 1.4, and (d) k = 2.

TABLE I
EXPRESSION OF THE SIMPLIFIED BOUNDARY LINES

(HB/FB) can achieve the lowest rms current value for the light
load; when the voltage ratio k is larger than 1.5, the Mode III
(FB/HB) can achieve the lowest rms current value in a large
transmission power range; when the voltage ratio k is around 1
and the transmission power is very low, the Mode IV (HB/HB)
is the best choice for rms current value reduction.

If the converter can work in different operation mode ac-
cording to Fig. 8(b), then the lowest rms current value can be
guaranteed for a wide voltage range and a wide load range.
The boundaries in Fig. 8(b) can be obtained by solving the
equations of (7), (14), (20), and (26). However, the calculation
is complicated and the obtained results could lead to a heavy
computation burden for implementation in the microprocessor.

In order to simplify the expressions of the boundaries and
reduce the computation burden, a bunch of linear lines is used
to approximate the original boundaries, as shown the dot lines
from a to k in Fig. 8(b).

The expressions of the simplified boundary lines in Fig. 8(b)
are listed in Table I.

With the simplified boundaries, the operation region of
Mode II (HB/FB) can be defined by the lines of a, b, c, and

Fig. 8. (a) 3-D diagram of the normalized rms current value in different
operation modes. (b) Bottom view of the 3-D diagram and simplified boundaries.

d, shown as follows:⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

(P ∗ < 0.478k)& &

(P ∗ < −0.063k + 0.261)& &

(P ∗ < −1.375k + 1.114)& &

(P ∗ > 1.667k − 1.107) .

(27)

The operation region of Mode III (FB/HB) can be defined by
the lines of g, h, i, j, and k, shown as follows:⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(
(P ∗ > −0.778k + 1.258) ||
(P ∗ > −2.4k + 3.61)

)
& &

(P ∗ < 2k − 2.52)& &

(P ∗ < 1.095k − 1.153)& &

(P ∗ < 0.821k − 0.682) .

(28)

The operation region of Mode IV (HB/HB) can be defined by
the lines of d, e, f, g, and h, given as follows:

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

(
(P ∗ < 1.667k − 1.107)& &

(P ∗ < −0.417k + 0.414)

)∥∥∥∥∥⎛
⎜⎝

(P ∗ < 0.559k − 0.56)& &

(P ∗ < −0.778k + 1.258)& &

(P ∗ < −2.4k + 3.61)

⎞
⎟⎠ .

(29)
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Fig. 9. Diagram of switching modes.

With these simplified expressions of boundaries, the divided
operating regions can be redrawn as Fig. 8(b). It can be seen that
the differences between the regions determined by the original
boundaries and the simplified boundaries are relatively small,
which is good for the implementation in practice.

According to Table I and the simplified divided regions of
Fig. 8(b), a hybrid modulation strategy can be obtained, and the
mode switching diagram is illustrated in Fig. 9.

Another key point of the proposed hybrid modulation strategy
is how to switch from one working mode to another. This issue
was explained in detail in [21], so it will not be repeated here.

B. Discussion of the ZVS Regions

The ZVS regions of different working modes will be pre-
sented in this part, take the Mode I (FB/FB) as an example, the
derivation process is as follows:

In Mode I (FB/FB), the soft condition for the primary switches
is {

iL (t0) < 0
1
2Lri

2
L (t0) > 4 1

2CpV
2
in

(30)

where Cp is the junction capacitor of the primary switch. Equa-
tion (30) can be simplified as

iL (t0) < −2Vin

√
Cp

Lr
. (31)

Substituting (1) into (31), it can be obtained as

dϕ >
k − 1

2k
+

2

kThs

√
LrCp. (32)

On the other hand, the soft-switching condition for the sec-
ondary switches is{

iL (t2) > 0
1
2Lri

2
L (t2) > 4 1

2CsV
2
o

(33)

Fig. 10. Curves of transmission power and ZVS boundaries.

where Cs is the junction capacitor of the secondary switch.
Substituting (1) into (33), it can be obtained as

dϕ >
1− k

2
+

2k

nThs

√
LrCs. (34)

Substituting the normalized power expression (4) into (32)
and (34), the ZVS boundary corresponding to the phase shift
factor dϕ can be obtained as⎧⎪⎨

⎪⎩
P ∗ <

4dϕ(1−dϕ)
(
1− 4

Ths

√
LrCp

)

1−2dϕ

P ∗ > 4dϕ(1−dϕ)(1−2dϕ)

1− 4
nThs

√
LrCs

.
(35)

The ZVS boundary of (35) and the transmission curves with
k = 0.5, 1, 1.5, 2 are depicted in Fig. 10, which shows that the
converter can realize ZVS almost in the entire load range as the
voltage ratio k equals 1; however, the primary switches are not
able to realize ZVS at light load when k is larger than 1 and the
secondary switches are hard to achieve ZVS at light load when
k is less than 1.

Substituting (32) and (34) into (4), the ZVS boundary corre-
sponding to the voltage ratio k can be obtained as⎧⎨
⎩

P ∗ > 4k
(
k−1
2k + 2

kThs

√
LrCp

)(
1− k−1

2k − 2
kThs

√
LrCp

)
P ∗ > 4k

(
1−k
2 + 2k

nThs

√
LrCs

)(
1− 1−k

2 − 2k
nThs

√
LrCs

)
.

(36)
The ZVS boundaries of (36) and the maximum transmission

power line are depicted in Fig. 11(a). Based on the same princi-
ple, the ZVS regions of Mode II (FB/HB), Mode III (HB/FB),
and Mode IV (HB/HB) can also be derived and illustrated in
Fig. 11(b)–(d), respectively.

Compared with the region of the lowest rms current value,
as shown in Fig. 8(b), it can be observed that most operating
regions in Fig. 8(b) overlap with the ZVS regions in Fig. 11,
which indicates that the proposed method realizes both the ZVS
and the lowest current value in these operating regions.

Indeed, in a small part of the operating regions, especially
the area around the boundary, the ZVS and the lowest current
value cannot be satisfied at the same time. In this article, the
lowest current rms value is the optimization goal, so the proposed
method pursues the smaller conduction losses instead of the
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Fig. 11. ZVS regions of different working modes. (a) Mode I: FB/FB.
(b) Mode II: HB/FB. (c) Mode III: FB/HB. (d) Mode IV: HB/HB.

TABLE II
PARAMETERS OF THE PROTOTYPE

switching losses. However, it should be noted that the boundary
conditions between different working modes can be adjusted
for different purposes in different applications, so the proposed
method can be extended to other forms to achieve other goals.

V. EXPERIMENTAL VERIFICATION

In this section, the experimental results are presented to verify
the performance of the proposed modulation strategy. In the
laboratory, a 6-kW power prototype is built for the experimental
test, whose specification and parameters are listed in Table II,
and the photo is shown in Fig. 12, where the magnetic devices
and the dc blocking capacitors are located under the power
boards. The selection principle of the dc blocking capacitor is
to ensure the voltage ripple across the capacitor is less than a
certain value [21], so that it will not have a negative impact on
the operation of the converter. In addition, since the capacitor

Fig. 12. Photo of the experimental prototype.

has to pass the whole transfer current, it is necessary to select
the capacitor with an appropriate rated current.

A. Experimental Waveforms

First, different operating points of different sections in Fig. 8
are selected to compare the inductor current values in different
working modes.

When the input voltage Vin is 340 V and the transmission
power P is 1.71kW, the experimental waveforms of the operating
point (k, P∗) = (0.65, 0.1) under different operation modes are
shown in Fig. 13, which shows clearly that Mode II (HB/FB)
has the lowest current value. According to Fig. 9, the operating
point (k, P∗) = (0.65, 0.1) satisfies the condition of (27), then
the Mode II strategy is adopted, thus the hybrid modulation can
achieve the lowest current value.

When the input voltage Vin is 295 V and the transmission
power P is 641 W, the experimental waveforms of the operating
point (k, P∗) = (0.75, 0.05) under different operation modes are
shown in Fig. 14, which shows clearly that Mode IV (HB/HB)
has the lowest current value. According to Fig. 9, the operating
point (k, P∗) = (0.75, 0.05) satisfies the condition of (29), then
the Mode IV strategy is adopted, thus the hybrid modulation can
achieve the lowest current value.

When the input voltage Vin is 221 V and the transmission
power P is 1.44 kW, the experimental waveforms of the operating
point (k, P∗) = (1, 0.2) under different operation modes are
shown in Fig. 15, which shows clearly that Mode I (FB/FB) has
the lowest current value. According to Fig. 9, the operating point
(k, P∗) = (1, 0.2) does not satisfy the conditions of (27)–(29),
then the Mode I strategy is adopted, thus the hybrid modulation
can achieve the lowest current value.

When the input voltage Vin is 158 V and the transmission
power P is 368W, the experimental waveforms of the operating
point (k, P∗) = (1.4, 0.1) under different operation modes are
shown in Fig. 16, which shows clearly that Mode IV (HB/HB)
has the lowest current value. According to Fig. 9, the operating
point (k, P∗) = (1.4, 0.1) satisfies the condition of (29), then the
Mode IV strategy is adopted, thus the hybrid modulation can
achieve the lowest current value.

When the input voltage Vin is 111 V and the transmission
power P is 722 W, the experimental waveforms of the operating
point (k, P∗) = (2, 0.4) under different operation modes are
shown in Fig. 17, which shows clearly that Mode III (FB/HB)
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Fig. 13. When Vin = 340 V, Vo = 360 V, and P = 1.71 kW, experimental waveforms of (0.65, 0.1). (a) Mode I. (b) Mode II. (c) Mode III. (d) Mode IV.

Fig. 14. When Vin = 295 V, Vo = 360 V, and P = 641W, experimental waveforms of (0.75, 0.05). (a) Mode I, (b) Mode II, (c) Mode III, and (d) Mode IV.

Fig. 15. When Vin = 221 V, Vo = 360 V, and P = 1.44 kW, experimental waveforms of (1, 0.2). (a) Mode I. (b) Mode II. (c) Mode III. (d) Mode IV.

Fig. 16. When Vin = 158 V, Vo = 360 V, P = 368 W, experimental waveforms of (1.4, 0.1). (a) Mode I. (b) Mode II. (c) Mode III. (d) Mode IV.

Fig. 17. When Vin = 111 V, Vo = 360 V, P = 722 kW, experimental waveforms of (2, 0.4). (a) Mode I. (b) Mode II. (c) Mode III. (d) Mode IV.
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Fig. 18. RMS current value comparison between different working modes.
(a) Vin = 340 V, Vo = 360 V, k = 0.65. (b) Vin = 277 V, Vo = 360 V, k = 0.8.
(c) Vin = 158 V, Vo = 360 V, k = 1.4. (d) Vin = 111 V, Vo = 360 V, k = 2.

has the lowest current value. According to Fig. 9, the operating
point (k, P∗) = (2, 0.4) satisfies the condition of (28), then the
Mode III strategy is adopted, thus the hybrid modulation can
achieve the lowest current value.

B. Inductor Current Comparison

Fig. 18(a)–(d) show the inductor current rms value compari-
son between different operation modes with the voltage ratio k
= 0.65, 0.8, 1.4, and 2, respectively.

When k equals 0.65, it can be observed from Fig. 18(a) that
the rms value curve of the hybrid modulation tracks Mode II
when the transmission power is lower than 4 kW; on the other
hand, it tracks Mode I when the power is higher than 4 kW. So
the proposed hybrid modulation can achieve the lowest inductor
current value over the entire power range.

Fig. 18(b)–(d) can be analyzed in the same way, the proposed
hybrid modulation always tracks the lowest inductor current
value in the whole transmission power range with different
voltage ratios.

C. Efficiency Comparison

Fig. 19(a)–(d) shows the efficiency comparison between dif-
ferent operation modes with the voltage ratio k = 0.65, 0.8, 1.4,
and 2, respectively.

When k equals 0.65, it can be observed from Fig. 19(a) that the
efficiency curve of the hybrid modulation tracks Mode II when
the transmission power is lower than 4 kW; on the other hand,
it tracks Mode I when the power is higher than 4 kW. So the
proposed hybrid modulation operates at the optimal efficiency
point almost in the entire power range. Fig. 19(b)–(d) can be
analyzed in the same way, the proposed hybrid modulation tracks
the best efficiency point almost in the whole transmission power
range.

Fig. 19. Efficiency comparison between different working modes, (a) Vin

= 340 V, Vo = 360 V, k = 0.65. (b) Vin = 277 V, Vo = 360 V, k = 0.8. (c) Vin

= 158 V, Vo = 360 V, k = 1.4. (d) Vin = 111 V, Vo = 360 V, k = 2.

It can also be noticed that at some operating points, the hybrid
modulation does not adopt the best modulation, such as the point
of 4000 W in Fig. 19(a), the point of 1500 W in Fig. 19(b) and
the point of 1500 W in Fig. 19(c). The error mainly comes from
this aspect: the selection criterion for different working modes
is to lower the inductor current, so the conduction loss of the
switches and the loss of the magnetic devices can be reduced,
however, the switching loss is not taken into account. When the
conduction loss is minimum, which does not mean the total loss
is minimum, so the proposed modulation does not reach the best
efficiency at some operating points. It should be emphasized that
the errors only occur in a very narrow power range; moreover,
the efficiency decay is not drastic, so it is acceptable for a simple
and practical solution.

The idea of introducing dc blocking capacitors was proposed
in [21]; however, the method in [21] is very simple. The boundary
between different working modes is k = 1.2: when the voltage
ratio k is less than 1.2, and the converter operates in Mode I
(FB/FB); when the voltage ratio k is larger than 1.2, the con-
verter operates in Mode III (FB/HB). It can be observed from
Fig. 19 that the proposed method has obvious advantages over
the method in [21] due to that the proposed hybrid modulation
has more working modes and the boundary conditions are more
accurate.

The proposed hybrid method has also been compared with
the advanced TPS modulation, which focuses on efficiency
optimization [14]. The comparison results are shown in Fig. 20.

When the voltage ratio k = 1, namely the terminal voltages
are matched, the efficiency performance of the two methods is
almost the same; when the voltage ratio k = 0.65 or k = 1.4,
each method has the advantage over the other method in part
of the transmission power range. The proposed method needs
dc blocking capacitors, and only needs a simple on-line work-
ing mode identification algorithm to switch between different
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Fig. 20. Efficiency comparison between the proposed method and the TPS
modulation. (a) Vin = 340 V, Vo = 360 V, k = 0.65. (b) Vin = 221 V,
Vo = 360 V, k = 1. (c) Vin = 158, Vo = 360 V, k = 1.4

working modes. For the TPS modulation, it does not need extra
devices, but the optimized algorithms are very complicated to
implement. The two methods both have their advantages and
disadvantages, and they can be chosen according to the practical
applications.

VI. CONCLUSION

With the conventional SPS modulation strategy, the DAB
converter will generate a large amount of circulating power when
the voltage varies widely, resulting in the increased current stress
and reduced efficiency. In order to improve the performance of
the DAB converter over wide voltage range and wide load range,
a hybrid modulation strategy was proposed in this article, whose
core idea was to introduce a voltage offset across the dc blocking
capacitors in both sides, and the converter could switch between
different operating modes to lower the inductor current. The
proposed hybrid modulation technique retained the simplicity
of SPS strategy and did not complicate the topology structure.
The performance was verified by the experimental results: the
hybrid modulation achieved the lowest inductor current value
and tracked the operating points of the best efficiency almost in
the entire load range with different voltage ratios.
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