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Large- and Small-Signal Average-Value Modeling of
Dual-Active-Bridge DC–DC Converter With

Triple-Phase-Shift Control
Peng Wang , Xianzhong Chen , Chaonan Tong, Pengyu Jia , Member, IEEE, and Chunxue Wen

Abstract—This article presents a novel reduced order average
model for dual-active-bridge converter which can be applied to
all modulation methods, such as single-phase-shift modulation,
dual-phase-shift modulation, extended-phase-shift modulation and
triple-phase-shift modulation. This model considers conduction,
inductance, and transformer power losses. Furthermore, the input–
output filters are suitable for system performance analysis. Based
on the large-signal average model, the small-signal model and
the output transfer function are derived. The detailed model for
predicting the large-signal transient is established and the small
signal analysis in frequency domain is carried out. This model can
accurately predict the steady-state and transient-state response of
the system. The experimental results agreed well with the simu-
lation results which proved the accuracy and correctness of the
model.

Index Terms—Dual-active-bridge (DAB) converter, input–
output filter, large and small signal, power losses, reduced order
average model (RAVM).

I. INTRODUCTION

DC MICROGRID connects the distributed generation and
main grid which is convenient for the access of distributed

generation. As the indispensable interface circuit in dc mi-
crogrid, bidirectional dc–dc converter plays an important role
in dc microgrid which can effectively improve the utilization
of distributed power and the power quality of dc microgrid.
The dual-active-bridge (DAB) [1] converter is suitable for soft
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switching and module cascade [2], [3] in dc microgrid system
application based on the features of higher power density, input
and output electrical isolation, two-way power flow. It has great
application potential and development prospect [3]–[6].

The common characteristic of the DAB converter modula-
tion methods including single-phase-shift (SPS) modulation [7],
dual-phase-shift (DPS) modulation [8], extended-phase-shift
(EPS) modulation [9], and triple-phase-shift (TPS) modulation
[10] is that the transmission power is controlled by changing the
relative phase shift of driving signals between and within the
bridge arms of DAB converter. SPS modulation is the simplest
since there is only one control variable. Hence, for each deter-
mined transmission power, there is only one control variable
corresponding to it. Correspondingly, the effective value and
peak value of inductance current are also uniquely determined.
However, the voltage transmission ratio and transmission power
of the converter of this method are limited. When the load is light
or the voltage transmission ratio is small, the current stress and
current effective value of the converter will increase rapidly,
and the soft switching range will be reduced. Therefore, SPS
modulation method has great limitations [11]–[13]. In order to
overcome the limitations of SPS modulation, many literatures
have optimized DPS modulation mode [14] and EPS modulation
mode [9], [15] in order to reduce reflux power [14], [15] and
current stress [14]. However, since DPS modulation and EPS
modulation are special forms of TPS modulation, the optimal
strategy applied in the definition domain of DPS modulation
and EPS modulation is only a local optimal solution. The result
can be further improved while the global optimal solution can
be obtained using TPS control mode. Hence, the optimal control
effect can be achieved. Therefore, the model of DAB converter in
TPS modulation mode has more general practical significance.

Modeling of the converter is the basis for the controller
design and optimization of the converter which is helpful for
the design of the dc system. The state-space average model
[15] is the most widely used dc–dc converter modeling method.
However, since the DAB converter utilizes a high-frequency
transformer to isolate the input and output ports, there is only ac
component in the inductor current which does not meet the small
ripple assumption required by the state-space average modeling
method [16]. Hence, other modeling methods are required.

In the literatures, there are two methods applied in average
modeling for DAB converter. Based on Fourier analysis on the
main working waveforms of the converter, the first one keeps the
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fundamental wave and the specific harmonic term and eliminates
the switching frequency ac component of the transformer cur-
rent, and then reduces the order of the state variables [17]–[21].
However, power losses are not considered in this process. The
second method increases the order of the state variable and
extracts the transient component of the transformer current to
form full-order model which including discrete time [22] or
continuous time [23]. Specifically, for continuous full-order
model, the real part and imaginary part of the transformer current
are utilized as state variables to increase the equation order [23].
Generally speaking, the accuracy of full-order model is higher
than the reduced-order model [22]. However, the full-order
model which is derived from the generalized average model is
based on the first-order harmonic. This means that if there is a
large harmonic distortion, the accuracy will be impaired [24].
Therefore, in order to accurately reflect the characteristics of
the system, it is necessary to retain the higher order harmonic
components. However, this will increase the model order and
complicate the form, so that the difficulty in practical application
is increased.

The main objective of this article is to present and develop
a simple, effective, and accurate DAB converter model which
can be applied in the full load operating range utilizing different
modulation strategies and operating modes. TPS modulation has
three degrees of freedom which is the most basic form of phase-
shifting control. By adjusting the mathematical relationship of
the three degrees of freedom, SPS modulation, DPS modulation,
and EPS modulation can all be normalized to TPS modulation
control mode and regarded as a special form of TPS modulation.

The above statement is mathematically proven in this article,
and a large-signal average model and small-signal model is
derived from this concept. The modeling in [25] is based on
the TPS modulation method, if the input–output filter circuit is
considered, it will benefit the practical engineering application.
Zhang et al. [26] consider the input–output filter circuits, but the
modeling is based on SPS modulation modeling. The average
model proposed in this article considers the power losses of con-
duction, inductance, transformer, and input–output filter which
is very useful for system-level research. Based on the large-
signal average model, the small-signal model and the output
transfer function are derived. The detailed model for predicting
the large-signal transient is established and the small-signal
analysis in frequency domain is carried out. The model can
accurately predict the steady-state and transient response of the
DAB converter. Simulation and experimental results show that
the model has high accuracy and verifies the correctness of the
analysis conclusion.

II. DETAILED SWITCHING MODELING OF DAB CONVERTER

The main circuit of DAB converter topology is shown in
Fig. 1, taking power transmitting from bridge H1 to bridge H2

as an example, switching device S1–S4 forms the full bridge H1

of primary side inverter, switching device S5–S8 forms the full
bridge H2 of secondary side rectifier, H1 and H2 are connected by
a magnetic network composed of inductance L and transformer,
wherein the electric inductance L can be connected with the
auxiliary inductance and the transformer leakage inductance.

Fig. 1. DAB converter topology.

The high-frequency transformer ratio is n:1, the ac side voltage
of bridge H1 is uab, the ac side voltage of bridge H2 is ucd, and
the dc voltage of input port and output port are Vis and Vos,
respectively, d1·Ths is the phase shift between switching device
S1 and S4, d2·Ths is the phase shift between switching device
S1 and S5, d3·Ths is the phase shift between switching device
S1 and S8, where Ths is the half switch cycle which satisfies the
requirements Ths = Ts/2 = 1/2fs, and fs is the switch frequency.

In the TPS control, there are three independent phase-shift
variables d1, d2, and d3, so there are six kinds of phase-shift
relations in total. However, it can be analyzed that whether the
phase-shift variable d2 is greater or less than d3, the same ac out-
put voltage and inductance current waveform can be obtained,
and the same transmission power expression can be derived
from it. Therefore, the phase-shift d2 and d3 are equivalent.
Furthermore, the phase-shift relationship of DAB converter can
be simplified into three types: 0 ≤ d1 ≤ d2 ≤ d3 ≤ 1, 0 ≤ d2
≤ d1 ≤ d3 ≤ 1, and 0 ≤ d2 ≤ d3 ≤ d1 ≤ 1, the main working
waveforms of DAB converter are shown in Fig. 2. The system
loss is ignored in the steady state of the system, and the output
power P can be expressed as shown in (1), in this article, the case
of 0 ≤ d1 ≤ d2 ≤ d3 ≤ 1 is taken as an example for modeling,
and the other cases will not be given further elaboration since
they are similar to each other

p =
P

PN

=

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

2
(−d1 + d2 + d3 − d21 − d22 − d23 + d1d2 + d2d3

)
(0 ≤ d1 ≤ d2 ≤ d3 ≤ 1)

2
(−d1 + d2 + d3 − d23 + d1d3 − d1d2

)
(0 ≤ d2 ≤ d1 ≤ d3 ≤ 1)

2
(−d1 + d2 + d3 + d21 − d1d2 − d1d3

)
(0 ≤ d2 ≤ d3 ≤ d1 ≤ 1)

(1)

where P = 1
Ts

∫ Ts

0 Uab(t)il(t)dt and PN = nTsVinVos

8Leq
.

This article considers that the input–output filter is a typical
LC filter and RC damping circuit is used to suppress voltage
and current ripple. At the same time, the excitation inductance
LM, equivalent resistance RM, leakage inductance Ll1 and Ll2,
equivalent resistance Rl1 and Rl2 of the core, equivalent resis-
tance Rcu of auxiliary inductance Lk, and MOSFET resistance Rs

are considered. The equivalent resistance and inductance of the
primary side can be expressed as

Req = Rl1 + 2Rs1 + n2 (Rl1 + 2Rs2) +Rcu (2)

Leq = Ll1 + n2 · Ll2 + Lk. (3)
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Fig. 2. Main operating waveforms of DAB converter. (a) 0 ≤ d1 ≤ d2 ≤ d3 ≤ 1. (b) 0 ≤ d2 ≤ d1 ≤ d3 ≤ 1. (c) 0 ≤ d2 ≤ d3 ≤ d1 ≤ 1.

Fig. 3. Detailed switching model of DAB converter.

Fig. 4. Equivalent detailed switching model of DAB converter.

Combining Req and Leq, a detailed switching modeling is
obtained, as shown in Fig. 3.

III. AVM OF DAB CONVERTER

A. Steady-State Equation of DAB Converter

As shown in Fig. 4, the converter circuit can be divided into
three parts, and the formula is as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

L1
di1
dτ = vis − vc1

L2
di2
dτ = vc3 − vos − i2Ro

C2
dvc2

dτ = vc1−vc2

R1

C4
dvc4

dτ = vc3−vc4

R2

C1
dvc1

dτ = i1 − iaci − vc1−vc2

R1

C3
dvc3

dτ = iaco − i2 − vc3−vc4

R1

(4)

where vc1, vc2, vc3, and vc4 are the voltages of capacitor C1, C2,
C3, and C4, respectively; iaci and iaco are the average values of
input and output current corresponding to subcircuit II, respec-
tively; τ is used to denote the time within a half of switching

period. As shown in Fig. 2(a), input and output current contain a
large number of periodic variables instead of transient variables,
and reduced order average model (RAVM) uses the average
value. Assuming the excitation inductance and resistance (LM

and RM) currents are ignored, the iaci equation is expressed as

iaci =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ia1=
V ′
c3

Req
+
(
−It4 − V ′

c3

Req

)
e
−Req

Leq
τ
(0 ≤ τ < d1Ths)

ia2 =
Vc1+V ′

c3

Req
+
(
It1 − Vc1+V ′

c3

Req

)
e
−Req

Leq
(τ−d1Ths)

(d1Ths ≤ τ < d2Ths)

ia3 = Vc1

Req
+
(
It2 − Vc1

Req

)
e
−Req

Leq
(τ−d2Ths)

(d2Ths ≤ τ < d3Ths)

ia4 =
Vc1−V ′

c3

Req
+
(
It3 − Vc1−V ′

c3

Req

)
e
−Req

Leq
(τ−d3Ths)

(d3Ths ≤ τ < Ths)
(5)

where V ′
c3 = nVc3; and It1, It2, It3, and It4 are the auxiliary

inductance current at t1, t2, t3, and t4, respectively, as shown in
Fig. 2(a). Assuming the voltage ripple of Vc1 and Vc3 are very
small and the voltage is constant in the whole cycle Ts, further
analysis shows that

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

ia1 (d1Ths) = It1

ia2 (d2Ths) = It2

ia3 (d3Ths) = It3

ia1 (Ths) = It4

ia1 (0) = −It4.

(6)

Above all, It1, It2, It3, and It4 can be derived as

It1 =

nVc3

Req
− Vc1

Req
e
−Req

Leq
d1Ths − nVc3

Req
e
−Req

Leq
(1+d1−d2)Ths

1 + e
−Req

Leq
Ths

+
−nVc3

Req
e
−Req

Leq
(1+d1−d3)Ths + Vc1+nVc3

Req
e
−Req

Leq
Ths

1 + e
−Req

Leq
Ths

(7)

It2 =

Vc1+nVc3

Req
− Vc1

Req
e
−Req

Leq
d2Ths − Vc1

Req
e
−Req

Leq
(d2−d1)Ths

1 + e
−Req

Leq
Ths
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+
−nVc3

Req
e
−Req

Leq
(1+d2−d3)Ths + Vc1

Req
e
−Req

Leq
Ths

1 + e
−Req

Leq
Ths

(8)

It3 =

Vc1

Req
− Vc1

Req
e
−Req

Leq
d3Ths − Vc1

Req
e
−Req

Leq
(d3−d1)Ths

1 + e
−Req

Leq
Ths

+

nVc3

Req
e
−Req

Leq
(d3−d2)Ths + Vc1−nVc3

Req
e
−Req

Leq
Ths

1 + e
−Req

Leq
Ths

(9)

It4 =

Vc1−nVc3

Req
− Vc1

Req
e
−Req

Leq
(1−d1)Ths + nVc3

Req
e
−Req

Leq
(1−d2)Ths

1 + e
−Req

Leq
Ths

+

nVc3

Req
e
−Req

Leq
(1−d3)Ths − nVc3

Req
e
−Req

Leq
Ths

1 + e
−Req

Leq
Ths

. (10)

As shown in Fig. 2(a), the average values of iaci and iaco/n in
the whole cycle Ts can be, respectively, expressed as

iaci =
1

Ths

(∫ d1Ths

0

0dτ +

∫ d2Ths

d1Ths

ia2dτ

+

∫ d3Ths

d2Ths

ia3dτ +

∫ Ths

d3Ths

ia4dτ

)
(11)

1

n
· iaco =

1

Ths

(∫ d1Ths

0

(−ia1) dτ +

∫ d2Ths

d1Ths

(−ia2) dτ

+

∫ d3Ths

d2Ths

0dτ +

∫ Ths

d3Ths

ia4dτ

)
(12)

Substitutions of (5) into (11) and (12) yield

Ths · iaci = Vc1 + nVc3

Req
(d2 − d1)Ths − Leq

Req

×
(
It1 − Vc1 + nVc3

Req

)[
e
−Req

Leq
(d2−d1)Ths − 1

]

+
Vc1

Req
(d3 − d2)Ths − Leq

Req

(
It2 − Vc1

Req

)

×
[
e
−Req

Leq
(d3−d2)Ths − 1

]

+
Vc1−nVc3

Req
(1− d3)Ths − Leq

Req

(
It3− Vc1 − nVc3

Req

)

×
[
e
−Req

Leq
(1−d3)Ths − 1

]
(13)

Ths · 1
n
· iaco = −nVc3

Req
d1Ths − Leq

Req

(
It4 +

nVc3

Req

)

(
e
−Req

Leq
d1Ths − 1

)

− Vc1 + nVc3

Req
(d2 − d1)Ths +

Leq

Req

(
It1 − Vc1 + nVc3

Req

)

[
e
−Req

Leq
(d2−d1)Ths − 1

]

+
Vc1 − nVc3

Req
(1− d3)Ths − Leq

Req

(
It3 − Vc1 − nVc3

Req

)

[
e
−Req

Leq
(1−d3)Ths − 1

]
. (14)

Regardless of transformer core losses and excitation induc-
tance losses, (4), (7)–(10), (11), and (12) constitute RAVM.

B. Effect of Magnetizing Inductance and Core losses

In the model defined in (4), (7)–(10), (11), and (12), the
magnetizing current through LM and RM is not considered,
actually, LM and RM will draw a low current from the power
source to generate loss. In addition, the magnetization and
demagnetization of the inductance LM are synchronous with
the commutation of the bridge with a period of 2Ths. Therefore,
the averaging value of iaco should be taken in 2Ths, and (12) is
modified as

1

n
· iaco =

1

2Ths

[
2

∫ d1Ths

0

(−ia1) dτ + 2

∫ d2Ths

d1Ths

(−ia2) dτ

+ 2

∫ d3Ths

d2Ths

0dτ + 2

∫ Ths

d3Ths

ia4dτ

]

− 1

2Ths

∫ 2Ths

0

iMdτ − n · Vc3

RM
(15)

where iM is the current in auxiliary inductance LM; moreover,
the average value of iM should be zero in one cycle of steady
state, i.e.,

∫ 2Ths

0

iMdτ = 0. (16)

Therefore, LM does not affect the modeling of DAB converter,
and (24) can be further simplified as follows:

1

n
· iaco =

1

2Ths

[
2

∫ d1Ths

0

(−ia1) dτ + 2

∫ d2Ths

d1Ths

(−ia2) dτ

+ 2

∫ Ths

d3Ths

ia4dτ

]
− n · Vc3

RM
. (17)

Considering the losses of core and magnetizing inductance,
the RAVM is defined as (4), (7)–(10), (11), and (17). Note that
the RAVM of DAB converter proposed in this article is suitable
for PSM. However, in many applications, the combination of
PSM and PWM is used [8], [28]. In this case, the expression
of iaci which is different from (11) should be derived again.
Nevertheless, the analysis method adopted in this article is still
applicable to the RAVM derivation when different modulation
schemes are used.

C. RAVM Circuit of DAB Converter

The proposed RAVM circuit is shown in Fig. 5, where the
variable values are defined as (4), (7)–(10), (11), and (17).
Here, the current iaci and iaco/n are represented as independent
current sources, and the transformer is considered as an ideal dc
transformer (proportional variable). Since there are no switching
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Fig. 5. Proposed reduced-order average circuit model of DAB converter.

devices in the proposed RAVM, the implementation, and simu-
lation will be much faster than the detailed model. Small-signal
model and frequency-domain analysis can also be obtained by
linearization.

IV. SMALL-SIGNAL MODEL OF DAB

In order to construct a small-signal ac model at a dc operating
point, it is assumed that the variables vis, vos and d1, d2, d3 are
equal to their quiescent values plus their respective superim-
posed small ac perturbations, i.e.,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

vis = Vis +
∧
vis

vos = Vos +
∧
vos

d1 = D1 +
∧
d1

d2 = D2 +
∧
d2

d3 = D3 +
∧
d3.

(18)

The output average variables i1, i2, vc1, vc2, vc3, and vc4 will
also be equal to their corresponding quiescent values plus their
respective superimposed small ac variables, i.e.,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

i1 = I1 +
∧
i1

i2 = I2 +
∧
i2

vc1 = Vc1 +
∧
vc1

vc2 = Vc2 +
∧
vc2

vc3 = Vc3 +
∧
vc3

vc4 = Vc4 +
∧
vc4.

(19)

The small-signal model can be obtained by substituting (19)
into the previous large-signal average model. In this process, the
dc term will be eliminated, and the second and higher order ac
terms will be neglected.

Noting that during whole derivation process, there will be

equations with ea
∧
d term, where a is a constant coefficient.

According to Taylor series, when
∧
d is close enough to zero,

ea
∧
d can be expressed as infinite convergence series

ea
∧
d =

∞∑
n=0

(
a

∧
d

)n

n!
= 1 +

a

1!

∧
d+

a2

2!

∧
d2 + · · ·+ an

n!

∧
dn + · · · .

(20)

If the second and higher order terms are ignored, ea
∧
d approx-

imated as

⎧⎪⎪⎨
⎪⎪⎩
ea

∧
d1 = 1 + a

∧
d1

ea
∧
d2 = 1 + a

∧
d2

ea
∧
d3 = 1 + a

∧
d3.

(21)

Using (21) to linearize the average model at a certain operating
point, the small-signal model is obtained as

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

L1
d
∧
i1
dτ =

∧
vis − ∧

vc1

L2
d
∧
i2
dτ =

∧
vc3 − ∧

vos −
∧
i2Ro

C2
d

∧
vc2

dτ =
∧

vc1 − ∧
vc2

R1

C4
d

∧
vc4

dτ =
∧

vc3 − ∧
vc4

R2

C1
d

∧
vc1

dτ =
∧
i1 −

∧
iaci −

∧
vc1 − ∧

vc2

R1

C3
d

∧
vc3

dτ =
∧

iaco −
∧
i2 −

∧
vc3 − ∧

vc4

R1

(22)

∧
i

aci
= p

∧
d1 +q

∧
d2 +γ

∧
d3 +α

∧
vc1 +β

∧
vc3 (23)

1

n
· ∧
i

aco
= x

∧
d1 +y

∧
d2 +z

∧
d3 +η

∧
vc1 +θ

∧
vc3 (24)

where

p = −Vc1 + nVc3

Req
+

Vc1e
−Req

Leq
D1Ths + Vc1e

−Req
Leq

(1−D1)Ths

Req

(
1 + e

−Req
Leq

Ths

)

+
nVc3e

−Req
Leq

(1+D1−D2)Ths + nVc3e
−Req

Leq
(1+D1−D3)Ths

Req

(
1 + e

−Req
Leq

Ths

)

(25)

q =
nVc3

Req
− nVc3e

−Req
Leq

(1−D2)Ths + nVc3e
−Req

Leq
(1+D1−D2)Ths

Req

(
1 + e

−Req
Leq

Ths

)

(26)

γ =
nVc3

Req
−nVc3e

−Req
Leq

(1−D3)Ths+nVc3e
−Req

Leq
(1+D1−D3)Ths

Req

(
1 + e

−Req
Leq

Ths

)

(27)

α =
1−D1

Req
− 1

Ths
· Leq

Req

× 1 + e
−Req

Leq
D1Ths − e

−Req
Leq

(1−D1)Ths − e
−Req

Leq
Ths

Req

(
1 + e

−Req
Leq

Ths

) (28)

β = n · −1−D1 +D2 +D3

Req
− n

Ths
· Leq

Req
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· −2 + e
−Req

Leq
(1−D2)Ths + e

−Req
Leq

(1−D3)Ths

Req ·
(
1 + e

−Req
Leq

Ths

) +
n

Ths
· Leq

Req

· e
−Req

Leq
(1+D1−D2)Ths + e

−Req
Leq

(1+D1−D3)Ths − 2e
−Req

Leq
Ths

Req ·
(
1 + e

−Req
Leq

Ths

)

(29)

x =
nVc3

Req
− Vc1e

−Req
Leq

(D2−D1)Ths + Vc1e
−Req

Leq
(D3−D1)Ths

Req

(
1 + e

−Req
Leq

Ths

)

(30)

y = −Vc1 + nVc3

Req
+

Vc1e
−Req

Leq
D2Ths + Vc1e

−Req
Leq

(D2−D1)Ths

Req

(
1 + e

−Req
Leq

Ths

)

+
nVc3e

−Req
Leq

(D3−D2)Ths + nVc3e
−Req

Leq
(1+D2−D3)Ths

Req

(
1 + e

−Req
Leq

Ths

)

(31)

z = −Vc1 − nVc3

Req
+

Vc1e
−Req

Leq
D3Ths + Vc1e

−Req
Leq

(D3−D1)Ths

Req

(
1 + e

−Req
Leq

Ths

)

− nVc3e
−Req

Leq
(D3−D2)Ths + nVc3e

−Req
Leq

(1+D2−D3)Ths

Req

(
1 + e

−Req
Leq

Ths

)

(32)

η =
1 +D1 −D2 −D3

Req
+

1

Ths
· Leq

Req

· 2− e
−Req

Leq
D2Ths − e

−Req
Leq

D3Ths

Req

(
1 + e

−Req
Leq

Ths

) − 1

Ths
· Leq

Req

· e
−Req

Leq
(D2−D1)Ths + e

−Req
Leq

(D3−D1)Ths − 2e
−Req

Leq
Ths

Req

(
1 + e

−Req
Leq

Ths

) (33)

θ = n · −1−D2 +D3

Req
+

n

Ths
· Leq

Req

· 1− e
−Req

Leq
(1+D2−D3)Ths + e

−Req
Leq

(D3−D2)Ths − e
−Req

Leq
Ths

Req ·
(
1 + e

−Req
Leq

Ths

)

− 1

RM
. (34)

Based on the derivation in (18)–(34), the small-signal ac
circuit model of DAB converter is constructed as the large-signal
model shown in Fig. 5.

Frequency domain analysis can also be performed using
linearization and subsequent calculations of various transfer
functions. If the Laplace transform is applied to (22)–(24), the
control-to-output transfer function can be derived as

God1
(s) =

∧
i2 (s)
∧
d1 (s)

∣∣∣∣∣∣∧
d2(s)=0,

∧
d3(s)=0,

∧
vis(s)=0,

∧
vos(s)=0

=
1

R0 + L2s
· x− ηp/GA1 (s)

GA2 (s) /n+ ηβ/GA1 (s)
(35)

God2
(s) =

∧
i2 (s)
∧
d2 (s)

∣∣∣∣∣∣∧
d1(s)=0,

∧
d3(s)=0,

∧
vis(s)=0,

∧
vos(s)=0

=
1

R0 + L2s
· y − ηq/GA1 (s)

GA2 (s) /n+ ηβ/GA1 (s)
(36)

God3
(s) =

∧
i2 (s)
∧
d3 (s)

∣∣∣∣∣∣∧
d1(s)=0,

∧
d2(s)=0,

∧
vis(s)=0,

∧
vos(s)=0

=
1

R0 + L2s
· z − ηγ/GA1 (s)

GA2 (s) /n+ ηβ/GA1 (s)
(37)

GA1 (s) = (1/R1 + C1s) +
1

L1s
+ α− 1/R2

1 +R1C2s
(38)

GA2 (s) = (1/R2 + C3s) +
1

R0 + L2s
− nθ − 1/R2

1 +R2C4s
.

(39)

Similarly, the control-to-input transfer function can be derived
as

Gid1
(s) =

∧
i1 (s)
∧
d1 (s)

∣∣∣∣∣∣∧
d2(s)=0,

∧
d3(s)=0,

∧
vis(s)=0,

∧
vos(s)=0

=
1

L1s
· βx/GA2 (s) + p/n

GA1 (s) /n+ ηβ/GA2 (s)
(40)

Gid2
(s) =

∧
i1 (s)
∧
d2 (s)

∣∣∣∣∣∣∧
d1(s)=0,

∧
d3(s)=0,

∧
vis(s)=0,

∧
vos(s)=0

=
1

L1s
· βy/GA2 (s) + q/n

GA1 (s) /n+ ηβ/GA2 (s)
(41)

Gid3
(s) =

∧
i1 (s)
∧
d2 (s)

∣∣∣∣∣∣∧
d1(s)=0,

∧
d2(s)=0,

∧
vis(s)=0,

∧
vos(s)=0

=
1

L1s
· βz/GA2 (s) + γ/n

GA1 (s) /n+ ηβ/GA2 (s)
. (42)

V. MODEL VALIDATION

The table of electrical parameters of DAB converter is listed
in Table I, and the experimental prototype is shown in Fig. 6. The
detailed model of DAB converter is implemented in PLECS, and
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TABLE I
SIMULATION PARAMETERS OF DAB CONVERTER

Fig. 6. Photograph of the experimental DAB converter.

the proposed RAVM model is implemented in MATLAB. A pro-
totype is established to verify the RAVM proposed in this article.
The experimental DAB converter is designed for dc microgrid
power electronic transformer. Each working state contains 107
operating points which are used to verify the average model.
These operating points contain all modulation strategies and
operation modes. In the small-signal model, the Bode diagram
of the control-to-output transfer function is compared with the
detailed model simulation and experimental results of each
model, and the multifrequency analysis is carried out after the
perturbance source and response observer are properly placed
in the circuit. In the experimental device, the primary side of
the converter is connected to 400 V dc bus (Vis), the secondary
side is connected to 110 V dc bus (Vos) by cable, and the peak
current of the secondary side dc bus is 11 A. In the experiment,
the primary side dc bus is simulated by programmable dc power
supply to provide stable dc voltage. The secondary side dc bus is
simulated by power electronic load with power level (as shown
in Fig. 6), which is composed of MOSFET, nanocrystalline core
high-frequency transformer, and input–output filter. In order
to simulate the dynamic response of the cable resistance, the
average model and the prototype added a resistor Ro = 0.1 Ω to
simulate the cable resistance. When the model is applied to the
actual system, the actual Ro value cannot be ignored (usually far
less than 0.1 Ω). The ratio of the primary core to the secondary
core of the experimental DAB converter is 3:1, the rated power

Fig. 7. Comparison of detailed switching model simulation and experimental
results with the model for case 1: d1 = 0, d3–d2 = 0, d2 is varying.

is 1.21 kW, and the auxiliary inductance Leq = 523 μH. Since
the leakage inductor of transformer is very small (2.94 μh), a
520 μH inductor is needed to connect in series to the primary
core in order to increase the Leq value. As shown in Table I,
the inductance values Ll1 = 2.94 μH and Ll2 = 0.395 μH are
used in the model. In the experiment, the 32-bit floating-point
microprocessor TMS320F28335 is used, and the clock is 150
MHz to realize the control of DAB converter.

In order to validate the correctness of the average model pro-
posed in this article, different parameters are selected with three
freedom degrees to verify that the proposed model is suitable for
the average model of SPS modulation, DPS modulation, EPS
modulation, and TPS modulation by the following four cases:

A. Case1: Phase-Shift Modulation (d1 = 0,0 < d2 < 1, d3–d2
= 0)

1) RAVM Validation: The average model is validated and
the results from the following subcase are presented: d1 = 0,
d3–d2 = 0, and d2 is varying. The results from the detailed
switching model and experiments are compared with those from
the RAVM, as shown in Fig. 7.

2) Small-Signal-Model Validation: The small-signal model
is validated at the following steady-state operating point: d1
= 0, d2 = 0.3, and d3 = 0.3. The output dc current predicted
by the RAVM and the detailed switching model is 9.35 A and
the experiment result is 9.41 A. The results from the detailed
switching model and experiments are compared with those from
the RAVM, as shown in Fig. 8.

B. Case2: Duty-Ratio Modulation for Primary Side (0 < d1 <
d2 < 1, d3–d2 = 0)

1) RAVM Validation: The average model is validated and the
results from the following subcase are presented.

a) d2 = 0.5, d3–d2 = 0, d1 is varying.
b) d1 = 0.1, d3–d2 = 0, d2 is varying.
The results from the detailed switching model and experi-

ments are compared with those from the RAVM, as shown in
Fig. 9.

2) Small-Signal-Model Validation: The small-signal model
is validated at the following steady-state operating point: d1
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Fig. 8. Comparison of detailed switching model simulation and experimental
results with the model for case 1. Control-to-output transfer function with respect
to d2.

Fig. 9. Comparison of detailed switching model simulation and experimental
results with the model for case 2. (a) d2 = 0.5, d3–d2 = 0, d1 is varying. (b) d1
= 0.1, d3–d2 = 0, d2 is varying.

= 0.1, d2 = 0.3, and d3 = 0.3. The output current predicted
by the RAVM and the detailed switching model is 8.27 A and
the experiment result is 8.37 A. The results from the detailed
switching model and experiments are compared with those from
the RAVM, as shown in Fig. 10.

C. Case3: Duty-Ratio Modulation for Secondary Side (d1 =
0, 0 < d2 < d3 < 1)

1) RAVM Validation: The average model is validated and the
results from the following subcase are presented

a) d1 = 0, d3–d2 = 0.2, d2 is varying.
b) d1 = 0, d2 = 0.5, d3 is varying.

Fig. 10. Comparison of detailed switching model simulation and experimental
results with the model for case 3. Control-to-output transfer function (a) with
respect to d1 and (b) with respect to d2.

The results from the detailed switching model and experi-
ments are compared with those from the RAVM, as shown in
Fig. 11.

2) Small-Signal-Model Validation: The small-signal model
is validated at the following steady-state operating point: d1
= 0, d2 = 0.3, and d3 = 0.5. The output dc current predicted
by the RAVM and the detailed switching model is 10.2 A and
the experiment result is 10.25 A. The results from the detailed
switching model and experiments are compared with those from
the RAVM, as shown in Fig. 12.

D. Case4: Duty-Ratio Modulation for Both Sides (0 < d1 <
d2 < d3 < 1)

1) RAVM Validation: The average model is validated and the
results from the following subcase are presented

a) d2 = 0.5, d3 = 0.7, d1 is varying.
b) d1 = 0.1, d3–d2 = 0.2, d2 is varying.
c) d1 = 0.1, d2 = 0.5, d3 is varying.
The results from the detailed switching model and experi-

ments are compared with those from the RAVM, as shown in
Fig. 13.

2) Small-Signal-Model Validation: The small-signal model
is validated at the following steady-state operating point: d1 =
0.2, d2 = 0.5, d3 = 0.7. The output dc current predicted by
the RAVM and the detailed switching model is 10.33 A and in
the experiment result is 10.29 A. The results from the detailed
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Fig. 11. Comparison of detailed switching model simulation and experimental
results with the model for case 3. (a) d1 = 0, d3–d2 = 0.2, d2 is varying. (b) d1
= 0, d2 = 0.5, d3 is varying.

Fig. 12. Comparison of detailed switching model simulation and experimental
results with the model for case 3. Control-to-output transfer function (a) with
respect to d2 and (b) with respect to d3.

Fig. 13. Comparison of detailed switching model simulation and experimental
results with the model for case 4. (a) d2 = 0.5, d3–d2 = 0.2, d1 is varying.
(b) d1 = 0.1, d3–d2 = 0.2, d2 is varying. (c) d1 = 0.1, d2 = 0.5, d3 is varying.

switching model and experiments are compared with those from
the RAVM, as shown in Fig. 14.

VI. OPEN-LOOP EXPERIMENT

A. Dynamic Response

In this section, assuming the initial steady-state operating
point of the converter is d1 = 0.1, d2 = 0.3, d3 = 0.5, at t
= 0.1 s, the given values of the control variables are changed,
respectively. d1 increases from 0.1 to 0.3, d2 and d3 unchanged,
as d1 increases, the effective duty ratio of uab voltage decreases.
Concurrently, the output current i2 and transformer current itr
decrease; d2 increases from 0.3 to 0.5, d1 and d3–d2 remain
unchanged. As d2 increases, the phase-shift ratio between bridge
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Fig. 14. Comparison of detailed switching model simulation and experimental
results with the model for case 4. Control-to-output transfer function (a) with
respect to d1, (b) with respect to d2, and (c) with respect to d3.

arms increases. At the same time, the output current i2 and
transformer current itr increases; d3 increases from 0.5 to 0.6,
d1 and d2 remain unchanged. As d3 increases, the effective
duty ratio of ucd voltage decreases, simultaneously, the output
current i2 and transformer current itr decreases. As shown in
Fig. 15, the detailed switching model is in good agreement
with the experimental results, so the transformer current of the
proposed RAVM and output current i2 of the detailed model
are excluded. The mismatch between the two models and the
experimental results is mainly due to the fact that the high-order
parasitic parameters (series resistance of skin effect, parasitic
capacitance, etc.) in the actual circuit which are not considered
in the model.

Fig. 15. Output current and transformer current transients with a phase-shift
change. (a) d2 = 0.5, d3–d2 = 0.2, d1 is varying. (b) d1 = 0.1, d3–d2 = 0.2,
d2 is varying. (c) d1 = 0.1, d2 = 0.5, d3 is varying.

B. Frequency Response Analysis

In this section, the frequency domain analysis is carried out
at the static operating points with d1 = 0.2, d2 = 0.5, and d3 =
0.7 and the results from the following subcase are presented.

1) The sum of d1 and small-signal perturbance, d2 = 0.5, d3
= 0.7.

2) The sum of d2 and small-signal perturbance, d1 = 0.2, d3
– d2 = 0.2.

3) The sum of d3 and small-signal perturbance, d1 = 0.2, d2
= 0.5.

In the model, Vis = 400 V, Vos = 110 V. The experimental
results also verify the correctness of the analysis. In the exper-
iment, a small disturbance d1sin, d2sin, and d3sin are added to
the static point of phase-shift ratio separately. At this point, the
actual phase-shift ratio becomes a function of time t, i.e.,

d1 (t) = D1 + d1 sin (t) d1 sin (t) = Am1 sin 2πfp1t (43)

d2 (t) = D2 + d2 sin (t) d2 sin (t) = Am2 sin 2πfp2t (44)

d3 (t) = D3 + d3 sin (t) d3 sin (t) = Am3 sin 2πfp3t (45)

where Am1 =Am2 =Am3 = 0.02 is the amplitude and fp ranging
from 1 to 5 kHz is the frequency of disturbance d1sin, d2sin,
and d3sin. Note that in the experiment, due to the use of digital
controller, the time counter of TMS320F28335 controller has a
minimum time resolution of 6.67 ns, and the minimum rate of
variation of d1, d2, and d3 isΔdmin= 6.67 ns/20μs= 3.33×104,
so the level of d1, d2, and d3 cannot be changed continuously.
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Fig. 16. Illustration of frequency-response measurements with D1 = 0.2, D2 = 0.5, D3 = 0.7, and various fp1 values. (a) fp1 = 20 Hz. (b) fp1 = 100 Hz.
(c) fp1 = 500 Hz.

Fig. 17. Illustration of frequency-response measurements with D1 = 0.2, D2 = 0.5, D3 = 0.7, and various fp2 values. (a) fp2 = 20 Hz. (b) fp2 = 100 Hz.
(c) fp2 = 500 Hz.

Fig. 18. Illustration of frequency-response measurements with D1 = 0.2, D2 = 0.5, D3 = 0.7, and various fp3 values. (a) fp3 = 20 Hz. (b) fp3 = 100 Hz.
(c) fp3 = 500 Hz.

When Am1, Am2, and Am3 are set to 0.02, d1, d2, and d3 may
have 2Am1/Δdmin = 120 horizontal resolutions which is enough
to measure, the measurement of frequency response is shown in
Figs. 16–18, and the amplitude frequency response is obtained
from the peak value of the measured i2 waveform; the phase
response is obtained by measuring the phase difference between
the part of i2 and the d1sin, d2sin, and d3sin signals represented
by the square wave signal Sp. It should be noted that when the
frequency of disturbance d1sin, d2sin, and d3sin are greater than
700 Hz, the amplitude of Am should be increased due to the
design of output filter parameters, that is, Am1 = Am2 = Am3 =
0.06.

C. Power Loss and Efficiency Analysis

In order to analyze the power losses and efficiency of the
model, taking cases 1 and 4 in Section V, for example, the model

steady-state predictions, the detailed model simulation, and the
experimental results are compared in Fig. 19. Specifically, the
power losses and the efficiency of the DAB converter with
different phase-shift ratios are plotted. Fig. 19(a) corresponding
to the case 1, Fig. 19(b)–(d) corresponding to the case 4. Con-
sidering the inside impedance of the secondary power source,
the efficiency η′ is calculated through:

η′ = Vo · i2/ (Vin · i1) (46)

Vin = Vis (47)

Vo = Vos + i2 ·Ro (48)

where the variables are defined in Fig. 4. It is noted that DAB
converter are commonly operating in zero-voltage-switching
(ZVS) mode. Therefore, the switching loss is not considered
in this article. For an ideal DAB without parasitic resistances,
Vis : nVos = 1 should be ensured in order that ZVS operation can
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Fig. 19. Power loss and efficiency varied with the steady-state operating points
under different working modes. (a) d1 = 0, d3–d2 = 0, d2 is varying. (b) d2 =
0.5, d3 = 0.7, d1 is varying. (c) d1 = 0.1, d3–d2 = 0.2, d2 is varying. (d) d1 =
0.1, d2 = 0.5, d3 is varying.

be achieved. At the same time, the current of the transformer is
lowest. In the prototype, due to the existence of Req and Ro, the
actual voltage ratio of the DAB is lower than Vis : nVos. For this
reason, ZVS operation is achievable when Vis : nVos is slightly
higher than 1 in the experiment. According to the parameters of
the experimental prototype in Table I, Vis : nVos is 1.21 in this
article. For the different phase-shift ratios, namely the different
output active power, the efficiency of the RAVM is basically
consistent with the detailed switching model since the proposed
RAVM includes the majority of power losses in the circuit. Due
to the presence of unpredictable circuit and PCB conduction
losses, the efficiency of the prototype is slightly lower than that
predicted by the RAVM.

VII. DISCUSSION

1) Average Model

The simulation results of the detailed switching model are
in good agreement with the prediction results of the RAVM
for all operating points in four cases and different subcases,
and the experimental results match closely to the RAVM. A
small mismatch between these two models and the experimental
results are mainly due to the high-order parasitic parameters
(series resistance of skin effect, parasitic capacitance, etc.) in
the actual circuit and the dead time of the complementary power
electronic switching devices. According to the direction of the
current, when the semiconductor device is turned ON, the dead
time may lead to the increase or decrease of the voltage duty
ratios of the bridge voltage. Furthermore, the dead time may
also increase or decrease the phase shift between the voltage
duty ratios of the bridge voltage and their commanded value.

2) Large-Signal Open-Loop Dynamic Response

Fig. 16(a)–(c) shows the large-signal transient response to a
step change in d1, d2, and d3, and the same controller is used
to realize control function. The figures show good agreement
between the large-signal responses obtained from experiments
and those predicted from the proposed RAVM and detailed
switching model. The mismatch between the two models and the
experimental results is mainly due to the fact that the high-order
parasitic parameters (series resistance of skin effect, parasitic
capacitance, etc.) in the actual circuit are not considered in
the model. The transformer current of the proposed RAVM
and output current i2 of the detailed model are excluded as
the detailed switching model simulation results are difficult to
distinguish from the RAVM results.

3) Small-Signal Model

The small-signal model predicts a pole at 15 Hz, which is
determined by the load resistance and output filter circuit. In all
cases, the experimental results are in good agreement with the
RAVM results and the detailed switching model, although the
experimental results start to deviate from the stage more than 2
kHz. This mismatch may be due to the poles introduced by the
output filter. If these poles are known accurately, they can be
considered in the model.
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4) Potential Applications

There are several possible applications of the proposed model.
For instance, in [27], the modeling and control of a DAB con-
verter with input–output filters is presented. The small-signal
model derived from the average DAB converter was employed
to state the transfer functions. However, the small-signal model
does not include the input–output filter circuit. In this case, the
proposed model may be used to derive modified closed-loop
transfer functions.

Similarly, the proposed model is suitable for systems with no
input–output filter circuit or only input or output filter circuit.
In [28] and [29], only the input filter circuit is included, for the
design of the whole system controller, the filter circuit needs
to be considered separately. The model proposed in this article
only needs to rewrite formula (4) and (22), and other derivation
processes are the same. Thus, the model can simplify the design
process of the system controller.

The proposed model may also be applied to assess the per-
formance of control structures, where, typically, the operating
regions and modulation strategies are divided into modes and
submodes. For instance, in [30], the full model of DAB with
TPS control was classified into six operating modes. Afterwards,
the concept of global optimal condition equations is proposed
to derive the closed form of analytic expressions of an opti-
mal modulation scheme that makes the DAB converter operate
with minimized root-mean-square current during whole power
range with different operating modes, but the proposed model
will eliminate the need to have separate plant models for such
analyses.

E. Remarks

The RAVM can accurately predict the steady-state and tran-
sient response of the DAB converter with TPS control system.
Simulation and experimental results show that the model can
accurately predict the output current, transformer current, and
large-signal transient behavior of the converter. Modeling and
simulations of DAB converters can be extremely useful prior
to hardware implementations as they help component selection
and preliminary evaluation of the overall dc system.

VIII. CONCLUSION

In this article, a novel RAVM for DAB converter is proposed,
the main power losses (including conduction and transformer
losses) and input–output filter are considered in this method.
Based on the large-signal RAVM, the small-signal model and
the control output transfer function are derived. The derivation
shows that the Taylor series method is very effective for the
linearization analysis of RAVM. Time domain simulation and
experimental results of the DAB converter prototype proved the
effectiveness of the RAVM and small-signal model. The model
calculation results and detailed switching model simulation are
in good agreement with the experimental results. Therefore,
through the parameter selection of three degrees of freedom,
the proposed model is suitable for the average model of SPS

modulation, DPS modulation, EPS modulation, and TPS mod-
ulation, and this model can be used for DAB converter design
and analysis.
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