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Abstract—The modeling and control of a buck–boost and
stacked dual half-bridge (DHB) integrated bidirectional dc–dc con-
verter have been studied in this paper. This converter features high-
voltage transfer ratio, high efficiency, and the minimum number of
switches. In this paper, an extended, continuous, full-order, state-
space averaging modeling method is proposed. Compared with ex-
isting methods, the proposed method exhibits higher coincidence
with the switching circuit simulation, in steady and especially dy-
namic states. Due to its high dynamic accuracy and low complexity,
the proposed modeling method provides a better theoretical anal-
ysis and a fast simulation tool for transient process and control
design of converters with dual-active-bridge units, especially with
DHB units. By using this method, the high-frequency transformer
series inductance current is directly divided into a sampled dc
component and a fluctuant component. Only the sampled dc one is
included into state variables, but both components are considered
into state equations. Besides, this method regards the entire con-
verter as a linear superposition of its subsections, which provides a
stepwise modeling based on linearization of subsections. Moreover,
a decoupled proportional-integral control method is proposed to
enhance the stability and dynamic response of the converter. This
control method is analyzed by the proposed models, which can be
regarded as an application of the proposed modeling method. Sim-
ulation and experiments have validated both the proposed model-
ing and the decoupled control strategy.

Index Terms—DC–DC converters, decoupled control, modeling,
transformer series current.

I. INTRODUCTION

BATTERY energy storage systems (BESSs) have attracted
much more attention than in the past, since they can be ap-

plied to smooth the power output of renewable energy generation
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systems with an intermittent nature and to increase the penetra-
tion of renewable generation. Bidirectional dc–dc converters are
key elements in a BESS. They connect the batteries and the high-
voltage dc bus and transfer charging/discharging power. High
and wide voltage transfer ratio, flexible bidirectional power flow
ability, and high efficiency of BDCs are desired [1].

A buck–boost BDC is the simplest BDC, but it suffers from a
limited voltage ratio [2]. Multilevel-based BDCs feature reduced
voltage stresses and high-voltage transfer ratio, but the switching
device cost is high and the voltage balance increases the control
complexity [3]. Switched-capacitor converters have been pro-
posed in [4]–[7]. They decrease the voltage stress of devices and
need no magnetic component. Switches, however, suffer high
transient currents. Coupled-inductance-based BDCs [8] feature
high-voltage transfer ratio, but problems associated with leak-
age inductance create considerable cost. A soft-switched boost
converter [9] with an interleaved configuration needs no coupled
inductances or switched capacitors, but its output-series struc-
ture causes most of the power to be delivered through many
diodes, which decreases efficiency. Dual-active-bridge (DAB)
BDCs [10] are more attractive for their excellent high-power
density and soft-switching performance, but they require the
voltages on primary and secondary sides of the transformer
matching the transformer ratio. If it fails, the root-mean-square
value of transformer series inductance current will increase dra-
matically due to circulating currents, which leads to higher con-
duction loss, higher current rating of components, and reduced
conversion efficiency. Nevertheless, this requirement is hard to
be guaranteed in a BESS. Since the voltage is constant on the
high-voltage dc bus side, but on the low-voltage battery side,
the voltage varies with the state-of-charge of a battery.

Based on DABs, more advanced high step-up/step-down soft-
switching BDCs are proposed. In [11], a converter combining
a buck–boost BDC and a dual-half-bridge (DHB) is proposed.
It shows that a scheme of a nonisolated pulse width modula-
tion (PWM) converter plus an isolated converter can be a good
solution to the mismatched-voltage problem in DABs, since a
simple nonisolated PWM converter converts the various battery
voltages to a constant.

Based on the work in [11], a buck–boost and stacked DHB
integrated bidirectional dc–dc converter (BB-SDHB BDC) is
proposed in [12]. The studied BB-SDHB BDC in this paper
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Fig. 1. Topology of BB-SDHB BDC.

is the original type of that in [12], and they are essentially
the same. This converter features higher voltage conversion ra-
tio and efficiency. However, the topology of this converter is
quite coupled and complex, the modeling and control of this
converter has not been discussed. The BB-SDHB BDC is a
combination of a buck–boost converter and a stacked DHB
converter, as in Fig. 1. Symbols are defined as follows: low
electromotive force of storage component Vb and a branch re-
sistance Rl , buck–boost inductor L, power switches S1 , S2 ,
S3 , S4 , primary and secondary winding numbers of the high-
frequency transformer N1 and N2 (N1 < N2), series inductor
Lr , switching capacitors C1 , C2 , C3 , C4 and their voltages v1 ,
v2 , v3 , v4 , high-voltage side capacitor C0 , high-voltage branch
resistance Ro , and high-voltage source Vos . Intermediate volt-
age Um equals v1 + v2 . Secondary-side bus voltage Uh equals
v3 + v4 . High-voltage side bus voltage Uo equals Um + Uo .
PWM period of all switches is Ts . Duty cycles of all power
switches are D (D = φ2/2π and φ2 takes place of D in this pa-
per for facilitating analysis). Drives of S1∼2 are compensatory
gS1∼2 , similarly for S3∼4 . Shifted phase between carriers of
gS1∼2 and gS3∼4 is φ1 . Range for φ1 and φ2 is: φ2 ∈ [0, 2π],
φ1 ∈ [−0.5min (φ2 , 2π − φ2), 0.5min (φ2 , 2π − φ2)].

For modeling, conventional state-space averaging modeling
is generally utilized for its linearization in the sense of a state
average without switching details during a PWM cycle [14].
Nevertheless, it is difficult to deal with the series inductance
current of a high-frequency transformer in a DAB converter
unit such as in the studied converter, since its average of a PWM
cycle is mostly zero. The series inductance is a main power
transfer element in this converter. Its current may create oscil-
lations in transients and unbalance the voltages of switching
capacitors. Therefore, this state should be cautiously consid-
ered in modeling. Facing this challenge, scholars have devel-
oped some modeling methods, but room for improvement still
exists. In [15]–[17], reduced order models are obtained. The
series inductance current is eliminated from the state space by
assuming its current cycle average is always zero. Its ac wave

is derived by voltages on the primary and secondary sides of
the transformer. These methods are good solutions, but are re-
stricted owing to a 50% duty cycle. In addition, information and
the influence of the average value in dynamics are lost. Similar
methods, along with duty cycle modulation for reduced order
models, were developed and described in [18] and [19]. In these
methods, a constant is utilized to represent PWM cycle initial
current value instead of the zero-average concept, since its main
issue is a small signal modeling. In [20], a discrete full-order
model with the first term of a Taylor expansion is developed, but
the information of higher degree terms is lost. In [21] and [22],
the second terms of a Fourier series are introduced into the cur-
rent for more accuracy, but the first dc, second sine, and cosine
terms divide the current into three states, which increases the
complexity. Moreover, the information of higher degree terms is
lost as well. Since the cycle average of this current is mainly not
zero in dynamics, in [23] an improvement was made; namely,
that the average of this current in a PWM cycle is included into
state variables to obtain a full-order continuous model. How-
ever, in a PWM cycle, the current average value and current
detailed waves are mutually determined, which causes a trouble
in derivation of the average value. This problem is discussed in
Section III-E.

For control, as the working principle of BB-SDHB BDC in
Section II and Fig. 1, Um is regulated by φ2 through the buck–
boost unit, which is constructed by L, S1 , S2 , C1 , and C2 . The
power delivered by the transformer between C1∼2 (Um ) and
C3∼4 (Uh ) is regulated by φ1 through the SDHB unit, which is
constructed by the transformer, Lr , S1∼4 , and C1∼4 . In the early
stage of our experiment, when supplying Ro with Vos = 0 V
under the boost mode, two proportional-integral (PI) controllers
were used to control Um and Uo . The control variable of the
Uo loop is φ1 [15], while that of the Um loop is φ2 . Since
Uo = Um + Uh , Uo is influenced by both φ1 and φ2 , hence
it is referred as “coupled control strategy” in this paper. Our
previous experiments show that the oscillation easily occurs un-
der this “coupled control strategy,” as shown in Fig. 18. This
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Fig. 2. Derivation of topology: (a) VM-SDCT BDC and (b) BB-SDHB BDC.

phenomenon aroused our curiosity to study modeling and con-
trol of this converter.

The major works of this paper are: 1) an extended, con-
tinuous, full order, state-space averaging modeling method is
proposed. Compared with existing methods, the proposed one
features higher coincidence with the switching circuit simula-
tion, in steady and especially dynamic states. Due to its high
dynamic accuracy and low complexity, the proposed modeling
method provides a better theoretical analysis and fast simulation
tool for transient process and control design of converters with
DAB units, especially with DHB units. By using this method, the
high-frequency transformer series inductance current is directly
divided into a sampled dc component and a fluctuant compo-
nent. This fluctuant component can be represented completely
by switching capacitor voltages, duty cycle phase, and shifted
phase. Hence, only the sampled dc component is included into
state variables. But both components are considered into state
equations of switching capacitor voltages (other state variables).
Besides, this method regards the entire converter as a linear su-
perposition of its subsections, which provides a stepwise mod-
eling based on linearization of subsections. In particular, the
average value of this current in a PWM cycle is deftly avoided
being used in specific modeling, since the current direct division
concept is utilized to model this current instead of the average
value concept. This current division concept solves the problem
in [23] that the average value is difficult to obtain. And it fea-
tures lower algebraic degree (2 instead of 3) of expressions of
duty cycle and shifted phase in the model, which benefits for
lowering model complexity. 2) A “decoupled control strategy”
is proposed to achieve better control performance of BB-SDHB
BDC and the topological family that it belongs to. This control
strategy is analyzed based on the established model, which is
also an application of the proposed modeling method.

In Section II, the converter and the topological family it
belongs to are introduced. In Section III, both large- and
small-signal models are established with the proposed mod-
eling method. The two models are verified by the switch-
ing circuit simulation. The proposed modeling method is also
compared with a zero-average current method based on [15],
and an average-current state method [23]. In Section IV, the

“decoupled control strategy” is compared with the “coupled
control strategy.” In Section V, both proposed modeling and
control are verified by an experiment.

II. TOPOLOGY AND OPERATIONAL PRINCIPLES

The studied converter BB-SDHB BDC in this paper is shown
in Fig. 1. To understand the working principle of this converter,
DAB BDCs should be concerned first. A shifted-phase DAB
BDC is an attractive solution for energy storage systems, but it
requires the voltages on two side buses of the transformer keep-
ing matched. In addition, the conversion efficiency is reduced
since all power has to be transferred through the transformer.
An idea to deal with the problem of voltage mismatch is cascad-
ing a simple nonisolated dc–dc converter, such as a buck–boost
circuit, to the low-voltage battery side, so as to keep the volt-
age a proper constant on the low-voltage side of the DAB part.
An idea to deal with the problem of efficiency is a stacking
structure (primary and secondary bus series connected PSSC)
such as that shown in Fig. 2(a). It is obvious that not all power
needs to be transferred, which benefits efficiency. The voltage
conversion ratio also becomes higher due to the stacking of pri-
mary and secondary dc buses. Hence, a scheme that integrates
the two units can be derived as shown in Fig. 2 (a). This con-
verter family can be designated voltage matcher and stacked
dc-transformer integrated bidirectional dc–dc converters (VM-
SDCT BDCs). The BB-SDHB BDC studied in this paper and is a
typical example of the family. Its topology derivation is shown in
Fig. 2(b). This converter comes from an isolated type [11] and
has the following advantages [11]: 1) DHB converters need the
minimum switches in DAB converters. 2) This converter cou-
ples the boost circuit and primary bridge based on switch reuse,
which further reduces switch numbers and conversion stages to
reduce cost and enhance efficiency.

The VM-SDCT BDCs have two working modes. In buck
mode, power flows from the high-voltage (HV) side to the low-
voltage (LV) side that is usually connected to an energy storage
component such as a battery or supercapacitor, while in boost
mode the power flow is reversed. Um is regulated by DC–DC1.
Thus, while the LV side voltage varies, the voltages of both
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transformer sides in DC–DC2 can remain matched under certain
control for power density and efficiency. The power delivered
by the transformer is regulated by DC–DC2 with phase shift
control, which is similar to DAB converters. These two modes
smoothly transition to each other with the shifted phase slowly
changing to the opposite sign.

The studied converter BB-SDHB BDC works similarly, as
in the dashed box of Fig. 2(b). Um is regulated by the coupled
buck–boost unit (DC–DC1) through φ2 . The power delivered
by transformer between C1∼2 and C3∼4 is regulated by the
SDHB (DC–DC2) through φ1 . The detailed operating principle
is similar to that in [12]. Average power transferred in the steady
state is shown in

Pav =
TsN1VbUoφ1

2πN2Lr

(
1 − φ2

2π
− φ1

2φ2

)
. (1)

For BB-SDHB BDC, as shown in Fig. 1, the LV side con-
nects low-voltage dc bus of the storage components that can be
emulated by a series of a resistance Rl and a voltage source
Vb . The HV load and HV dc bus can be emulated by a series
of a resistance Ro and a voltage source Vos . When the con-
verter supplies Ro on the HV side, Ro is relatively large and
Vos is zero, while when the HV side is connected to a dc grid,
Ro is relatively small and Vos is high. While on the LV side, Rl

is always a small value including L resistance, inner resistance
of Vb , and on-state resistance of switches. The inner resistance
of Vb plays a major role, and if it accounts for almost all of Rl ,
Rl can be set as its value. Vb is always the voltage of the storage
component.

III. MODELING AND ANALYSIS

A. Core Ideas of Modeling

Before modeling, the following assumptions are made: the
ideal transformer has series inductance, the magnetizing induc-
tance is ignored since it is very large, there are no distributed
parameters, and the switch, passive component, and voltage
source are ideal.

1) Transformer Series Inductance Current: The proposed
modeling method straightforwardly converts the series induc-
tance current iLr into a dc state variable in a sense. The sim-
plified transformer model is shown in Fig. 3(a). iLr rises, falls,
and shares the same period with PWM cycle. VLr1 and VLr2 are
port voltages converted to the secondary side.

As shown in Fig. 3(b), sampling iLr at one same time point
of each PWM cycle, a “dc” quantity of iLr can be observed.
For convenience, iLr is sampled at the beginning of each cycle.
Thus, in each PWM cycle, iLr can be divided into two compo-
nents: one is this sampled component iLr0(iLr0 does not vary
during a whole cycle), while the other is a fluctuant component
iLrF l . There is always an (2) at any time

iLr = iLr0+iLrF l . (2)

The symbols i
[n ]
LrF l , i

[n ]
Lr0 represent the values of iLrF l , iLr0

in cycle[n ] . And i
[n+1]
LrF l , i[n+1]

Lr0 represent the values of iLrF l , iLr0

in next cycle (cycle[n+1]). Thus, iLr0 can be modeled using a
conventional state-space averaging method as in (3). Where Ts

is the period of a cycle, ω is the phase velocity, ωTs= 2π, t is
the time, and i̇Lr0 is the state averaging change rate of iLr0 in
cycle[n ]

i̇Lr0 =
i
[n+1]
Lr0 − i

[n ]
Lr0

Ts
=

1
Ts

∫ T s

0

VLr1 − VLr2

Lr
dt. (3)

Fig. 3(c) shows iLr0 and iLrF l , respectively, to help illustrate
this division. Owing to (2) and iLr0 sampled at the beginning
of each cycle, i

[n ]
LrF l is zero at the beginning of cycle[n ] . The

fluctuation of i
[n ]
LrF l is determined by VLr1 − VLr2 , as in (4),

where i̇LrF l is the instant change rate of iLrF l⎧⎨
⎩

i̇LrF l =
VLr1 − VLr2

Lr

i
[n ]
LrF l |ωt=0 = 0

. (4)

Obviously, VLr1 − VLr2 can be determined by t, switching
capacitor voltages vp1 , vp2 , vs1 , vs2 , and φ1 , φ2

VLr1 − VLr2 =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

vp1 − vs2 , 0 ≤ ωt < φ1

vp1 − vs1 , φ1 ≤ ωt < φ2

vp2 − vs1 , φ2 ≤ ωt < φ1 + φ2

vp2 − vs2 , φ1 + φ2 ≤ ωt < 2π

. (5)

Combining (3) and (5), i[n+1]
Lr0 can be derived as a function f0

of i
[n ]
Lr0 , φ1∼2 , vp1∼2 , vs1∼2

i
[n+1]
Lr0 = f0(i

[n ]
Lr0 , φ1∼2 , vp1∼2 , vs1∼2). (6)

Combining (4) and (5), i
[n+1]
LrF l can be derived as a function

fF l of t, φ1∼2 , vp1∼2 , vs1∼2

i
[n ]
LrF l = fF l(t, φ1∼2 , vp1∼2 , vs1∼2). (7)

From (6) and (7), it is shown that i
[n+1]
Lr0 depends on i

[n ]
Lr0 ,

while i
[n ]
LrF l is independent of i

[n−1]
LrF l . Thus, iLr0 should be a state

variable, while iLrF l is not a state variable. Thus, iLr occupies
only one order in the model. iLr0 and iLrF l are modeled by
(6) and (7), respectively. Equations (9) and (10) are modeling
results of iLrF l and iLr0 for the studied converter. The detailed
modeling procedure is presented in Section III.

It is important to notice that average of i
[n ]
LrF l in cycle[n ] is not

necessarily zero, iLrF l is not a conventional “ac” component,
but a fluctuant component. Another attention is that the end
value of i

[n ]
LrF l is also not necessarily zero, because VLr1 − VLr2

during cycle[n] may not make i
[n ]
LrF l zero at the end. But owing

to definition, i[n+1]
LrF l is zero at the beginning of cycle[n+1] (end of

cycle[n ]), which means that iLrF l does not need to be continuous
at the boundary of two adjacent cycles, as in Fig. 3(c). iLr0 is
also discrete at the boundary apparently. But iLr = iLr0 + iLrF l

is continuous at any time, which ensures all information of
iLr is conserved. Universality of this current division and full
information of the current wave are the key points to ensure high
accuracy of the proposed modeling method.

Both iLrF l and iLr0 contribute to the power transfer. And their
contribution is fully derived into the state equations of switching
capacitor voltages vp1∼2 , vs1∼2 (other state variables). But since



3538 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 4, APRIL 2018

Fig. 3. Operation modes of dual-bridge converter: (a) simplified transformer, (b) division of transformer series inductance current, and (c) two components from
division.

iLrF l is not a state variable, only its contribution is incorporated
in final state equations, while “iLrF l” does not appear in the
state equation. The detailed derivation process is presented in
Section III-B.

2) Capacitor Voltages: An average-charge method is pro-
posed to analyze the variation of capacitor voltages. This method
is a part of the entire modeling method proposed in this paper. It
is still based on state-space averaging, but much easier to execute
and analyze than averaging all of the switching state equations,
due to the complex coupling of the converter. The core idea is
to divide the converter into subsections by their function. The
capacitor voltages are kept nearly constant in a PWM cycle, thus
the contribution of each subsection to the charge of a capacitor
can be calculated in the sense of state averaging. Then, charge
of each capacitor is linear superposition of contribution from
these subsections. Finally, the entire model is established. For
instance, the selected converter is the combination of a buck–
boost unit, SDHB unit, and load branch loop.

B. Large -Signal Modeling Procedure

For the studied converter, the operation modes of one PWM
switching cycle are illustrated in Fig. 4.

A PWM cycle is divided into four intervals by time

w0 =
φ1

2π
Ts, w1 =

φ2 − φ1

2π
Ts, w2 =

φ1

2π
Ts, w3

=
2π − φ1 − φ2

2π
Ts. (8)

Fig. 4. Operation modes of BB-SDHB BDC.

Only series inductance on the primary side is transferred to
the secondary side for analysis, due to the fact that there is no
isolation between buses of two sides. In boost mode, the time
VLr1 steps up is selected as the sample time of iLr for iLr0 , and
as beginning of a cycle for convenience. While the time VLr2
steps up is selected in buck mode. This selection guarantees
that the converter can be modeled with the similar procedure in
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both buck and boost mode. As shown in Fig. 4, i0LrF l , iφ1
LrF l ,

iφ2
LrF l , iφ1 +φ2

LrF l , i2π
LrF l are key values of iLrF l , where i0LrF l = 0.

Voltages [v] = [ v1 v2 v3 v4 ] of C1 , C2 , C3 and C4 , L current
iL , and iLr0 are selected to constitute state space.

Key points of iLrF l are derived in (9), shown at the bottom
this page, by (4), (5). and (8), where n is the transformer ratio
defined as N2/N1 :

Hence, average change rate of iLr0 in a PWM cycle can be
derived in (10) by (3), (9), and (8)

i̇Lr0 =
i2π
LrF l − i0LrF l

Ts
= [HiL r 0 v ][v]

=
φ2n

2πLr
v1 − (2π − φ2)n

2πLr
v2 − φ2

2πLr
v3 +

2π − φ2

2πLr
v4 .

(10)

By calculating charge with an integral of iLr in a cycle (iLr

= iLr0 + iLrF l), and considering equivalent capacitance, the
variations of capacitor voltages caused by iLr can be acquired.
To begin with, during a PWM cycle Ts , while S1 is on, its current
component of SDHB iSDHB

S1 (iL component in S1 is excluded)
equals niLr . This current flows into an equivalent capacitor as
shown in Fig. 5(a). This capacitor is constructed by paralleling
C1 and C1N , where C1N is the series branch of C2 , C3 , C4 , C0 ,
and C1N can be calculated by CiN = 1/

∑M =0∼4
j �=i

1
Cj

.

The contribution made by iSDHB
S1 to the change of v1 in a

cycle is represented by �v10 . It can be derived as (11), shown
at the bottom of this page, by (9) and (8):

For the current of S2 , S3 , S4 , corresponding �v20 , �
v30 , �v40 can be derived similarly. Their vector form
[Δv0 ] = [Δv10 Δv20 Δv30 Δv40 ] T can be derived as fol-
lows:

[Δv0 ] = Ts [MC v0 ]([QiL r 0 ][iLr0 ]+[Hv0 ] [v]) (12)

where

[MC v0 ] =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−n

C1N + C1
0 0 0

0
n

C2N + C2
0 0

0 0
1

C3N + C3
0

0 0 0
−1

C4N + C4

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

[QiL r 0 ] =
1
2π

[
φ2 2π − φ2 φ2 2π − φ2

]T

and [Hv0 ] is detailed in (14), shown at the bottom of the next
page.

When S1 is on, the current of S1 also contributes to the
changes of v1 , v2 , v3 , v4 as shown in Fig. 5(a). For vi (i �= 1),
this voltage change Δv1 i can be derived by

Δv1 i = −C1N

Ci
Δv10 . (13)

When S2 , S3 , S4 are on, respectively, their currents also con-
tribute to the change of v1 ; hence, the total variation of v1 caused
by iLr is shown in (15)

ΔviLr 1 = Δv10 + Δv2 1 + Δv3 1 + Δv4 1

= Δv10 − C2N

C1
Δv20 − C3N

C1
Δv30 − C4N

C1
Δv40 .

(15)

ΔviLr 2 , ΔviLr 3 , ΔviLr 4 can be derived similarly. Their
vector form [�viLr ] = [ΔviLr 1 ΔviLr 2 ΔviLr 3 ΔviLr 4 ]T

is expressed in

[�viLr ] = [MC v v0 ][�v0 ] (16)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

i0LrF l = 0

iφ1
LrF l = i0LrF l +

w0(nv1 + v4)
Lr

=
φ1nv1 + φ1v4

2πLr
Ts

iφ2
LrF l = iφ1

LrF l +
w1(nv1 − v3)

Lr
=

φ2nv1 − (φ2 − φ1)v3 + φ1v4

2πLr
Ts

iφ1 +φ2
LrF l = iφ2

LrF l +
w2(nv2 − v3)

Lr
=

φ2nv1 − φ1nv2 − φ2v3 + φ1v4

2πLr
Ts

i2π
LrF l = iφ1 +φ2

LrF l +
w3(nv2 + v4)

Lr

=
φ2nv1 − (2π − φ2)nv2 − φ2v3 +( 2π − φ2)v4

2πLr
Ts

(9)

Δv10 =
−n(iLr0(w1 + w2) + 1

2 (i0LrF l + iφ1
LrF l)w1 + 1

2 (iφ1
LrF l + iφ2

LrF l)w2)
C1N + C1

= Ts

−n( φ2
2π iLr0 + Ts

8π 2 Lr
(nφ2

2v1 − (φ2 − φ1)
2v3 + (−φ2

1 + 2φ1φ2)v4))

C1N + C1
(11)
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Fig. 5. Some charging processes of different units: (a) S1 current component of SDHB, (b) Ro current, and (c) L current.

where

[MC v v0 ] =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 −C2N

C1
−C3N

C1
−C4N

C1

−C1N

C2
1 −C3N

C2
−C4N

C2

−C1N

C3
−C2N

C3
1 −C4N

C3

−C1N

C4
−C2N

C4
−C3N

C4
1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

Besides iLr , the coupled buck–boost unit also charges ca-
pacitors through S1 by iL as shown in Fig. 5(c). Considering
the equivalent capacitance, its contribution can be derived as
follows:

[�viL ] = Ts [Hv iL
] [iL ]

= Ts
φ2

2π(CLp + CLs)

[
CL p

C1

CL p

C2

−CL s

C3

−CL s

C4

]T
[iL ]

(17)

where

CLp =
C1C2

C1 + C2
, CLs =

C3C4C0

C3C4 + C4C0 + C3C0
.

The current of Ro branch on the HV side charges these ca-
pacitors too, as shown in Fig. 5(b), and its contribution can be
derived as follows:

[�vRo ] = Ts [MC Ro ](Vos − v1 − v2 − v3 − v4)/Ro (18)

where

[MC Ro ] =
C0N

C0N + C0

[ 1
C1

1
C2

1
C3

1
C4

]T
.

Hence, the total voltage change rate in a cycle is

[v̇] = [�viL ] + [�viLr ] + [�vRo ])/Ts

= [Hv iL
][iL ] + [Hv iL r 0 ][iLr0 ] + [Hv v ][v]

+ [MC Ro ]Vos/Ro (19)

where

[Hv iL r 0 ] = [MC v v0 ][MC v0 ][QiL r 0 ],

[Hv v ] = [MC v v0 ][MC v0 ][Hv0 ] − [MC v Ro ]/Ro,

[MC v Ro ] =
C0N

C0N + C0

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1
C1

1
C1

1
C1

1
C1

1
C2

1
C2

1
C2

1
C2

1
C3

1
C3

1
C3

1
C3

1
C4

1
C4

1
C4

1
C4

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

The change of iL can be simply derived by the current flow
shown in Fig. 5(c) as follows:

i̇L = −Rl

L
iL − φ2

2πL
v1 − φ2

2πL
v2 +

1
L

Vb

= −Rl

L
iL + [HiL v ][v] +

1
L

Vb. (20)

Hv0 =
Ts

8π2Lr

⎡
⎢⎢⎢⎢⎣

nφ2
2 0 −(φ2 − φ1)

2 −φ2
1 + 2φ1φ2

2nφ2(2π − φ2) −n(2π − φ2)
2 φ2

1 + 2φ2
2 − 4πφ2 φ2

1 + (2π − φ2)
2

n(−φ2
1 + 2φ1φ2 + φ2

2) −nφ2
1 −φ2

2 2φ1φ2

n(φ2
1 + 2φ2(2π − φ1 − φ2)) n(φ2

1 − (2π − φ2)
2) −2φ2(2π − φ1 − φ2) (2π − φ2)

2

⎤
⎥⎥⎥⎥⎦ (14)
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Finally, combining (20), (10), (19), the entire large-signal
model is established as follows:

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

i̇L

i̇Lr0

v̇1

v̇2

v̇3

v̇4

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎣

−Rl

L
0 [HiL v ]

0 0 [HiL r 0 v ]

[Hv iL
] [Hv iL r 0 ] [Hv v ]

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

iL

iLr0

v1

v2

v3

v4

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+

⎡
⎢⎢⎢⎢⎣

1
L

0

0 0

[0]
[MC Ro ]

R0

⎤
⎥⎥⎥⎥⎦

[
Vb

Vos

]
. (21)

The detailed large-signal modeling result is presented in
Section VIII. Appendix is presented at the end of this paper.

C. Small-Signal Modeling Procedure

φ1 and φ2 are control inputs and cause nonlinearity of the
model system. Thus, a small-signal model based on (21) is
established for linearization to make analyzing the convertor
performance convenient. A good feature is that state variables
do not produce nonlinearity.

The state space is represented as x0 = [iL iLr0
v1 v2 v3 v4 ]T , and outputs are Um = v1 + v2 , Uh = v3 +
v4 , Uo = Um + Uh . Thus, the state-space equations can be
presented by rewriting (21) into ẋ0 = G(φ1 , φ2)x0 + BvS .
By introducing small perturbations x̃, dφ1 , and dφ2 to
x0 , φ1 , and φ2 , the small-signal model can be derived
as (22), where cm

T = [0 0 1 1 0 0 ], co
T = [0 0 1 1 1 1 ], and

ch
T = [0 0 0 0 1 1 ]
⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

˙̃x ≈ Gx̃ + (∂G/∂ϕ1)x0dφ1 + (∂G/∂ϕ2)x0dφ2

dUm = cm
T x̃

dUh = ch
T x̃

dUo = co
T x̃

. (22)

D. Verification with Circuit Simulation

To test the proposed modeling method, three models were
built: a large-signal model based on (21), a small-signal model
based on (22), and a detailed switching circuit simulation model.
All models are built in MATLAB/Simulink. The former two
mathematical models are built by using mathematic modules,
and the switching circuit simulation model is built by using
electrical elements. System parameters of these models are the
same and are from a prototype; they are listed in Table I, where
1/Ts is switching frequency, Lm is magnetizing inductance, and
n is the transformer ratio.

1) Large-Signal Model Performance: The performance of
the large-signal model is tested under both boost and buck
modes, with the results shown in Figs. 6 and 7, respectively,
where Vb = 40 V,Vos = 0 V(boost mode)/ 400 V(buck mode),

TABLE I
SIMULATION AND MODEL PARAMETERS

Uo r a t e d 400 V Lm ∞

Um r a t e d 100 V C0 3.3 μF
L 20 μH C1 96 μF
L r 23 μH C2 96 μF
1/Ts 100 kHz C3 6.6 μF
n 3 C4 6.6 μF

TABLE II
INITIAL CONDITIONS FOR TESTING LARGE-SIGNAL MODEL PERFORMANCE

State variable iL iL r ( 0 ) v1 v2 v3 v4

Initial value 0 A 0 A 50 V 50 V 150 V 150 V

Rl = 0.01 Ω, Ro = 326.1 Ω(boost mode)/0.1Ω(buck mode).
The initial values are listed in Table II. The step excita-
tions are produced by φ1 and φ2 since they are the control
variables.

Waves of the proposed model are in good coincidence with
the circuit simulation, which verifies its high accuracy in both
the steady and dynamic large-signal processes.

2) Small-Signal Model Performance: The accuracy of the
large-signal model can be presented more clearly using a system
frequency-response analysis based on the small-signal model.
This analysis is under the boost mode since the control methods
in a latter section are under the boost mode. Vb = 40 V,Vs = 0 V,
Um = 100 V, and Uo = 400 V. Ro = 533 Ω/267 Ω/160 Ω,
which means the converter works under 30%, 60%, and 100%
rated power, respectively. Two Bode diagrams describing the
responses of dφ1 to dUo and dφ2 to dUm are shown in
Figs. 8 and 9, respectively. The figures reveal high coincidence
of the proposed model with the circuit simulation in the whole
frequency range. Especially in Fig. 8, the highly coincident
magnitude peak near the resonant frequency is critical in sys-
tem analysis and control design, since this peak greatly influence
the stability⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

iφ1
Lr = iLr0 + iφ1

LrF l , iφ2
Lr = iLr0 + iφ2

LrF l , iφ1 +φ2
Lr = iLr0

+ iφ1 +φ2
LrF l , i2π

Lr = iLr0 + i2π
LrF l

iLrAV = 1
2 (w0(i0Lr + iφ1

Lr ) + w1(i
φ1
Lr + iφ2

Lr )

+w2(i
φ2
Lr + iφ1 +φ2

Lr ) + w3(i
φ1 +φ2
Lr + i2π

Lr ))
(23)

E. Comparison with Existing Modeling Methods

To compare the existing methods and the proposed modeling
method, based on two methods (a zero-average-current model
and an average-current-state model) in [15] and [23], two pairs
of the large- and small-signal models of the converter are estab-
lished in MATLAB/Simulink. Parameters are the same as the
proposed models.
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Fig. 6. Step response in boost mode: (a) circuit simulation and (b) proposed modeling.

Fig. 7. Step response in buck mode: (a) circuit simulation and (b) proposed of modeling.

Fig. 8. Model frequency response and simulation spectrum for (a) magnitude dϕ1 –dUo and (b) phase dϕ1 –dUo .
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Fig. 9. Model frequency response and simulation spectrum for (a) magnitude dϕ2 –dUo and (b) phase dϕ2 –dUo .

Fig. 10. Model frequency response comparison: (a) dϕ1 –dUo , (b) dϕ1 –dUm , and (c) dϕ2 –dUm .

1) Zero-Average-Current Reduced Order Modeling: A brief
introduction to the zero-average-current reduced order modeling
method [15] is merited. In [15], φ2 is limited to a constant π.
To compare with the proposed method, φ2 is liberated to a

variable in this paper. This method assumes that the PWM cycle
average of the series inductance current is zero: iLrAV = 0. As
in (23), the iLrAV can be expressed by five values i0Lr , iφ1

Lr ,
iφ2
Lr , iφ1 +φ2

Lr , and i2π
Lr , which are the values of iLr when ωt =
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Fig. 11. Model frequency response comparison on dϕ2 –dUo : (a) magnitude and (b) phase.

TABLE III
MODEL COMPARISON

0, φ1 , φ2 , φ1 + φ2 , 2π, respectively. Since i0LrF l , iφ1
LrF l , iφ2

LrF l ,
iφ1 +φ2
LrF l , i2π

LrF l are derived in (9) with φ1 , φ2 and [v], iLr0 can be
derived from (23) with iLrAV = 0. Then, i0Lr , iφ1

Lr , iφ2
Lr , iφ1 +φ2

Lr ,
i2π
Lr can be obtained and are used to calculate the change rates of

the capacitor voltages. Finally, the whole five-order large- and
small-signal models are built.

The main shortcoming of this method is that: v1 − v2 , v3 − v4
are two constants determined by initial values. Since it always
holds two equations v̇1 = v̇2 , v̇3 = v̇4 due to its symmetry of
state-space equations. This symmetry comes from the zero-
average-current assumption iLrAV = 0. However, when φ1 or
φ2 changes, v1 − v2 and v3 − v4 should varies with it as shown
in Figs. 8 and 9. This problem causes obvious errors in the steady
state, and even makes inequality between the input and output
power. Dynamic performance is also influenced. Its frequency
responses of small-signal models are shown in Figs. 10 and 11,
for comparison with the average-current-state model and the
proposed method.

2) Average-Current-State Full-Order Modeling Method:
Equation (23) has also been used in the average-current-state
full-order modeling from the method in [23], but it sets iLrAV
as a state variable. This is more accurate than the zero-average-

current method. There are two variables iLr0 , iLrAV that deter-
mine iLr . During a PWM cycle cycle[n ] , if given one of iLr0
and iLrAV , the other is derived. Since iLrAV is a state variable,
iLrAV should be obtained from its initial value and the state
equation i̇LrAV , then iLr0 is derived. However, i̇LrAV is hard
to be derived according to the idea of that method. Generally,
before deriving the iLrAV of next PWM cycle cycle[n+1] , the
values i0Lr , iφ1

Lr , iφ2
Lr , iφ1 +φ2

Lr , i2π
Lr of cycle[n+1] must have been

acquired, which is equivalent to that iLr0 of cycle[n+1] must
have been acquired. But with that method, iLr0 of cycle[n+1]

has to be derived with iLrAV of cycle[n+1] . This contradiction is
inherent. So in [23], an approximate substitute is made to deal
with this problem, that the following equation is used as the
state equation of iLrAV . But in fact, it is the state equation of
iLr0 as shown in (10). So (24) means an approximation between
two concepts

i̇LrAV =
φ2n

2πLr
v1 − (2π − φ2)n

2πLr
v2 − φ2

2πLr
v3 +

2π − φ2

2πLr
v4 .

(24)
Its waves of large-signal model show good results. They are

not given in this paper because the frequency responses of small-
signal models in Figs. 10 and 11 show the comparison with
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Fig. 12. Control diagrams: (a) coupled control strategy and (b) decoupled control strategy.

Fig. 13. Small-signal model diagrams of (a) coupled and (b) decoupled control
strategy.

the zero-average-current model and the proposed model more
clearly.

3) Frequency Response of Small-Signal Models: Fig. 10
presents the frequency responses of three small signal mod-
els (the zero-average-current model ModelAv0 , the average-
current-state model ModelAvS , and the proposed model) and
the spectrum of circuit simulation. The frequency responses are
of dφ1 to dUo and dφ2 to dUo . The steady state is under the
boost mode at the following conditions: Vb = 40 V,Vs = 0 V,
Um = 100 V, and Uo = 400 V. Ro = 160 Ω.

For the zero-average-current model, its frequency responses
suffer large deviation near the resonant frequency and a small
deviation in low-frequency area as in Fig. 10. The magnitude
peak on the resonant frequency is critical for the system stability
analysis. Such deviation makes the zero-average-current model
fail to reveal the peak.

For the average-current-state model, in most range, its fre-
quency responses are highly coincident with the circuit simula-
tion as shown in Fig. 10. However, in Fig. 11 of the response
on dφ2 to dUo , it fails to keep high coincidence with the cir-
cuit simulation, some large phase deviation appears. This can
be a verification that (24) impairs the model accuracy, since the
control variable in (24) is φ2 .

4) Summary on Comparison: Comparison of these mod-
els presented in the preceding subsection is summarized in

TABLE IV
PI PARAMETERS

Coupled
control
strategy

P Im P Io K
Kp m Ki m Kp o Ki o

1 × 10−4 1 5 × 10−3 × K 1.2765 × K 1.9681

Decoupled
control
strategy

P Im P Ih K
Kp m Ki m Kp h Ki h

1 × 10−4 1 5 × 10−3 × K 1.2765 × K 2.2294

Fig. 14. Bode diagram of GdUoref and GdUhref .

Table III. More ∗ means higher coincidence with the circuit
simulation.

By the zero-average-current modeling method, iLrAV is
forced to be zero. Hence, the model order is reduced. But its
large-signal model suffers a large deviation in dynamic and
steady states. Its small-signal model shows its relatively poor
accuracy in medium- and low-frequency range, especially near
the resonant frequency.

The average-current-state modeling has made an impor-
tant improvement on considering the change of iLrAV and
utilizing it as a state variable, but has difficulty to ob-
tain its state equation i̇LrAV accurately. Steady and dynamic
waves of large-signal model match the circuit simulation well.
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Fig. 15. Cycle waves in initial steady state: (a) simulation and model waves and (b) experimental waves.

Fig. 16. Voltage and current waves with Vb step in simulation, model, and experiment: Um and Uo in (a) simulation and model and (b) experiment; iL and iL r

in (c) simulation and model and (d) iL in experiment.

The frequency responses within most of the frequency range
match the circuit simulation well, except that of d ϕ2 to
d Uo .

In the proposed modeling method, the change of iLrAV has
also been considered, and the idea that directly dividing iLr

into iLr0 and iLrF l avoids the problem [mentioned above (24)]
of deriving state equation i̇LrAV . Both its large- and small-
signal models feature much better steady and dynamic coin-
cidence with the circuit simulation. Expressions of φ1 and φ2
in state equations are square [shown in (14)], while those in
zero-average-current and average-current-state models are cu-
bic (presented in [23]). This lower algebraic degree benefits
for the decrease of the model complexity. Due to its high
dynamic and steady accuracy and low complexity, the pro-
posed modeling method provides a better theoretical analysis
and fast simulation tool for the transient process and the con-
trol design of converters with DAB units, especially with DHB
units.

IV. DECOUPLED CONTROL STRATEGY

The coupling and stacking scheme of VM-SDCT BDCs may
adversely affect control stability. The studied converter BB-
SDHB BDC as an example of this family and with the reuse
of switches suffers even more severely from that. Thus, effec-
tive, simple, and more stable control should be applied. In this
paper, a “decoupled PI control strategy” is proposed for VM-
SDCT BDCs. That is: Under boost mode, supplying Ro with
Vs = 0 V, one PI controller is used to regulate Um by VM
unit, and another PI controller to regulate Uh by SDCT unit.
While the conventional “coupled control strategy” is: one PI
controller is used to regulate Um by VM unit, and another PI
controller to regulate Uo by SDCT unit. Fig. 12 shows the two
control strategies when they are applied to BB-SDHB BDC.
They are analyzed based on the proposed models, which can
also be considered as an application example of the modeling
method.
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Fig. 17. Voltage and current waves with φ2 step in simulation, model, and experiment: Um and Uo in (a) simulation and model and (b) in experiment; iL and
iL r in (c) simulation and model and (d) in experiment.

Fig. 18. Oscillations eliminated by switching to decoupled control strategy.

A. Coupling in Conventional Control

The primary and secondary voltage must match the trans-
former ratio to reduce reactive circulation. Under boost mode,
supplying Ro with Vs = 0 V, achieving voltage matching
means to control the intermediate voltage Um and the secondary
side voltage Uh . For the load, the output voltage Uo is the most
important variable, and, if Um and Uo are stabilized at their
references, so is Uh . Along this line, two PI controllers PIm ,
PIo that control Um and Uo can be easily applied. Um is reg-
ulated by φ2 with the buck–boost unit, and Uo is regulated by
φ1 , which determines the power delivered by the transformer
between C1∼2 (Um ) and C3∼4 (Uh ), as shown in Fig. 12(a).

However, due to strong coupling, this coupled control strategy
causes oscillation relatively easily. For instance, increasing φ1
helps transfer more power from the primary side to the sec-
ondary side, and makes Uh rise while making Um fall slightly.
Hence, Uh follows φ1 to increase, while Um does not, which
means a part of Uo = Um + Uh varies with φ1 in the inverse
direction.

B. Proposed Decoupled Control Strategy

On the basis of the aforesaid analysis, a solution such as
that shown in Fig. 12(b) can be easily derived; that is, two PI
controllers PIm , PIh that control Um and Uh , respectively.
Similarly, if Um and Uh are stabilized at their references, so is
Uo . By this means, φ1 and φ2 are used to regulate the voltages
that they directly affect. Such specialization upgrades stability,
though this decoupled control strategy makes Uo indirectly con-
trolled, and, the speed of response is determined by the slower
one of the two PI loops (usually the loop of Um ). It costs no
more in terms of calculation and complexity compared with the
coupled control strategy. For the studied converter, some quan-
titative analyses of performance under the two controls are now
presented.

C. Frequency Response Comparison

The two control blocks in the frequency domain based on
the small-signal modeling are depicted in Fig. 13, where Ypq
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Fig. 19. Load steps from 40% to 70%: (a) coupled control strategy and (b) decoupled control strategy.

represents the transfer functions of dUm , dUo , and dUh about
dφ1 and dφ2 .

Considering the superposition principle, when dUmref is
0, the open-loop transfer functions of dUoref and dUhref
are

GdUoref (s) = PIo
(1 + Y2m PIm )Y1o − Y1m PIm Y2o

1 + Y2m PIm
, (25)

GdUhref (s) = PIh
(1 + Y2m PIm )Y1h − Y1m PIm Y2h

1 + Y2m PIm
. (26)

The PIm parameters are adjusted to proper values and
fixed. PIo and PIh are set to parameters that eliminate
the dominant pole of the open-loop transfer function and
bring the crossing frequency to 1000 Hz. Steady working
points are Vb = 52 V, Vos = 0 V, Ro = 160 Ω, Um = 100 V,
and Uo = 400 V. The converter system parameters are given in
Table I. The PI parameters are given in Table IV, where Kpm

and Kim are the proportional and integral coefficients of PIm ,
similar for Kpo and Kio of PIo , Kph and Kih of PIh . The
systems’ structural differences in terms of stability are shown
in the Bode diagrams of GdUoref and GdUhref presented in
Fig. 14.

As shown in Fig. 14, at the frequency of 180°, GdUoref (cou-
pled one) magnitude of the coupled control strategy appears
a peak far higher than 0 dB, while GdUhref (decoupled one)
magnitude of the decoupled control strategy appears a valley far
lower than 0 dB. Thus, the decoupled control strategy obtains a
very large magnitude margin compared with the coupled control
strategy, resulting in much higher stability.

V. EXPERIMENTAL VERIFICATION

Proposed large-signal modeling, switching circuit simulation,
and experimental results are presented together to verify the pro-
posed modeling technique and the performance of the decou-
pled control strategy. The experiments have been carried out on a
1-kW prototype. Most component parameters are listed in Table
I, but some are different: Lm = 10mH; unknown but very small
Rl ; some electrolytic capacitors are in the prototype. The switch-
ing devices used in the prototype were model IPP075N15N3G
for S1 , S2 and model IXFH16N50P for S3 , S4 . Initial working

conditions are as follows: Vb = 52 V, Vs = 0 V, Ro = 326.1 Ω,
φ2 = 3.1415, and φ1 = 0.2409, respectively, which makes Um

and Uo close to their rated values (100 and 400 V ). All working
conditions are the same in the proposed model, circuit simula-
tion, and experiment.

A. Modeling Verification

The model results were compared with those from circuit
simulation and experiment under transient processing with vari-
ation of input voltage Vb and duty cycle phase φ2 .

1) Steady State Before Step: Detailed cycle waves of the
model, simulation, and experiment in the initial steady state are
shown in Fig. 15. iLr0 in the model is very close to its value
in the simulation at sampling time. All waves match each other
well.

2) Vb Variation: The Vb steps from 52 to 44 V . Since the
input dc voltage source cannot change in a stepwise way, the
Vb stepping takes a relatively long time. The waves of Uo ,
Um , iL , and iLr are shown in Fig. 16, where simulation,
modeling, and experimental results are coincident with each
other.

3) Duty-Cycle Stepping: The duty cycle φ2/2π steps from
0.5000 to 0.5267. As in Fig. 17, the waves in the model and
circuit simulation show much higher-frequency transients than
in experiment, due to the electrolytic capacitors and other non-
ideal characteristics of the prototype. Simulation, modeling, and
experiment are in agreement with each other.

B. Coupled Control Strategy and the Proposed Decoupled
Control Strategy

Coupled and decoupled control strategies are compared under
dynamic and steady situations to test their characteristics.

1) Stability Verification: At the beginning, the coupled con-
trol strategy causes oscillations as depicted in Fig. 18 under
certain PI parameters. After directly switching to the decou-
pled control strategy under the same PI parameters (which
means a similar crossing frequency, based on details provided in
Section IV), the oscillations disappears. The waves verified the
higher stability of the decoupled control strategy method.
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2) Load Step Response: Smaller and the same PI parameters
are set to keep the system stable under both control methods;
the parameters also comprise two controls under the similar
crossing frequency based on the discussion in Section IV. Test
working conditions are load stepped from 40% to 70%. Coupled
and decoupled control strategy show nearly the same response
from inspection of Fig. 19, but the much higher stability of the
decoupled control strategy facilitates adjustment of PI parame-
ters for better response.

VI. CONCLUSION

This paper focuses on developing an extended, continuous,
full order, state-space averaging modeling method. The pro-
posed modeling method is for converters with phase shift plus
duty cycle control. A converter BB-SDHB BDC is modeled
by the proposed modeling method. Both nonlinear large-signal
model and linear small-signal model are established. These two
mathematic models highly coincide with switching circuit sim-
ulation in both steady and dynamic states. Experimental results
validate the correctness and accuracy of the proposed model-
ing method. Simulation comparison with two existing advanced
modeling methods also shows the higher accuracy of the pro-
posed one. Due to its high dynamic and steady accuracy and
low complexity, the proposed modeling method provides a bet-
ter theoretical analysis and fast simulation tool for transient
process and control design of converters with DAB units, espe-
cially with DHB units.

A decoupled control strategy is also proposed to achieve a
better control stability of the VM-SDCT BDCs. For the BB-
SDHB BDC, the effectiveness of this control strategy is analyzed
based on the proposed model, which is also an application of this
modeling method. Experimental results also show its improved
stability.

VII. APPENDIX

The completed large-signal model are presented in⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
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where see equation shown at the bottom of this page, as well as
the equation shown at the top of the next page.
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