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Chapter 3
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and its control
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1Princeton University, Princeton, NJ, United States; 2Delft University of Technology, Delft,

Netherlands; 3Aalborg University, Aalborg, Denmark; 4AAU Energy, Aalborg University, Aalborg,
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3.1 Introduction

To mitigate the shortage of fossil-based energy resources, renewable energy
sources (RESs) such as wind power and solar power have rapidly developed
[1]. The power generation of these RESs, however, is usually irregular and
intermittent. A large penetration level of RESs will therefore degrade the
stability of AC power grids [2]. Energy storage systems (ESSs), which
compensate for the mismatch between RES supply and load demand, can help
improve grid stability and reliability [3]. On the other hand, there has been
growing interest in DC distribution systems. Compared with conventional AC
grids, DC distribution has the advantages of higher control flexibility, higher
efficiency, the reduction of power conversion stages, and faster dynamic
response [4e6]. It can also provide a natural interface with RESs and ESSs.
These features enable DC distribution systems to be implemented in a wide
range of applications including data centers, telecom systems, electric vehicles
(EV), aircraft, and ships. The basic requirements for converters to interface
ESSs with AC or DC power conversion systems are galvanic isolation and
bidirectional power flow capability.

Fig. 3.1 shows the structure of a DC microgrid [7,8], which is mainly
composed of (1) renewables (e.g., solar panel and wind turbine); (2) energy
storage devices; (3) plug-in EVs; (4) smart home DC appliances; (5) utility
grid connection; and (6) a solid-state transformer (SST)-based interface with
different scales of microgrids [8]. Here, isolated bidirectional DCeDC
(IBDC) converters are implemented as the interface of ESSs. When renew-
able power generation exceeds the demand load power, IBDC converters can
store the extra power in energy storage devices for backup. During a power
shortage, IBDC converters will discharge the energy storage devices to
maintain the normal operation of important facilities. IBDC converters can
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also be stacked as SSTs to interconnect different levels of DC grids [9], as
shown in Fig. 3.1.

Various IBDC topologies have been explored, including resonant con-
verters, dual-flyback converters, dual push-pull converters, and dual active
bridge (DAB) converters. Among these converters, the DAB converter, which
was first introduced in De Doncker et al. [10], is one of the most promising
topologies. It delivers power through the leakage inductance of a high-
frequency transformer and has the advantages of a simple and symmetric
structure, zero-voltage switching (ZVS) capability, and a wide voltage con-
version range. Research on DAB mainly focuses on the aspects of modula-
tion schemes [11e21], modeling and control strategies [22e33],
optimizations for ZVS range, current stress, and reactive power [13,34e44],
and designs for specific applications such as an EV charger with vehicle-to-
grid function [45], an uninterruptable power supply [46], and a differential
power processing (DPP) converter for data center servers or series batteries
[47,48]. Key research issues of DAB converters lie in trade-offs among the
soft-switching range, voltage conversion range, reactive power, and
component current stress.

Developed from the DAB, the multiactive-bridge (MAB) converter is
gaining in popularity. It couples multiple active bridges with a single trans-
former and is able to handle multi-input-multioutput (MIMO) power flows.
Unlike conventional MIMO converters that usually couple power flows
through a DC voltage bus, the MAB converter delivers power by AC through
the shared transformer. The AC coupling structure of the MAB converter re-
duces the component count, magnetic size, and power conversion stages,
enabling high efficiency and a high power density converter design [49e52].
MAB has shown its potential in many applications including DPP converters
[51], energy routers [52], and SSTs [53].
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FIGURE 3.1 Structure of a DC microgrid composed of renewable energy sources, energy storage

systems, plug-in electric vehicles, and smart home DC appliances. A solid-state transformer (SST)

medium voltage DC-low voltage DC (MVDC-LVDC) implemented with stacked isolated bidi-
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This chapter presents the operation principle and performance character-
ization of the DAB converter as well as its control. Various modulation
methods are compared. Trade-offs among control complexity, the ZVS oper-
ation range, and component current stress are discussed. Large- and small-
signal modeling approaches and different control strategies are also
introduced. The modeling and control strategies are verified by practical DAB
examples in PLECS simulations.

3.2 Operation principle and performance characterization
of dual active bridge converter

3.2.1 Circuit topology and modulation schemes

Fig. 3.2 shows the circuit topology and equivalent model of a DAB converter.
The DAB converter is composed of two active bridges linked by a power
transfer inductor and a transformer. High step-up or step-down voltage con-
version can be achieved by adjusting the transformer turns ratio. The power
transfer inductor can be implemented using the leakage inductance of the
transformer or with an additional series inductor. For convenience, we call it
leakage inductance (Lk) in the following analysis. With a symmetric archi-
tecture, the DAB converter has the capability of natural bidirectional power
flow and ZVS operation for all power switches.

Fig. 3.2B shows a simplified electrical model for a DAB converter. Two
active bridges that generate different levels of voltages at two ports of the
leakage inductance can be modeled as two AC voltage sources (vp and vs).
Here, all parameters are converted into the primary side. Manipulating the
switching of two active bridges will change the voltage across the leakage
inductance and thereby influence the inductor current. As indicated in
Fig. 3.2B, power transfer between two active bridges in a DAB converter is
analogous to that of traditional AC power systems: the magnitude and direc-
tion of power flow can be controlled by modulating the phase shifts (PSs)
between two AC voltage sources, and active power will flow from the leading
voltage source to the lagging one in general.
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FIGURE 3.2 Dual active bridge (DAB) converter: (A) Circuit topology; (B) Simplified DAB

model.
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PS modulation is one of the most attractive modulation techniques for the
DAB converter, and various PS modulation methods have been explored so far.
Fig. 3.3 shows four typical PS modulation methods: single-PS (SPS) modu-
lation [10,11], extended-PS (EPS) modulation [12e15], double-PS (DPS)
modulation [16e18], and triple-PS (TPS) modulation [19e21].

(1) SPS modulation method: SPS modulation is the most basic and common
modulation method, which came out directly with DAB topology when it
was first introduced [10]. Fig. 3.3A depicts main operation waveforms of
the SPS modulation. As shown in the figure, each active bridge generates
a square-wave voltage with a fixed 50% duty ratio. Power flow is
controlled by modulating the PS (denoted as 4) between the two square-
wave voltages. Because there is only one controllable parameter, SPS
modulation is simple and robust. DAB converters under SPS modulation
have decent performance with low peak and root-mean-square (rms)
current, ZVS-on capability of power switches, uniformly distributed
power loss across all switches, and stable first-order dynamics, especially
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FIGURE 3.3 Typical modulation methods of dual active bridge converter in Fig. 3.2: (A) Single-

phase shift (PS) modulation; (B) Extended-PS modulation (DE < 4/p); (C) Double-PS modulation

(DD < 4/p); (D) Triple-PS modulation (DT1 < DT2 < 4/p).
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when the input and output voltages are matched (i.e., Vi ¼ Vo

n ). However,

when the input and output voltages are mismatched and deviate signif-
icantly from nominal values, the ZVS range will be greatly reduced and
circulating power will become high, resulting in higher conduction loss
and current stress on the power switches. To overcome this problem,
alternative modulation methods such as EPS, DPS, and TPS modulation
methods were proposed in the literature.

(2) EPS modulation method: EPS modulation is an modulation method
improved from SPS. Besides the outer PS 4 between two active bridges,
EPS modulation has an inner PS in one of the active bridges. Denote the
inner PS ratio as DE. Fig. 3.3B shows main operation waveforms of EPS
in an example case when DE is at the secondary side and DE < 4/p.
Under EPS modulation, the active bridge without inner PS generates a
symmetric square-wave voltage of 50% duty ratio, the same as in SPS
modulation, but the active bridge with inner PS will generate a three-
level voltage waveform. During the interval of zero-voltage level, the
backflow power is zero [15]. Therefore, EPS modulation can effectively
reduce the circulating power. In general, the outer PS of EPS modulation
is used to control the power flow magnitude and direction, and the inner
PS is used to decrease the circulating power and expand the ZVS range.
Moreover, to achieve better efficiency of the DAB converter, the inner PS
should be implemented at the high voltage side when the DAB shifts
between the buck mode and boost mode.

(3) DPS modulation method: Like EPS modulation, DPS modulation has an
outer PS and an inner PS as two controlled variables, but the inner PS
will be implemented at both active bridges with the same PS ratio,
denoted as DD. Main waveforms of DPS modulation in an example case
of DD < 4/p are plotted in Fig. 3.3C. As shown in the figure, both two
active bridges generate a three-level voltage waveform. Compared with
SPS modulation, DPS modulation can be used to expand the ZVS range
and decrease the circulating power and current stress. Besides, because
the two active bridges have identical inner PSs, their operation states
remain the same when the voltage conversion mode or power flow di-
rection changes. Thus, DPS modulation is relatively easier to implement
than EPS modulation.

(4) TPS modulation method: Fig. 3.3D shows example operation waveforms
of TPS modulation. Under TPS modulation, two active bridges are
operated with an outer PS between them and inner PSs within both of
them, so they will each generate a three-level voltage waveform, similar
to that in DPS modulation. The difference is the inner PS ratios of the
two active bridges can be different, which are denoted as DT1 and DT2.
Because TPS modulation has three controlled variables, it has more
flexibility to shape the inductor current. Therefore, TPS modulation is
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able to achieve the minimum circulating power, the minimum current
stress, and the maximum ZVS range theoretically. The three controlled
variables of TPS result in numerous modulation states, and there is no
unified standard for implementing TPS. Research on TPS modulation
mainly focuses on the optimized operation scheme to shift between
different modulation states under different conditions for better perfor-
mance [19e21, 38e44].

For any of the modulation methods shown in Fig. 3.3, each half-bridge is
operated in the same way: the upper switch and lower switch are controlled
by complementary pulse width modulation (PWM) signals with a fixed 50%
duty ratio. The distinction lies in different PS schemes either between active
bridges or within one active bridge. Among the four modulation methods,
TPS modulation is of the most general form. SPS, EPS, and DPS can be
regarded as special cases of TPS modulation. Table 3.1 compares the four
modulation methods. In terms of control flexibility, SPS modulation has one
control degree of freedom. EPS and DPS have two, and TPS has three.
Hence, TPS offers the highest flexibility of shaping the inductor current,
potentially achieving the largest ZVS range, lowest circulating power and
current stress, and highest efficiency. However, TPS is also the most
complicated one. It requires higher computational resources from the
controller and might have relatively worse dynamic performance. For SPS
modulation, although ZVS range and circulating power get worse at mis-
matched voltages, it is still one of the most widely used modulation methods
owing to its simplicity, robustness, fast dynamics, and reasonably good
performance for DAB converters. The following analysis in this chapter is
based on the SPS modulation method.

3.2.2 Power flow analysis

The power flow of a DAB converter can be analyzed based on the simplified
model in Fig. 3.2B, in which power losses and magnetic inductance are
neglected. Fig. 3.4 plots the waveforms of the equivalent source voltages (vp
and vs/n), inductor current, and instantaneous output power. Under SPS
modulation, equivalent voltage sources will generate two square-wave volt-

ages with an amplitude of Vi and V
0
o, respectively. Vi is the input voltage and

V
0
o ¼

Vo

n
is the primary-referred output voltage. In this chapter, buck or boost

operation mode refers to Vi > V
0
o or Vi < V

0
o. Define the voltage conversion

gain as M ¼ V
0
o

�
Vi. In Fig. 3.4, the shaded area of the instantaneous output

power is the backflow power that flows in the opposite direction of average
power flow [15]. The backflow power reflects the reactive power of the DAB
converter, and higher backflow power will lead to higher conduction losses.
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TABLE 3.1 Comparison of four typical modulation methods.

Single-phase shift

modulation

Extended-phase shift

modulation

Double-phase shift

modulation

Triple-phase shift

modulation

Controlled
variable

One variable: Two variables: Two variables: Three variables:

Outer phase shift 4 Outer phase shift 4 þ Outer phase shift 4 þ Outer phase shift 4 þ
Inner phase-shift DE in one active
bridge

Inner phase shift DD in both
active bridges

Two inner phase-shifts DT1s,
DT2 in two active bridges

Control
complexity

Low Medium Medium High

Pros Simple and robust; good
dynamics

Expanded ZVS range and lower
circulating power

Expanded ZVS range and
lower circulating power;
symmetric modulation of
two active bridges

Largest ZVS range and lowest
circulating power

Cons Limited ZVS range and high
circulating power at
mismatched voltages

Unsymmetric modulation of two
active bridges; more complicated

More complicated Most complicated

ZVS, zero-voltage switching.
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The average output power (or active power) of one switching cycle can be
derived as:

Pavg ¼ 1

Ths

Zt¼ths

t¼0

iLvpdt¼ 1

Ths

Zt¼ths

t¼0

iLvs
n

dt¼ ViVo
0

2pfLk
4

�
1� j4j

p

�
(3.1)

where f is the switching frequency and Ths is the half switching period. Eq.
(3.1) applies to any conversion gain M and the whole PS range of [ep, p].
Fig. 3.5 plots the average output power as a function of PS 4. A negative PS
indicates that the secondary active bridge is leading, and negative average
power indicates a reverse power flow from the output side to the input side.
Because Pavgf1=Lk, a larger leakage inductance will reduce the maximum

output power, but it might be beneficial for the control resolution of digital
controllers because a higher PS value is required for the same power.

As shown in Fig. 3.5, the average power is symmetric for the forward and

the reverse power flows, and its magnitude reaches the maximum at � p

2
. For

convenience, the following analysis is performed under the assumption of
forward power flow (4 is in the range of [0, p]), but the analysis method can

ϕπ

-π

π/2

-π/2

Pavg Forward 

Flow

Reverse 

Larger Lk

Flow

FIGURE 3.4 Average output power as a function of phase shift 4 in the range of [ep, p].

Negative values indicate a reverse power flow from the output side to the input side.
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easily be extended to the case of reverse power flow in the range of [ep, 0] by
swapping input and output designations.

3.2.3 Component current stresses and zero-voltage switching
operation range

In power converters, the current rating of a power switch or saturation current
limit of an inductor needs to be designed for its peak current value during
operation, and its conduction loss is closely related to the rms current. To
analyze component current stresses of the DAB converter, peak and rms values
of primary-referred inductor current are analyzed, to which current stresses of
other components can be linked. Assuming forward power flow (i.e., 4 is in [0,
p]), primary-referred inductor currents at time instants of t ¼ 0 and t ¼ t4 in
Fig. 3.4 can be derived as:

iLð0Þ¼ � Vi

2pfLk

�
M4þ 1�M

2
p

�
; iL

�
t4
�¼ Vi

2pfLk

�
4þM � 1

2
p

�
(3.2)

Eq. (3.2) applies to any conversion gainM. The inductor peak current is the

larger one between iLð0Þ and iL
�
t4
�
, which differs in buck and boost operation

modes:

IL; pkðPriÞ ¼

8>>><>>>:
jiLð0Þj ¼ Vi

2pf Lk

�
M4þ 1�M

2
p

�
; M < 1

jiL
�
t4
�j ¼ Vi

2pfLk

�
4þM � 1

2
p

�
; M � 1

(3.3)

Eq. (3.3) indicates that the inductor peak current keeps increasing as 4

increases from 0 to p, but the forward average power starts to decrease after 4
becomes larger than p/2, as shown in Fig. 3.5. Although the DAB converter
can still operate in the range of [p/2, p], it will have a larger peak current,
which requires a higher component current rating. The rms value of primary-
referred inductor current can be derived as:

IL; rmsðPriÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
iLð0Þ2 þ iL

�
t4
�2

3
þ 24� p

3p
iLð0ÞiL

�
t4
�s

¼ Vi

2pfLk

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2ðM � 1Þ2

12
þ 42

�
1� 24

3p

�
M

s (3.4)

In the DAB converter, each power switch conducts the inductor current for
half of a switching cycle, so the switch peak current is the same as the inductor

peak current of the same side, but the switch rms current is only 1=
ffiffiffi
2

p
of the

inductor rms current. Besides, the current ratio between the primary side and
secondary side is n:1 (n is the transformer turns ratio as defined in Fig. 3.2).
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Accordingly, the peak and rms current values of each component in the DAB
converter can be obtained and are summarized in Table 3.2, where the current
stresses of other components are linked to the primary-referred inductor
current.

Because rms currents of different components in the DAB converter are
directly related, the inductor rms current can be used as a metric to evaluate
the conduction loss or converter efficiency. As indicated by Eq. (3.4), however,
the inductor rms current is determined by multiple factors including PS,
conversion gain, switching frequency, and leakage inductance. A fair evalua-
tion is to normalize the inductor rms current to the input or the output current,
and the normalized inductor rms current is related only to PS 4 and voltage
conversion gain M. Fig. 3.6 plots the normalized secondary-referred inductor
current, which is normalized to the output current, as a function of M and 4.
When M deviates from unity gain, the normalized inductor rms current be-
comes larger, indicating that a mismatched input and output voltage of the
DAB converter tends to increase the conduction loss. In fact, conversion gain
and PS are closely related when designing the DAB converter for a specific
application. Optimization methods can be applied to obtain the minimum
normalized component rms current.

Besides conduction loss, switching loss is another major type of power
loss. The DAB converter can achieve the ZVS-on of power switches, greatly
reducing switching loss. However, a ZVS operation might lose under certain
conditions. Fig. 3.7 demonstrates two example cases in which the active bridge
of the primary or secondary side loses ZVS. The basic requirements of
achieving ZVS for the DAB converter are:�

iLð0Þ < 0; for primary side ZVS

iL
�
t4
�
> 0; for secondary side ZVS

(3.5)

As shown in Fig. 3.7, iLð0Þ the buck operation mode has the peak inductor
current, which is always negative if the load is not zero. Therefore, in the buck
operation mode, the primary bridge can automatically achieve ZVS, but the
secondary bridge might lose ZVS. Similarly, in the boost operation mode, the
secondary bridge can automatically realize ZVS, whereas the primary bridge
might lose it. Substituting Eq. (3.2) into Eq. (3.5), the PS ranges for achieving
ZVS of all switches in buck and boost operation modes are:8>><>>:

4 >
p

2
ð1�MÞ; M < 1

4 >
p

2

�
1� 1

M

�
; M � 1

(3.6)

Fig. 3.8 shows the ZVS operation range versus voltage conversion gain. As
indicated by the figure, if the input and the output voltages are matched (i.e.,
M ¼ 1), ZVS can be achieved for the whole PS range (i.e., arbitrary load
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TABLE 3.2 Peak and rms currents of each component in the dual active bridge converter in Fig. 3.2.

Primary side Secondary side

Inductor (or transformer winding) Switch Inductor (or transformer winding) Switch

Peak current
8>>><>>>:

Vi

2pf Lk

�
M4þ 1 � M

2
p

�
;M < 1

Vi

2pfLk

�
4þM � 1

2
p

�
;M � 1

IL;pkðPriÞ 1
nIL;pkðPriÞ

1
nIL;pkðPriÞ

Root-mean-square current
Vi

2pfLk

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2ðM�1Þ2

12 þ 42

�
1� 24

3p

�
M

s 1ffiffi
2

p IL;rmsðPriÞ 1
nIL;rmsðPriÞ 1ffiffi

2
p

n
IL;rmsðPriÞ
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power), but the ZVS range will shrink at mismatched input and output volt-
ages. When M deviates from the unity gain, with DAB operated at light load
with small PSs, it becomes easier to lose ZVS.

In practice, besides the requirements described in Eq. (3.5), energy stored
in the leakage inductance should be large enough to charge and discharge the
parasitic capacitances of power switches fully. Fig. 3.9 shows the current
commutation at t ¼ 0 and t ¼ t4. For primary bridge at t ¼ 0, to keep iLð0Þ < 0
while charging and discharging parasitic capacitances, the minimum energy
stored in the leakage inductance needs to fulfill:

1

2
Lki

2
L;min � 2CossViV

0
o (3.7)

In Eq. (3.7), V
0
o ¼ Vo

n . Here, all switches are assumed to have the same

parasitic capacitance, Coss, but unequal parasitic capacitances can be analyzed
similarly. As for the secondary bridge at t ¼ t4, the primary source is deliv-
ering power to the secondary side and is increasing the inductor current in the

positive direction, so iL
�
t4
�
> 0 can be automatically maintained. For both

primary and secondary bridges, an appropriate deadtime is required to com-
plete the charging and discharging process of parasitic capacitances [54].

As indicated by Fig. 3.8 and Eq. (3.7), the ZVS operation range will be
reduced owing to unmatched input and output voltages and parasitic capaci-
tances [11,55], especially under light load conditions. Increasing leakage
inductance Lk can help to expand the ZVS range, because it will increase the
PS and inductor energy storage, making Eqs. (3.6) and (3.7) easier to be met.
However, a larger leakage inductance will lower the maximum output power
and might lead to higher rms currents and conduction losses if the PS is too
large. Thus, leakage inductance can be optimized based on trade-offs among
the ZVS operation range, conduction losses, and output power rating.

In addition, reducing magnetizing inductance can provide a larger induc-
tive current to expand the ZVS range, but it might suffer from lower
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FIGURE 3.9 Equivalent circuit of the dual active bridge converter when charging and dis-

charging switch parasitic capacitance during zero-voltage switching-on of (A) Primary bridge at

t ¼ 0; (B) Secondary bridge at t ¼ t4.
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transformer use, higher conduction loss, and lower maximum output power
[55,56]. Other techniques such as frequency modulation [54,57] and various
PS modulation methods [12e21,38e44] can be applied to enlarge the ZVS
range with the trade-offs of control complexity.

3.3 Modeling and control for dual active bridge converter

3.3.1 Large- and small-signal modeling

To design control strategies for the DAB converter, appropriate modeling that
can accurately describe the converter dynamics is required. Here, large- and
small-signal modeling is developed based on SPS modulation, but the
modeling methods can be extended to other modulations. The developed large-
and small-signal models are verified by PLECS simulations of an example
DAB with parameters listed in Table 3.3.

For DAB modeling, the conventional state-space averaging method is difficult
to apply because the leakage inductor current iL is an AC current with a zero DC
component. The most common DAB modeling approach is the reduced-order
model, in which the dynamics of iL are ignored, and the switching-cycle aver-
aged values are directly obtained for the entire converter based on active power
flow [22,23]. Denote the currents that directly flow in and out of the two active

bridges in Fig. 3.2 as ip and is. CipD and CisD are their switching-cycle averaged

values [58]. According to Eq. (3.1), CipD and CisD can be derived as:8>>><>>>:
CipD ¼ Pavg

vi
¼ vo

2pf nLk
4

�
1� j4j

p

�
CisD ¼ Pavg

vo
¼ vi

2pf nLk
4

�
1� j4j

p

� (3.8)

TABLE 3.3 Parameters of example dual active bridge for

large- and small-signal modeling verification.

Parameter Value

Input voltage, Vi 380 V

Output voltage, Vo 800 V

Transformer turns ratio, n 2

Leakage inductance, Lk 20 mH

Output capacitor, Co 2 mF

Load resistor, RL 50 U

Switching frequency, f 20 kHz
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Eq. (3.8) shows that the DAB converter can be modeled as two controlled
current sources for the input and output sides. Therefore, the large-signal
circuit of the reduced-order model can be plotted as Fig. 3.10A. Fig. 3.11
compares the large-signal model with the simulation results of the example
DAB during an input voltage step change and a PS step change. As shown in

the figure, the output voltage CVoD and current CisD match precisely, validating
the large-signal model.

The small-signal current of CisD can be obtained from Eq. (3.8) as:bis ¼Gvi bvi þ G4ib4; (3.9)8>>><>>>:
Gvi ¼ 1

2pf nLk
F

�
1� jFj

p

�
G4i ¼ Vi

2pf nLk

�
1� 2jFj

p

� (3.10)

wherebvi and b4 are perturbations of input voltage and PS: vi ¼ bvi þ Vi; 4 ¼
F þ b4. Eq. (3.9) implies that the small-signal current bis is a function of
perturbations bvi and b4, and the corresponding small-signal model at the output

side can be plotted as Fig. 3.10B. In the small-signal model, bvo and bis are

+-vi

+

vo

-

Ci Co

ip is RL

(a) (b)

+

-

Co RL
vo

Gvivi G ϕ

FIGURE 3.10 Reduced-order model of dual active bridge in Fig. 3.2: (A) Large-signal model;

(B) small-signal model.
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FIGURE 3.11 Dual active bridge (DAB) converter when considering power loss: (A) DAB

circuit with an equivalent resistance Req capturing the conduction losses of power switches,

leakage inductor, and transformer windings; (B) Simplified DAB model.
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linked by the load impedance ZL ¼ RL

		 1
sCo

. Ignoring the input voltage

perturbation, the control (b4) to output ( bvo) transfer function is:

G4v ¼ bvob4 ¼
bis�ZLb4 ¼ Vi

2pfnLk

�
1� 2jFj

p

�
� RL

RLCosþ 1
(3.11)

Eq. (3.11) indicates that the reduced-order model of the DAB is a first-
order system. The pole of the transfer function is determined only by load
impedance ZL. This reduced-order modeling method can be further applied to
other modulations (e.g., TPS [59]) by modifying their corresponding gain, G4i.

Eq. (3.11) is developed assuming a lossless DAB. In practice, DAB power
losses will also influence the transfer function [24,25]. Thus, we consider
conduction losses to improve the small-signal model. Fig. 3.12 plots a DAB
circuit and its simplified model with a lumped resistance, Req, capturing the
conduction losses of power switches, leakage inductor, and transformer
windings. The Req together with Lk leads to a piecewise exponential current
waveform, as shown in Fig. 3.13A. The exponential waveform will raise the
peak and rms values of the inductor current, increasing the component current
ratings and DAB power losses. It will also affect the average output power, so
Eqs. (3.8)e(3.11) are no longer valid. However, the reduced-order model can
still be applied by calculating the half-cycle averaged value of the exponential
current. As a result, the DAB small-signal model when considering conduction
losses can be obtained, as shown in Fig. 3.13B, where the Req brings about

output resistance Ro and modified gains Gvi
0;G4i

0:

i s
[A

]
v o

[V
]

i s
[A

]
v o

[V
]

(a) (b)

FIGURE 3.12 Comparison of large-signal model and simulation results when (A) input voltage

Vi changes from 380 to 400 V and (B) phase shift 4 changes from 0.2 to 0.18. Output capacitance

Co ¼ 200 mF is used in this simulation.
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Ro ¼ n2Req

1�
4s

�
1�exp

�
�T

2s

��
T

�
1þ exp

�
�T

2s

��
(3.12)

8>>>>>>>>>><>>>>>>>>>>:

Gvi
0 ¼ 1

n

0B@ 1

Req

�
1� 24

p

�
þ
4s

�
1þ exp

�
�T

2s

�
�2 exp

�
�4T

2ps

��
TReq

�
1þ exp

�
�T

2s

��
1CA

G4i
0 ¼ Vi

np

0B@�2

Req
þ

4 exp

�
�4T

2ps

�
Req

�
1þ exp

�
�T

2s

��
1CA

(3.13)

s ¼ Lk

Req
is the time constant of the L-R circuit, and 4 is the PS at the DC

operating point (assume 4 > 0). Detailed derivations can be found in Zhang
et al. [24] and Wang et al. [25]. The improved control to output transfer
function can be derived as:

G4v
0 ¼ bvob4 ¼

bis�ðZL

		Ro

�
b4 ¼G4i

0 � ðRLkRoÞ
ðRLkRoÞCosþ 1

(3.14)

Fig. 3.14 plots the control to output transfer function of the example DAB
with and without power losses. The precisely matched simulated and calcu-
lated results validate the small-signal models in both cases. Fig. 3.14 also
implies that power losses of the DAB converter will reduce the gain and the
crossover frequency of the control to output transfer function. An appropriate
compensation network might be needed in the control loop design to
compensate for the gain and bandwidth, to achieve a faster response.

iL

ϕT
2π

t

t
vp

vs/nVi

Vo’
+

-

Co RL

vo

Gvivi G ϕ Ro
’ ’

(a) (b)

FIGURE 3.13 Dual active bridge converter when considering power loss: (A) Operation

waveforms; (B) Small-signal circuit model.
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Apart from the reduced-order model, other DAB modeling methods such as
the generalized average model [26e28] and discrete-time model [29e31] have
been widely studied. Different modeling methods are compared in Shao et al.
[33] in terms of the model accuracy and complexity. Although the reduced-
order model ignores the dynamics of leakage inductor current, it has high
accuracy with the lowest model complexity, making it a great fit for the
controller design.

3.3.2 Output voltage control

Fig. 3.10 implies that the DAB converter can be equivalent to a current source.
Its output current depends on the PS and the input voltage, irrelevant to the
output voltage. Many applications, however, require a regulated voltage for
normal functioning, and thus a proper output voltage control strategy is
needed. Shao et al. [33] introduced and compared various output voltage
control strategies for the DAB converter. In this chapter, two common
methods, output voltage feedback control and output voltage feedback plus
output current feedforward control, are presented. Their control loops are
designed for an example DAB, as listed in Table 3.4, and their performance in
terms of dynamic response and the rejection of load current disturbance is
discussed.

Output voltage feedback control is a simple, effective, and robust method
of regulating the output voltage. Fig. 3.15 plots the block diagram of the output
voltage feedback control, in which a feedback loop is constructed from the

Control to Output Transfer Function

FIGURE 3.14 Control to output transfer function of example dual active bridge converter with

and without losses. In the case of considering conduction losses, Req ¼ 1:5 U.

88 SECTION | I Emerging power converters and control technique



sampled output voltage. The PS of the DAB is adjusted based on the difference
between the sampled and reference voltage values. A PI compensator, GC ¼
Kp þ Ki

s , can be used to eliminate the steady-state control error and balance the

bandwidth and phase margin of the control loop. The open loop gain of the
output voltage feedback control in Fig. 3.15 is given as:

Loop gain¼GCG4iZL e
�1:5Ts (3.15)

TABLE 3.4 Parameters of example dual active bridge for

control loop design.

Parameter Value

Input voltage, Vi 400 V

Output voltage, Vo 50 V

Transformer turns ratio, n 1/8

Leakage inductance, Lk 40 mH

Output capacitor, Co 250 mF

Load resistor, RL 1.25 U

Switching frequency, f 100 kHz

PM = 45°
PM = 24°

Open Loop Gain

FIGURE 3.15 Bode plot of open loop gain with and without PI compensator. After PI

compensation, the phase margin is adjusted to 45 degrees at the crossover frequency of 10 kHz.
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Here, a delay term, e�1:5Ts, is added to model the time delay caused by
sampling and PS updating in a digital controller. Fig. 3.16 plots the bode plot
of the open loop gain designed for the example DAB in Table 3.4. PI pa-
rameters are adjusted to have a 45-degree phase margin at a 10-kHz crossover
frequency for the 1.25-U load resistance (i.e., 2 kW load power), so Kp ¼
0:219;Ki ¼ 1090. Obviously, a trade-off exists between transient speed and
stability: the higher the phase margin, the lower the crossover frequency be-
comes. Accordingly, the closed loop transfer function is:

Transfer function¼ bvobvref ¼ GCG4iZL e
�1:5Ts

1þ GCG4iZL e�1:5Ts
(3.16)

For a DAB converter under a closed loop control, its output impedance, Zo,
can be used as a metric to evaluate the ability to reject the load disturbance,
which determines the output voltage transients during a load change. A lower
output impedance indicates a higher load disturbance rejection capability.
Fig. 3.17 plots the equivalent circuit and block diagram for evaluating Zo. An

output current disturbance, biac, is applied at a DC operating point indicated by
a constant current source, Idc. The corresponding small-signal output voltage is
observed, and Zo for the DAB with output voltage feedback control can be
obtained as:

Zo ¼ bvobiac ¼ 1

Cosþ GCG4i e�1:5Ts
(3.17)

GC

-π/2 ~ +π/2

Gϕi 1/sCo

1/RL

+
-

is

io

icϕ VoVref +
-

ZL

FIGURE 3.16 Block diagram of output voltage feedback control for dual active bridge converter.

Control & 

Modulation

DAB

Converter

Gate Signals

IC i
v
+

-
GC

-π/2 ~ +π/2

Gϕi 1/sCo
+i iϕ
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FIGURE 3.17 Output impedance evaluation for dual active bridge (DAB) with closed loop

control: (A) Evaluation circuit; (B) equivalent block diagram.
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Fig. 3.18 shows the bode plots of the closed loop transfer function and
output impedance. When load resistance RL ¼ 1.25 U, the 3-dB bandwidth is
about 160 kHz for this design and the maximum output impedance is about
0.09 U. As the RL increases from 1.25 to 100 U (i.e., Pout drops from 2 kW to
25 W), both the closed loop transfer function and the output impedance do not
change much, indicating that the performance of the output voltage feedback
control is robust to the operating points. To validate the control strategy, the

Closed Loop Transfer Function

(a)

Output Impedance

(b)

FIGURE 3.18 Bode plots of output voltage feedback control under different load conditions: (A)

Closed loop transfer function; (B) output impedance.
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example DAB with output voltage feedback control is built in PLECS. PS is
updated once per switching cycle to simulate the digital controller. Fig. 3.19
shows the operation waveforms during the transients of reference voltage step
change and load current step change. Under this closed loop control, the DAB
converter can closely track the reference voltage or maintain stable output
voltage during the load current step change.

An improved control strategy is the output voltage feedback plus output
current feedforward control. The output current feedforward path can sense the
load disturbance and have a quick response on the PS to counteract the in-
fluence of load change on the output voltage, decreasing the output impedance.
Based on Eq. (3.1), the expected PS can be expressed as a function of the input
voltage Vi and load current io:

Fexp ¼

8>>><>>>:
p

2
� p

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 8nf Lk

Vi
io

r
; io > 0

�p

2
þ p

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8nf Lk

Vi
io

r
; io < 0

(3.18)

Fig. 3.20 shows the block diagram of the output voltage feedback plus
output current feedforward control strategy. As indicated in the figure, an
expected PS will be calculated through Eq. (3.18) with the real-time sampled
Vi and io. The expected phase shift plus the output of the PI compensator sends

(a) (b)

FIGURE 3.19 Transient response under the output voltage feedback control when (A) reference

voltage changes from 50 to 60 V, and (B) load current changes from 40 to 50 A.
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the PS command to the DAB converter. To obtain the small-signal transfer
function, Eq. (3.18) needs to be linearized as:

Gi4 ¼ d4

dio
¼ 2pfnLk

Vi

�
1� 8nfLk

Vi
jIoj

��1
2

(3.19)

where Io is the load current of the DC operating point. Based on Eq. (3.19),
the block diagram in Fig. 3.20 can be reorganized into Fig. 3.21, and the closed
loop transfer function can be derived as:

Transfer function¼ bvobvref ¼ GCG4iZL e
�1:5Ts

1þ �
GCG4i � Gi4G4i=RL

�
ZL e�1:5Ts

(3.20)

Output impedance Zo is measured in the same way as in Fig. 3.17A, and its
block diagram is plotted in Fig. 3.22. Consequently, Zo of the DAB with output
voltage feedback plus output current feed forward control can be derived as:

Zo ¼ bvobiac ¼ 1� Gi4G4ie
�1:5Ts

Coutsþ GCG4i e�1:5Ts
(3.21)

Ideally, Gi4G4i is equal to 1 according to Eqs. (3.10) and (3.19). Therefore,

Zo can be significantly reduced, even to zero if the delay is negligible.
However, the Lk value in G4i is the actual leakage inductance, because G4i is

GC

-π/2 ~ +π/2

Gϕi 1/sCo

1/RL

+
-

is

io

icϕ VoVref +
-

+
+

Giϕ
Φexp

FIGURE 3.20 Block diagram of output voltage feedback plus output current feedforward

control.
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-π/2 ~ +π/2

Gϕi 1/sCo
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+
-
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io

icϕ VoVref +
-

Φexp

+
+

io

Vi

Eq.(3.18)

FIGURE 3.21 Reorganized block diagram of output voltage feedback plus output current

feedforward control.
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the actual control to output dynamics of the converter. whereas in Gi4, the Lk
value is the previously known inductance used for calculation and could be
different from the actual value. The difference between the previously known
leakage inductance and the actual leakage inductance causes Gi4G4i to deviate

1, which will deteriorate the control performance. Denote the previously

Closed Loop Transfer Function

(a)

Output Impedance

(b)

FIGURE 3.22 Bode plots of output voltage feedback plus output current feedforward with

different mismatched leakage inductance: (A) Closed loop transfer function; (B) output

impedance.
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known leakage inductance as L
0
k. Assume L

0
k ¼ aLk. Based on Eqs. (3.8) and

(3.19), Gi4 can be reorganized as:

G
0
i4 ¼

2pfnaLk
Vi

�
1� 8nfaLk

Vi
jIoj

��1
2

¼ 2pfnaLk
Vi



1�4a

p

�
jFj � F2

p

���1
2

(3.22)

Substituting Eq. (3.22) into Eqs. (3.20) and (3.21), the closed loop transfer
function and output impedance when the previously known leakage inductance
mismatches with the actual value can be obtained.

Fig. 3.23 shows the bode plots of the transfer function and output
impedance with different mismatched leakage inductance values. Here, PI
parameters are the same as in the output voltage feedback control: Kp ¼
0:219;Ki ¼ 1090. Bode plots with only the output voltage feedback are
plotted as a reference. As indicated in the figure, the closed loop transfer
function of feedback plus feedforward control is nearly the same as that of the
feedback-only control and mismatched leakage inductance has minor impacts.
For the output impedance, the feedback plus feedforward control can greatly
reduce the Zo magnitude when the previously known leakage inductance
matches the actual value, but Zo will increase if the previously known and
actual values are mismatched. Fig. 3.23B shows that the Zo magnitude be-

comes almost the same as in the feedback-only control when L
0
K ¼ 1:4Lk.

Therefore, an accurate estimate of the actual leakage inductance is required to
take full advantage of the output voltage feedback plus output current feed-
forward control.

Fig. 3.24 plots the simulated transient response of the feedback plus
feedforward control. In the simulation, the estimated leakage inductance is
selected as Lk

0 ¼ 1.1 Lk, and the PS is updated once per switching cycle.
Fig. 3.24 implies that the transient performance of tracking reference voltage
is similar to that of the feedback-only control, consistent with the discussion
about the closed loop transfer function. However, the feedback plus

GC

-π/2 ~ +π/2

Gϕi 1/sCo
+

-
is icϕVref +

-
+
+

Giϕ
Φexp

iacIdc-

voVo+

FIGURE 3.23 Block diagram of output impedance measurement for output voltage feedback

plus output current feedforward control.

Dual active bridge converter and its control Chapter | 3 95



feedforward control can greatly improve the load disturbance rejection capa-
bility, so the output voltage can remain much more stable during the load
current step change.

3.4 Summary

This chapter introduced and compared four typical modulation schemes for the
DAB converter. Based on the SPS modulation, active and reactive power flows
were analyzed, and specific ZVS operation range as well as component rms
and peak current stresses were derived. The analysis indicated that unmatched
input and output voltages and parasitic capacitances will reduce the ZVS
operation range. Increasing the leakage inductance can enlarge the ZVS range
but might result in larger conduction losses and a reduced output power rating.
A detailed discussion about trade-offs among the ZVS range, component
current stress, and output power rating was presented, providing guidance for
optimizing leakage inductance.

To design the closed loop control, large- and small-signal circuits of the
reduced-order model were developed and verified in a PLECS simulation. The
small-signal model that captured power losses was also derived. The bode plot
implied that conduction losses will reduce the gain and crossover frequency of
the control to output transfer function, which needs to be compensated for in
the loop design. Two closed loop control strategies, output voltage feedback

(a) (b)

FIGURE 3.24 Transient response under output voltage feedback plus output current feedforward

control when: (A) Reference voltage changes from 50 to 60 V; and (B) Load current changes from

40 to 50 A.
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and output voltage feedback plus output current feedforward, were designed
for an example DAB converter and were verified in PLECS. Their perfor-
mance in terms of reference voltage tracking and load disturbance rejection
was compared. The feedback plus feedforward control has a reference voltage
tracking capability similar to that of the feedback-only control, but it has better
load disturbance rejection capability owing to smaller output impedance.
However, an accurate estimation of the actual leakage inductance is needed to
take full advantage of the feedback plus feedforward control.
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