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Modeling Dual Active Bridge Converters
in DC Distribution Systems
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Abstract—Modeling improvements are proposed for systems
containing dual active bridge (DAB) converters. First, a system-
atic approach to constructing models of multiconverter systems is
described. The method generates continuous-time large-signal av-
erage models that are suitable for system-level analysis and efficient
time-domain simulation. Although the base DAB models are de-
rived using generalized average modeling (GAM), the system-level
construction does not require the specification of a base period.
Second, a method of reconstructing currents in the high-frequency
DAB transformer is proposed. This method significantly improves
accuracy in modeling transformer current, which is a critical weak-
ness of DAB models derived using GAM. Furthermore, the method
is applied offline as needed, so it does not affect the computational
complexity of time-domain simulation. Both the system-level model
construction procedure and harmonic reconstruction method are
validated in switching simulations and hardware experiments.

Index Terms—Average modeling, dual active bridge (DAB)
converter, generalized average model, phase shift modulation.

I. INTRODUCTION

DUAL active bridge (DAB) converters are well-suited to
applications in power distribution systems due to their

high power density, low device stresses, galvanic isolation, and
bidirectional operation [1]–[3]. DAB converters have been con-
sidered as a candidate topology for solid-state transformers [4],
[5] and have been studied in the context of automotive [6],
aerospace [7], and marine power systems [8], [9]. In all of these
applications, the ability to accurately describe the behavior of the
DAB converter—and its interactions with other converters in the
system—is of critical importance. System-level analyses, such
as stability assessments and time-domain simulation, depend on
models that are both accurate and scalable. This study is con-
cerned with the development of models that meet these criteria.

Modeling DAB converters are difficult due to the presence
of a high-frequency ac conversion stage and ac state variables.
The most popular strategy for dealing with this challenge is
to employ the sampled-data modeling method from [10]. This
method produces discrete-time models that provide exact state
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solutions for each subinterval within the base switching period.
Models of this type are described in [6], [11], [12], among oth-
ers. However, this modeling approach assumes that the system
cycles through a set of switching modes at some base period,
and requires explicit descriptions of each mode. These require-
ments are trivial for a single converter, but more complicated
when the system consists of multiple converters, particularly
when converters operate at different switching frequencies.

Continuous-time average models of DAB converters have
been proposed as well, using both state-space averaging and
generalized averaging methods. Those derived using classical
state-space averaging either eliminate the ac transformer current
state during the averaging process (as in [13]), or represent the
transformer by averaging the current into and out of the dual
H-bridge circuits [14], [15]. The disadvantage of these models
is inherited from the basic averaging framework: the models are
derived by calculating the dc average over each switching period
and are therefore limited in their ability to represent dynamics
at higher frequencies [14].

Generalized average modeling (GAM) provides fully
continuous-time representations that are capable of describing
ac state variables [16]. This is accomplished by expanding state
variables into Fourier series components. A DAB model de-
rived using GAM was proposed in [17]. To achieve a balance
of accuracy and complexity, this model was derived under a
first harmonic approximation, i.e., with the Fourier series trun-
cated at the first harmonic. The resulting model was accurate for
small-signal disturbances, but inaccurate at steady-state due to
the first harmonic approximation. A corrective modification was
proposed in [18], leading to an improved large-signal model that
is accurate in both transient and steady-state operation. While
the new model addresses large-signal error, it is still subject to
limitations of the first harmonic approximation. In particular,
the transformer current state is represented using only the first
harmonic of its Fourier series, i.e., as a sinusoid at the converter
switching frequency.

Of the modeling approaches described here, the GAM frame-
work is the most appropriate for developing system-level mod-
els because it produces continuous-time models and eliminates
switching function discontinuities. GAM methods for construct-
ing models of multiconverter systems are available in exist-
ing literature [19]. In general, GAM complexity scales poorly
with system size [20], and the foremost challenge is preserving
model tractability. For instance, in [8], both state-space averag-
ing and GAM were used to derive large-signal models of a ship-
board power system. The authors conclude that, despite greater
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accuracy, the model derived using GAM is less suitable for ef-
ficient time-domain simulation due to high computational com-
plexity. However, in the case of a DAB converter, it is possible
to mitigate scalability issues using structural properties of the
model. In particular, the state equations of the original model
in [17] are decoupled along lines of physical relevance, making it
possible to consider only the states of interest in the final model.
The same decoupling effect exists for systems of multiple DAB
converters as well [21].

The specific system-level analysis tasks of interest in this
study are time-domain simulation and small-signal stability as-
sessment. Time-domain simulation is an important analysis tool
for all power distribution systems. For conventional (ac) power
systems, time-simulations involve numerical integration of a
nonlinear large-signal model [22], [23]. Simulation of power
electronic systems is more complex due to the inherent dis-
continuities of switched-mode converters. The most accurate
simulations involve switched models, wherein the active switch
configuration determines the model used in the integration rou-
tine [24]–[26]. However, discontinuities at switch transitions
cause complications for numerical integration algorithms, rang-
ing from difficulties in step size selection to numerical conver-
gence issues [27]. As a result, switching simulations are slow,
and scale poorly with the number of switched-mode devices
in a given system [28], [29]. To address this issue, the average
modeling approach (both in the classical low-frequency and gen-
eralized sense) consolidates models associated with each switch
configuration into a single representation [16], [30]–[32]. The
averaging process eliminates switching discontinuities and im-
proves the efficiency of numerical simulations [28], [29], [33].
However, averaging introduces an approximation, which may
affect the accuracy of the final model [28], [34]. Average models
of DAB converters are affected by errors due to averaging [14],
[17], most notably in the transformer current state. To produce
accurate and efficient system-level models, these errors must be
eliminated without increasing model complexity.

Small-signal stability assessment is another essential analysis
task. In power electronic systems, small-signal stability is most
commonly assessed through impedance criteria (for a compre-
hensive review of impedance criteria, see [35] and references
therein). The advantage of impedance criteria methods is that
they do not require a system-level dynamic model to apply.
However, the applicable criterion for a given system depends
on the network topology and power flow configuration, and be-
comes difficult to apply for large systems, particularly when
bidirectional converters are present. In power system analysis,
small-signal stability is assessed by linearizing a system model
and inspecting eigenvalues [23], [36]. This is a more flexible
and scalable approach, but it requires a system-level model.

This study presents two contributions. The first is a method
of constructing accurate and scalable models of systems con-
taining multiple DAB converters. Models generated using this
method are suitable for fast time-domain simulation or lineariza-
tion for small-signal stability analysis. The method is presented
in the context of a dc distribution system that contains only
DAB converters, though the modeling approach itself does not
preclude other converter topologies. The second contribution is
a procedure for reconstructing exact transformer currents (and

the currents in other converter elements) from the simplified
first harmonic representation. The reconstruction process is ap-
plied offline, so it improves the fidelity of time-domain state
solutions without affecting computational complexity. Both the
contributions support the development of accurate and efficient
representations of DAB converters in multiconverter systems.

The structure of the paper is as follows. Section II describes
the large-signal DAB model, which is used as a modular element
of the system-level model. Section III discusses the model con-
struction procedure. The method of reconstructing transformer
currents is proposed in Section IV. Verification experiments are
discussed in Section V.

II. BASE DAB CONVERTER MODEL

A. GAM Framework

The GAM approach begins with the Fourier series represen-
tation of a state variable. For generic state variable z(t), the
Fourier series representation is

z(t) =
∞∑

k=−∞
〈z〉k (t)ejωkt (1)

where fs is the converter switching frequency and ω = 2πfs .
The angle-bracket term 〈z〉k (t) is the kth harmonic coefficient,
and is defined by a sliding average over the switching period, T

〈z〉k (t) =
1
T

∫ t

t−T

z(τ)e−jωkτ dτ. (2)

These are the generalized averaging operations that define
GAM. Classical state-space averaging may be viewed as a spe-
cial case of the GAM framework, in which only k = 0 terms
are considered. The dc average component 〈z〉0(t) is equivalent
to the representation of z(t) in a model derived using classical
state-space averaging.

Two additional relationships are used in the application of
GAM [16], [37]. The derivative of the harmonic coefficients is
given by

d

dt
〈z〉k (t) =

〈
d

dt
z

〉

k

(t) − jωk〈z〉k (t). (3)

The product of coefficients is

〈z · y〉k (t) =
∞∑

i=−∞
〈z〉k−i(t) · 〈y〉i(t). (4)

Under a first harmonic approximation, (k = 0, ±1) the
time-domain state may be recovered from the harmonic
components as

z(t) = 〈z〉1(t)ejωt + 〈z〉−1(t)e−jω t + 〈z〉0(t)
= 2
(〈z〉R (t) cos ωt − 〈z〉I (t) sin ωt

)
+ 〈z〉0(t) (5)

where 〈z〉R (t) = �[〈z〉1(t)] and 〈z〉I (t) = �[〈z〉1(t)] are the
real and imaginary components of the first harmonic coeffi-
cient. This approximation limits both the complexity and large-
signal accuracy of the final model, since higher-order terms are
neglected. However, in the case of a DAB converter, the large-
signal error may be corrected through the use of an algebraic
correction factor [18].
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Fig. 1. Voltage-controlled DAB converter and control system.

B. Single Converter Model

This study uses the improved DAB model from [18] as a
fundamental building block for the construction of a system level
model. This model is referred to here as the “base” model, since
it provides the basis for the system-level model construction
procedure. The model in [18] is based on [17], but includes a
correction factor to eliminate large-signal errors introduced by
the first harmonic approximation. The correction equation does
not change the model state equations, so the original formulation
in [17] is relevant to the present discussion. Since the objective
is to analyze the converter behavior in a full system, the closed-
loop formulation is used. A diagram of the converter and control
system is shown in Fig. 1. To simplify notation, transformers
are assumed to have a 1:1 turns ratio throughout.

Before applying the GAM framework, the state equations are
as follows:

v̇c =
1

Cin
iin − 1

Cin
s1it (6)

v̇o =
−1

RshCo
vo +

1
Co

its2 − 1
Co

iL (7)

i̇t =
1
Lt

vcs1 − 1
Lt

vos2 − Rt

Lt
it . (8)

In these equations, dot notation denotes time derivatives, vc is
the input capacitor voltage, vo is the output capacitor voltage, it
is transformer current, and iin is input current. When a voltage
source is used instead of a current source, vc is simply replaced
by an input voltage vin, and (6) is eliminated. Current source
iL and shunt resistance Rsh define a Norton equivalent load.
Capacitances of the input and output bus capacitors are Cin

and Co , respectively. Transformer leakage inductance is Lt , and
parasitic winding resistance is Rt . Switching functions s1 and
s2 are as follows:

s1 =

{
1, 0 ≤ τ < T

2

−1, T
2 ≤ τ < T

(9)

s2 =

{
1, dT

2 ≤ τ < dT
2 + T

2

−1, 0 ≤ τ < dT
2 or dT

2 + T
2 ≤ τ < T

(10)

where T is the length of a single switching period, τ is the time
within the switching period, and d is the converter phase shift.

This study follows the phase shift terminology of [3], [14], [17];
i.e., d = φ

π , where φ is the phase shift in radians. All of these
hardware and control parameters are identified in Fig. 1.

Next, the GAM framework is applied. In the following equa-
tions, angle brackets for GAM states are dropped in the interest
of readability, and states are identified using subscripts. For ex-
ample, the dc average of generic state z is denoted z0 ; real and
imaginary components of the first harmonic component are de-
noted by zR and zI , respectively. This notation is used for the
remainder of the paper.

The state and input vectors of the model are as follows:

x = [vc0 vo0 itR itI γ0 ]T (11)

u = [iin0 iL0 vref]T . (12)

The GAM state equations are as follows:

v̇c0 =
1

Cin
iin0 +

4
Cinπ

itI (13)

v̇o0 =
−1

RshCo
vo0 − 4 sin πd̂

Coπ
itR − 4 cos πd̂

Coπ
itI − 1

Co
iL0

(14)

i̇tR =
2 sin πd̂

Ltπ
vo0 − Rt

Lt
itR + ωitI (15)

i̇tI =
2 cos πd̂

Ltπ
vo0 − ωitR − Rt

Lt
itI − 2

Ltπ
vc0 (16)

γ̇0 = ki (vref − vo0) (17)

where ω is the switching frequency in radians per second and ki

is the integral gain of the voltage controller. Again, in the case of
a voltage source, vc0 is replaced by vin0 in (16), iin0 is replaced
by vin0 in (12), and state equation (13) becomes unnecessary.

Note that the phase shift arguments in (13)–(17) appear as d̂,
whereas phase shift appears as d in (9), (10), and Fig. 1. This
difference is intentional: for a given input voltage/current and
load, the phase shift value that satisfies the equilibrium solution
of the model equations (d̂) is not the same as the correspond-
ing phase shift observed in switching simulations or hardware
experiments (d). If the two are assumed to be equal, the state
equations above will be affected by persistent steady-state error,
and the large-signal model will be inaccurate [14], [38].

A correction factor was proposed in [18] as an algebraic
function of the two phase shift variables. The actual phase shift
d is the output of the voltage controller

d = kp(vref − vo0) + γ0 (18)

where kp is proportional gain. The model equilibrium phase
shift, d̂, is represented internally as an algebraic state. The rela-
tionship between d̂ and the rest of the model is described by the
following:

0 = g(x, d̂, u) = −vc0Rt cos πd̂ − vc0Xt sinπd̂

+ vo0Rt + K (vc0 − vo0) θ + Kvo0 tanh θ

+ Kvc0
d

|d|
(
1 − 2θd − sech θ exp

(
d

|d|θ − 2θd

))
(19)
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where Xt = ωLt is transformer reactance and K and θ are the
following hardware constants:

K =
π

4
Xt(R2

t + X2
t )

R2
t

(20)

θ =
πRt

2Xt
. (21)

The full large-signal model is a system of differential alge-
braic equations with the form

ẋ = f(x, d̂, u) (22)

0 = g(x, d̂, u) (23)

where f(·) contains (13)–(17) and g(·) is defined in (19).

C. Decoupling Effect and Selective Averaging

Under the first harmonic approximation, each variable z is
broken into three components corresponding to the k = 0,±1
averages or, equivalently, z0 , zR , and zI . However, only a subset
of these appear in the state and input vectors (11). Namely, the dc
states (capacitor voltages and integrator) are represented only be
dc average (k = 0) terms, while the ac transformer currents are
represented by the k = ±1 terms. This is because the remaining
terms are decoupled from states the in (11) [17]. Furthermore,
the influence of ac inputs (namely iinR, iinI, ioR, and ioI) is entirely
confined to the decoupled states.

In previous studies, the number of Fourier series terms used to
represent each state variable was selected according to the dom-
inant dynamics of that state [19]. This is referred to as “selective
averaging,” and it assumes some a priori knowledge of system
dynamics. If this process were applied to the DAB model, only
the transformer current would be modeled by k = ±1 terms,
since it is the only ac state. Conveniently, the structural proper-
ties of the DAB model provide this exact result without the use
of assumptions to selectively eliminate undesirable terms.

The real importance of the decoupling effect is that the ter-
minal characteristics of each converter may be represented by
dc average terms only without sacrificing model validity. This
has significant implications for the system-level model. Interac-
tions between each converter and the rest of the system may be
described using dc average states and equations. The k = ±1
components of these interactions, which are frequency depen-
dent, may be safely ignored. More precisely, when included in
the derivation of the system-level model, the k = ±1 compo-
nents of terminal voltages and line currents are contained in a
subsystem that is decoupled from the dc average line currents
and the states in (11). This was shown in [21], an earlier version
of this study. Modeling the frequency dependent interactions of
this subsystem would require the specification of a system-wide
base period, and would undercut the scalability and modularity
objectives of the model construction process. Since it is possible
to neglect these interactions from the model with no ill effect,
the methods shown here focus on dc average interactions and
states in (11). The following section describes a procedure that
operates directly on the models in (22). The method results in

Fig. 2. Five-converter example system. Each converter is shown a two-port
element, with the (controlled) output port denoted by a dot. Encircled integers
are system bus numbers. The dotted line indicates the scope of the system-level
model.

the same final model as the derivation shown in [21], but is
simpler and more concise.

III. SYSTEM-LEVEL MODEL

The model construction procedure described in this section
uses the large-signal converter model as a modular building
block. The system under consideration consists of N converters
and M buses. An example system with N = 5 and M = 7 is
shown in Fig. 2 for the purpose of converter and bus numbering
schemes. All converters are bidirectional and may connect to
the system through the controlled output terminal, uncontrolled
input terminal, or both. Superscripts are used to identify states,
inputs, and parameters pertaining to each converter, e.g., xn

refers to the state vector of converter n.

A. Model Combination

The system has M buses, where M ≥ N . Each bus may cor-
respond to a converter input or output terminal or to a structural
node with no converter present (e.g., bus 5 in Fig. 2). The lines
in the system may be resistive or resistive/inductive. The latter
is described, since it is more general. The line current between
buses i and j is described by

i̇ij�0 =
1

Lij
(vi

b0 − vj
b0) −

Rij

Lij
iij�0 (24)

where vi
b0 and vj

b0 are the dc average voltages at buses i and j,
Rij and Lij are the resistance and inductance of the line, and
i < j by convention.

To construct the system-level model, the points of interac-
tion between the converters and the rest of the system must be
expressed in terms of state variables. Specifically, the system-
level model must incorporate self-contained descriptions of the
output currents for all converters connected by output terminal,
input currents of all converters connected by input terminal, and
all bus voltages. This is done on a bus-by-bus basis. When bus m
corresponds to the output terminal of converter n, the converter
output current is

inL0 = −
m−1∑

i=1

imi
�0 +

M∑

j=m+1

imj
�0 . (25)

This follows from the application of Kirchoff’s current law
(KCL) at bus m. Trivially, the bus voltage is equal to the con-
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verter output voltage, i.e., vm
b0 = vn

o0 . Similarly, when bus m
corresponds to the input terminal of converter n, the converter
input current is

inin0 =
m−1∑

i=1

imi
�0 −

M∑

j=m+1

imj
�0 . (26)

In this case, the bus voltage is equal to the input capacitor voltage
(vm

b0 = vn
c0).

In the final case, bus m is not connected to a converter. Bus 5
in Fig. 2 is an example of this case. By KCL, the current at this
node is

0 =
m−1∑

i=1

imi
�0 −

M∑

j=m+1

imj
�0 . (27)

Even though no converter is present, it is still necessary to
represent the bus voltages in the model, since they are used in
the line current equations. These bus voltages are included as
algebraic state variables. For each bus m with no converter, the
model contains both the voltage at the bus and the corresponding
node current expression.

B. System-Level Organization

The full system-level model has the form

ẋsys = fsys(xsys, ysys, usys) (28)

0 = gsys(xsys, ysys, usys). (29)

The state vector xsys is

xsys = [x1 x2 · · · xN xline]T (30)

where each xn is a converter state vector and xline is a vector
containing all line current states. The algebraic state vector ysys

contains all internal phase shift variables and all bus voltages
that are not already states in xsys. The vector is

ysys = [d̂1 d̂2 · · · d̂N ybus]T (31)

where ybus contains the voltage vm
b0 of each bus m that does not

correspond to the output terminal of a source converter or input
terminal of a load converter.

The system-level input vector usys contains all N control
inputs and all current inputs that are external to the system, i.e.,
all inin0 and inL0 not described by (25) and (26). The number of
external connections depends on the topology of the system. For
example, the input vector for the system shown in Fig. 2 is

usys = [i1in0 v1
ref v2

ref i3L0 v3
ref i4L0 v4

ref i5L0 v5
ref]

T . (32)

The four current terms in this vector correspond to the four
external connections shown in Fig. 2.

The system equations fsys(·) are (13)–(17) for each converter
and (24) for each line current. Likewise, the equations in gsys(·)
are (19) for each converter and (27) for each voltage in ybus.

To use the system-level model, partial derivative matrices are
needed. For convenience, define function ẋline = fline(·) to in-
clude all line current state equations and 0 = gline(·) to include
all algebraic KCL equations for buses not connected to convert-
ers. The partial derivative matrices may then be described in

terms of block submatrices

∂fsys

∂xsys
=

⎡

⎢⎢⎢⎢⎢⎣

∂f 1

∂x1 · · · 0 ∂f 1

∂x line

...
. . .

...
...

0 · · · ∂f N

∂xN
∂f N

∂x line

∂f line
∂x1 · · · ∂f line

∂xN
∂f line
∂x line

⎤

⎥⎥⎥⎥⎥⎦
(33)

∂fsys

∂ysys
=

⎡

⎢⎢⎢⎢⎣

∂f 1

∂ d̂1 · · · 0 0
...

. . .
...

...

0 · · · ∂f N

∂ d̂N
0

0 · · · 0 ∂f line
∂ybus

⎤

⎥⎥⎥⎥⎦
(34)

∂gsys

∂xsys
=

⎡

⎢⎢⎢⎢⎣

∂g 1

∂x1 · · · 0 0
...

. . .
...

...

0 · · · ∂gN

∂xN 0
0 · · · 0 ∂g line

∂x line

⎤

⎥⎥⎥⎥⎦
(35)

∂gsys

∂ysys
=

⎡

⎢⎢⎢⎢⎣

∂g 1

∂ d̂1 · · · 0 0
...

. . .
...

...

0 · · · ∂gN

∂ d̂N
0

0 · · · 0 0

⎤

⎥⎥⎥⎥⎦
. (36)

Each ∂f n

∂xn submatrix is the state matrix of converter n

∂fn

∂xn
=

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 4
πC n

i n
0

0 −1
Rn

s h C n
o

−4 sin π d̂n

πC n
o

−4 cos π d̂n

πC n
o

0

0 2 sin π d̂n

πLn
t

−Rn
t

Ln
t

ωn 0

−2
πLn

t

2 cos π d̂n

πLn
t

−ωn −Rn
t

Ln
t

0

0 −kn
i 0 0 0

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (37)

The columns of ∂f n

∂x line
and rows of ∂f line

∂xn are

∂fn

∂iij�0
=
[

∂ (v̇ n
c 0 )

∂ ii j
� 0

∂ (v̇ n
o 0 )

∂ ii j
� 0

0 0 0
]T

(38)

∂(i̇ij�0)
∂xn

=
[

∂ ( i̇i j
� 0 )

∂vn
c 0

∂ ( i̇i j
� 0 )

∂vn
o 0

0 0 0
]
. (39)

The elements of these vectors depend on how converter n con-
nects to the system. For generality, let the input and output
terminals of converter n correspond to buses p and q, respec-
tively. Then, vp

b0 = vn
c0 and vq

b0 = vn
o0 , and the partial derivative

elements are as follows:

∂(v̇n
c0)

∂iij�0
=

⎧
⎪⎨

⎪⎩

−1
C n

i n
, p = i

1
C n

i n
, p = j

0, else

∂(v̇n
o0)

∂iij�0
=

⎧
⎪⎨

⎪⎩

1
C n

o
, q = i

−1
C n

o
, q = j

0, else

∂(i̇ij�0)
∂vn

c0
=

⎧
⎪⎨

⎪⎩

1
Li j

, i = p

−1
Li j

, j = p

0, else

∂(i̇ij�0)
∂vn

o0
=

⎧
⎪⎨

⎪⎩

1
Li j

, i = q

−1
Li j

, j = q

0, else.
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Finally, submatrix ∂f line
∂x line

is diagonal with elements

∂(i̇ij�0)

∂iij�0
= −Rij

Lij
. (40)

The nonzero submatrices of ∂fsys

∂y sys
are ∂f n

∂ d̂n
and ∂f line

∂ybus
. Each ∂f n

∂ d̂n

is a column

∂fn

∂d̂n
=

⎡

⎢⎢⎢⎢⎢⎣

0
4

C n
o

(
intI sin πd̂n − intR cos πd̂n

)

2vn
o 0 cos π d̂n

Ln
t

−2vn
o 0 sin π d̂n

Ln
t

⎤

⎥⎥⎥⎥⎥⎦
. (41)

Submatrix ∂f line
∂ybus

consists of elements ∂ ( i̇i j
� 0 )

∂vm
b 0

for each line current

iij�0 ∈ xline and bus voltage vm
b0 ∈ ybus. These elements are as

follows:

∂(i̇ij�0)
∂vm

b0
=

⎧
⎪⎨

⎪⎩

1
Li j

, i = m

−1
Li j

, j = m

0, else.

(42)

Matrix ∂gsys

∂xsys
is a block diagonal combination of submatrices

∂gn

∂xn and ∂gm
line

∂x line
. The former is

∂gn

∂xn
=
[

∂gn

∂vn
c 0

Rn
t − Kn (θn − tanh θn ) 0 0 ∂gn

∂dn

]
(43)

where ∂gn

∂vn
c 0

and ∂gn

∂dn are

∂gn

∂vn
c0

= Knθn − Rn
t cos πd̂n − Xn

t sin πd̂n

+ Kn dn

|dn |
(

1 − 2θndn − sech θn exp
(

dn

|dn |θ
n − 2θndn

))

(44)

∂gn

∂dn
=

2dnθKnvn
c0

|dn |
(

sech θn exp
(

dn

|dn |θ
n − 2θndn

)
− 1
)

.

(45)

Submatrix ∂gm
line

∂x line
has elements ∂gm

line

∂ ii j
� 0

, where gm
line(·) denotes the

KCL equation applied at bus m. These elements are as follows:

∂gm
line

∂iij�0
=

⎧
⎨

⎩

1, m = i
−1, m = j
0, else.

(46)

The last matrix ∂gsys

∂y sys
has only diagonal elements ∂gn

∂ d̂n
, which are

∂gn

∂d̂n
= πvn

c0

(
Rn

t sin πd̂n − Xn
t cos πd̂n

)
. (47)

C. Model Extensions

The derivation in the previous section is shown for the spe-
cific case of N DAB converters operating with single phase shift
modulation. However, the model in [18] is capable of represent-
ing more general modulation schemes, including triple, dual,

and extended phase shift modulation. Including these modu-
lation schemes in the system-level model is a straightforward
extension. The line current equations in (24)–(27) and block
diagonal construction procedure in (33)–(36) apply regardless
of modulation strategy. Only the submatrices ∂f n

∂xn , ∂f n

∂ d̂n
, ∂gn

∂xn ,

and ∂gn

∂ d̂n
will change. These derivative submatrices are given for

general modulation strategies in [18].
Similarly, while the focus of this study is the DAB topol-

ogy, the model combination procedure applies equally for other
converter topologies. For other topologies, the algebraic state
variable d̂ and correction equation g(·) are not necessary, and
can simply be omitted. Only the derivative submatrix ∂f n

∂xn is
required to complete the system-level model.

D. Model Limitations

The large-signal model provides accurate descriptions of
converter and system dynamics. Since discontinuous switch-
ing functions are eliminated in the derivation, the models are
computationally efficient and suitable for large-scale system
simulations. However, eliminating switching functions presents
some limitations in terms of model accuracy. Mathematically,
the source of the model’s limitations is the same as the source of
classical average models’ limitations: truncation of the Fourier
series. For classical average models, only dc Fourier series terms
are considered, and all higher terms are neglected. This is equiv-
alent to assuming that switching ripple is small [30]. As a result,
average models are unable to predict periodic oscillations, such
as capacitor voltage ripple. More Fourier series terms are in-
cluded in GAM, but to limit model complexity, typically only
the dc and fundamental frequency terms are used to derive
models.

Due to the decoupling effect discussed in Section II-C, the
present models consist of states which are either purely dc aver-
age terms or first harmonic ac terms [21]. For dc average states,
such as capacitor voltages, the model is subject to the same
limitations of classical average models (i.e., ripple voltage is
neglected). For the purposes of system-level simulation, this sac-
rifice is justified. Voltage ripple components are typically small
for well-designed converters, and closed-loop control systems
typically filter out switching-frequency feedback components to
minimize their effect on dynamic performance. As a result, the
effect of ripple voltage on system-level dynamics is minimal for
systems of well-design converters. However, since the proposed
models are not able to describe ripple voltage effects, they may
provide incorrect predictions for converters, which are damaged
or poorly designed. When prediction of ripple components is of
critical importance, models that eliminate switching functions
through averaging should not be used.

The GAM states which contain ac terms are similarly lim-
ited. In the present case, only transformer current states consist
of purely ac terms. Since these terms are limited to fundamen-
tal frequency components, the model predictions consist of si-
nusoids at the switching frequency. However, it is possible to
improve the accuracy of these predictions by reconstructing
the truncated components of the transformer currents’ Fourier
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series. A new method for reconstructing these terms is described
in the following section.

One additional model limitation is representation of switching
dead time. The switching signal Fourier series are derived under
the assumption of ideal switching behavior, i.e., zero dead time.
However, dead time is a practical necessity to prevent shoot-
through faults. Describing dead time requires a significant in-
crease in model complexity, but is only necessary for a small
fraction of the DAB converter’s operating space. In particular,
dead time effects become noticeable at very low load condi-
tions [39]. However, these conditions are typically avoided due
to the DAB’s limited soft switching capabilities at light load-
ing. When operating regions affected by dead time cannot be
avoided, compensation schemes may be used to mitigate un-
desirable dead time effects [40]. Dead time is problematic for
all DAB modeling approaches in the literature, either in the
form of accuracy limitations or increased complexity. Further
research is needed to identify computationally efficient methods
for modeling dead time effects.

IV. TRANSFORMER CURRENT RECONSTRUCTION

The preceding sections have described a general-purpose
large-signal model. This section is concerned with improving the
fidelity of the time-domain transformer current representations.
The following analysis is applicable to any DAB converter in the
system; superscript n is dropped for readability. Let vc , vo , it ,
and d be state trajectories resulting a time-domain simulation of
the proposed model. The voltages and phase shift are dc average
variables, so the state trajectories are give trivially by the states of
the proposed model. The transformer current is calculated from
states itR and itI according to (5). The result is a sinusoidal
approximation of the transformer current. This approximation
is suitable for efficient small-signal analyses, but for many other
purposes, such as evaluating device current stresses or analyz-
ing zero voltage switching (ZVS) conditions, more accurate
current representations are required. As a direct consequence of
the correction factor equations used in the proposed model, it
is possible to obtain accurate representations by reconstructing
the full Fourier series for the transformer currents.

Let vp = s1vc and vs = s2vo be the voltages across the pri-
mary and secondary of the high frequency transformer. To sim-
plify equations, assume that vc and vo may be approximated as
constant during a single switching period. This scenario would
result from sampling the continuous-time state trajectories at
multiples of the switching period with a zero-order hold. The
transformer current is the solution to the forced differential
equation

Lt i̇t = vp − vs − itRt. (48)

The voltages can be expanded as Fourier series

vp(τ) =
∞∑

k=1

ap
k cos ωkτ + bp

k sin ωkτ (49)

vs(τ) =
∞∑

k=1

as
k cos ωkτ + bs

k sin ωkτ. (50)

The coefficients are known, and equal to the Fourier series coef-
ficients of s1 and s2 scaled by vc and vo , respectively. For single
phase shift modulation, the coefficients are as follows:

ap
k = 0 bp

k =
{ 4vc

kπ k odd
0 k even

as
k =

{ −4vo sin dkπ
kπ k odd
0 k even

bs
k =

{ 4vo cos dkπ
kπ k odd
0 k even.

For any given k, the corresponding current solution may be
determined using Laplace transforms

it(s)(Lts + Rt) =
(ap

k − as
k )s

s2 + (ωk)2 +
(bp

k − bs
k )ωk

s2 + (ωk)2 . (51)

Alternatively, this may be written as

it(s) =
(

1
Lts + Rt

)(
av

ks + bv
kωk

s2 + (ωk)2

)
(52)

where av
k = ap

k − as
k and bv

k = bp
k − bs

k . The partial fraction de-
composition of this equation is

it(s) =
1
Lt

(
bv
kωk − av

k (Rt

Lt
)

(ωk)2 + (Rt

Lt
)2

)(
1

s + (Rt

Lt
)
− s

s2 + (ωk)2

)

+
1

ωkLt

[
av

k +
Rt

Lt

(
bv
kωk − av

k (Rt

Lt
)

(ωk)2 + (Rt

Lt
)2

)](
ωk

s2 + (ωk)2

)
.

(53)

Taking the inverse Laplace transform yields the time-domain
current solution

it(τ) =
1
Lt

(
bv
kωk − av

k (Rt

Lt
)

(ωk)2 + (Rt

Lt
)2

)(
e

−R t
L t

τ − cos ωkτ
)

+
1

ωkLt

[
av

k +
Rt

Lt

(
bv
kωk − av

k (Rt

Lt
)

(ωk)2 + (Rt

Lt
)2

)]
sin ωkτ. (54)

The quantity of interest is the periodic solution, so the decay-
ing exponential term may be discarded. The full current solution
is the summation

it(τ) =
1
Lt

∞∑

k=1

ai
k cos ωkτ + bi

k sin ωkτ (55)

where ai
k and bi

k are the Fourier series coefficients of the trans-
former current, given by the following:

ai
k = −

(
bv
kωk − av

k (Rt

Lt
)

(ωk)2 + (Rt

Lt
)2

)
(56)

bi
k =

1
ωk

(
av

k +
Rt

Lt

(
bv
kωk − av

k (Rt

Lt
)

(ωk)2 + (Rt

Lt
)2

))
. (57)

Since this method is applied offline using state trajecto-
ries from the base model, the currents for each converter in
a given system and each time range of interest may be calcu-
lated separately. Moreover, the zero-order-hold approximation
allows each switching period to be treated independently. This
means that every combination of converter, harmonic number,
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and switching period in the time range of interest may be con-
sidered as an independent, parallel computation.

This harmonic reconstruction method provides a unified ap-
proach for predicting DAB transformer currents. The derivation
applies regardless of modulation strategy. When applying this
method to different modulation schemes, only the Fourier series
coefficients ap

k , bp
k , as

k , and bs
k change. In [18], the base model

and correction factors are derived for triple phase shift modula-
tion, since it is very general. Single, dual, and extended phase
shift are special cases of triple phase shift modulation. Using the
terminology from [18], the Fourier series coefficients for triple
phase shift are as follows:

ap
k =

{ 2vc sin(dp kπ )
kπ , k odd
0, k even

bp
k =

{ 2vc (1−cos(dp kπ ))
kπ , k odd
0, k even

as
k =

{ 2vo sin(dφ kπ )−2vo sin((ds +dφ )kπ )
kπ , k odd
0, k even

bs
k =

{ 2vo cos(dφ kπ )−2vo cos((ds +dφ )kπ )
kπ , k odd
0, k even

where dp is the width of the pulse applied to the primary side
of the transformer, ds is the width of the pulse applied to the
secondary side, and dφ is the phase shift between the pulses.
Note that for single and dual phase shift modulation, d = dφ .
For more detailed information on triple phase shift modula-
tion, the interested reader is encouraged to consult references
[18], [41].

V. VERIFICATION

Simulations and hardware experiments were used to vali-
date the proposed methods. The objective of the simulation
experiments is to show that, in both transient and steady-state
conditions, the proposed model and harmonic reconstruction
method provide accuracy equivalent to switching simulations
with significantly reduced computation time. The objective of
the hardware validation is to show the accuracy of the proposed
methods with respect to real-world converters.

A. 7-Bus Simulation

One of the key applications of the proposed model is effi-
cient and accurate time-domain simulation. To assess the model
performance in this capacity, results of system-level simula-
tions performed in PLECS are compared with results obtained
through numerical integration of the model equations. Switch-
ing simulations are highly accurate but become computationally
inefficient as the number of converters in the system increases
due to the increased burden of zero-crossing detection.

The system shown in Fig. 2 is considered as a case study. The
system is organized as follows. Converter 1 regulates a nominal
voltage of 48 V at bus 1. Converter 2 serves bus 4, a subordi-
nate distribution bus, and regulates a nominal voltage of 42 V.

TABLE I
CONTROL AND HARDWARE PARAMETERS FOR 7-BUS SYSTEM

Fig. 3. Load disturbance responses of selected system bus voltages. Voltage
v5

b0 is shown separately since it is the only algebraic bus voltage state. (a) Bus
voltages v1

b0 and v2
b0 . (b) Bus voltages v4

b0 and v6
b0 . (c) Bus voltage v5

b0 .

Converters 3, 4, and 5 serve bidirectional current source loads.
The system may be understood as two subsystems, divided
across converter 2. Buses 1, 2, and 3 comprise the 48 V subsys-
tem; buses 4, 5, 6, and 7 comprise the 42 V subsystem. All lines
have resistance Rij = 0.001 Ω and inductance Lij = 0.1 mH.
All high-frequency transformers have 1:1 turns ratios, wind-
ing resistance Rn

t = 0.4 Ω, and leakage inductance Ln
t = 4 μH.

Additional hardware and control parameters are given in Table I.
Comparisons of switching simulation and model results

for a load disturbance transient are shown in Figs. 3 and 4.
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Fig. 4. Load disturbance responses of selected system line currents. (a) Line
currents i12

�0 and i13
�0 . (b) Line currents i56

�0 and i57
�0 .

Fig. 5. Comparison of converter 2 transformer currents from simulation,
results calculated using the proposed harmonic reconstruction method, and
first harmonic approximations from the base model.

The disturbance consists of a step change in the load current of
converter 4 at time t = 0 s, from i4L0 = 2 A to i4L0 = −2 A. The
load currents for converters 3 and 5 remain fixed at i3L0 = 4 A
and i5L0 = 2 A throughout. A selection of bus voltage responses
are shown in Fig. 3; line current responses are shown in Fig. 4.
The figures show that the model and switching simulation are
consistent in both transient and steady-state response. The states
not shown in these figures match with similar accuracy.

Despite the accuracy of the dc average states, the transformer
currents predicted by the base model are only sinusoidal approx-
imations of the actual transformer current. However, using the
harmonic reconstruction method, the actual transformer currents
may be calculated with high accuracy as well. A comparison of
the transformer current for converter 2 from simulation, from
the base model, and from the proposed harmonic reconstruc-
tion method is shown in Fig. 5. The reconstruction includes up
to the 35th harmonic of the switching frequency. Since only

Fig. 6. Comparison of computation times for time-domain simulations using
switching models (top) and proposed average models (bottom) by number of
converters included in the system. (a) Switching model. (b) Average model.

odd harmonics are nonzero, this corresponds to 18 harmonic
components.

B. Computation Time

The foremost advantage of using the model for time-domain
simulation is execution time. In terms of computation time, the
benefit of an average model over a switching model is funda-
mental. Eliminating the need for zero-crossing detection signif-
icantly reduces computational overhead. To illustrate this im-
provement, computation times for simulations of a variety of
multiconverter systems were recorded. To ensure fair compari-
son, both the switching simulation and average model were im-
plemented in Simulink. All simulations consider a time range of
50 ms with maximum time step size of 1 ms and error tolerance
of 10−5 .

Results of the computation time comparisons are shown in
Fig. 6. For consistency, standard explicit and implicit solvers
were used for both systems. Since the average model is a DAE
system, the numerical integration algorithm must solve both
the dynamic and algebraic state equations. The implicit solver
(ODE15s) simultaneously solves dynamic and algebraic equa-
tions, and is therefore the more appropriate solver for the pro-
posed model. The explicit solver (ODE45) is less efficient for
the average model, since the dynamic and algebraic equations
separately at each time step. The switching model is a nonsparse
ODE system, so it does not benefit from an implicit solver. Re-
gardless of solver selection, simulation of the average model
is significantly faster than simulation of the switching model.
When appropriate solvers are used for both models, the compu-
tation times for the switching model are two orders of magnitude
longer than those of the average model.
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Fig. 7. Hardware testbed.

Fig. 8. Comparison of simulation, hardware measurements, and model pre-
dictions for bus voltage and line current states. (a) Converter 1 output voltage.
(b) Converter 2 input voltage. (c) Line current.

C. Hardware Experiment

The hardware testbed is shown in Fig. 7. The testbed con-
sists of two DAB converters connected in series: the output of
converter 1 is connected to the input of converter 2 through a
line impedance. The line impedance has both resistive (0.25 Ω)
and inductive (100 μH) components. The output of converter 2
is connected to a current source load, which steps from 3 to
3.5 A during the experiment. Both converters regulate output

Fig. 9. Comparison of simulation, hardware measurements, and model
predictions for controller integrator states. (a) Converter 1 integrator state.
(b) Converter 2 integrator state.

TABLE II
STEADY STATE RESULTS FOR 2-CONVERTER SYSTEM

voltages of 18 V, and operate with switching frequencies of
80and 74.074 kHz, respectively. Control systems run inde-
pendently on two TMS320F28377S digital signal processors
(DSPs). Voltages and currents are logged externally during the
test; internal state variables are logged through directly through
the DSPs.

Comparisons of large-signal model predictions, switching
simulations, and experimental results are shown in Figs. 8 and 9.
Bus voltage and line current states are shown in Fig. 8, internal
integrator states are shown in Fig. 9. Table II shows the numer-
ical steady-state values before and after the load change. The
results indicate that the proposed method accurately describes
both the transient and steady-state response of the system, de-
spite the difference in switching frequencies between converters.
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Fig. 10. Comparison of converter 2 transformer currents from simulation,
hardware measurements, and harmonic reconstruction.

The significance of accurate integrator states is that they allow
phase shift values to be determined accurately using (18). This
is a distinct advantage over the earlier model in [21], which was
affected by large-signal error.

To verify the functionality of the proposed harmonic recon-
struction method, the transformer current of converter 2 is recon-
structed and compared to measurements from the experiment.
The comparison is shown in Fig. 10. These results demonstrate
that the harmonic reconstruction approach accurately describes
the real-world behavior of the transformer current.

D. Eigenvalue Analysis

The results in the previous sections specifically target appli-
cations of the proposed system-level model for time-domain
simulation. Another important application is small-signal sta-
bility assessment. Eigenvalue analysis is a standard method of
assessing stability, and is commonly used for ac microgrids
and conventional power systems [23], [36]. The advantage of
eigenvalue analysis is that the procedure applies in the same
way regardless of the topology or power flow configuration; the
disadvantage is that it requires a system-level dynamic model.
However, the necessary large-signal models can easily be gen-
erated using the proposed model construction procedure. As
an example, the stability of the 2-converter system is assessed
via eigenvalue inspection. In particular, system stability is an-
alyzed for changes in transformer leakage inductance within a
prespecified range of hardware tolerance. While inductive ele-
ments are commonly modeled with constant parameters, their
actual inductance may vary widely. The objective of this analy-
sis is to determine the effect of variations in L1

t within a ±20%
tolerance. This is accomplished by iterating through potential
values of L1

t and observing changes in the locations of system
eigenvalues.

In Fig. 11, eigenvalue loci are plotted on the complex plane for
changes in L1

t . The eigenvalues are plotted for L1
t ranging from

−20% to +20% of the nominal inductance in 5% increments.
Eigenvalue plots range from darker to lighter as L1

t increases.
The 2-converter system has 10 total eigenvalues; only those
relevant to system stability (those close to the imaginary axis)
are shown in Fig. 11. The plot indicates that variations in L1

t

Fig. 11. Changes in eigenvalue loci for linearized 2-converter system as L1
t

increases.

Fig. 12. Simulation results for 2-converter system with nominal L1
t and max-

imum/minimum L1
t within ±20% tolerance.

produce significant changes in the eigenvalue loci. At the max-
imum value of L1

t , the pair closest to the origin actually crosses
the imaginary axis, indicating system instability. On the other
hand, the lower values of L1

t are further into the left half plane,
indicating faster and more damped transient responses. Simu-
lations confirm the results of the eigenvalue analysis. Fig. 12
shows the current in the line connecting the two converters dur-
ing the same load step shown in Fig. 8(c). Dynamic responses
are shown for nominal L1

t and for values at the upper and lower
extremes of the tolerance range. As expected, the higher value
of inductance results in an unstable response, while the lower
value produces a response with faster settling time and higher
damping.

VI. CONCLUSION

Managing the tradeoff between accuracy and complexity
is particularly difficult for multiconverter systems. Models
must be simple enough to be used in large-scale system-level
representations without sacrificing the accuracy necessary for
converter-level analysis. This study presents two contributions
that support this objective: a scalable model construction proce-
dure and a method of predicting exact DAB transformer current
waveforms.

The standard model generated by the proposed model
construction procedure is compatible with the methods of
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system-level analysis that are commonly applied in large-scale
conventional power systems. Power systems techniques address
problems of size and complexity by design; leveraging these
methods extends the scope of applications for the proposed
models. The construction process does not require the specifi-
cation of a base period, despite the use of GAM to derive the base
converter models. The system-level models are fully continuous
in time, and provide efficient alternatives to switching simula-
tions for time-domain analysis. Moreover, the models may be
linearized for small-signal stability analyses that include the
dynamic effects of the high-frequency transformer parameters.
While DAB converters are the focus of this study, the system-
level model construction procedure applies for any converter
topology with accurate average models.

The scalability of this framework makes it effective for high-
level analysis of large systems, but accuracy is also retained
at the individual converter level. The harmonic reconstruction
method increases the fidelity of high-frequency transformer
current predictions without increasing the model complexity.
The method calculates higher order harmonic components of
the transformer current without including these components as
states of the GAM. This reconstruction addresses one of the
most important disadvantages of using GAM, and it ensures
that the converter-level models provide sufficient detail to
perform analyses relevant to switched-mode converter oper-
ation, such as predicting device stresses and ZVS conditions.
Furthermore, since the method is applied offline, it does not
contribute additional computational complexity when using
the system-level model for time-domain simulations. Together,
the methods presented here constitute a modeling framework
that is suitable for both high-level and low-level analysis, and
is accessible to both power electronics and power systems
engineers.
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