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Abstract—The ac–ac dual active bridge (DAB) converter is an
advanced bidirectional two-port grid interface converter that fa-
cilitates active and reactive power flow control between two grids
without a dc-link capacitor. This article presents a novel modeling
approach for the ac–ac DAB converter using the extended general-
ized average modeling (EGAM) technique. Unlike the conventional
generalized average modeling (GAM) framework, the ac–ac DAB
converter’s dynamic state variables, including the leakage inductor
current and ac grid side LC filters, exhibit grid and switching
frequency components, making the standard GAM framework
unsuitable for dynamic modeling involving two distinct excitation
frequencies. Furthermore, the 2-D GAM (2D-GAM) framework,
although capable of capturing the dynamics of two frequencies and
their cross interactions, fails to handle product terms involving
double fourier series (DFS) states resulting from the switching
terms in the ac-ac DAB converter. To address these challenges,
the EGAM technique is proposed, which involves transforming the
DFS product terms in the time domain into the 2D-convolution of
their discrete fourier images (DFI) in the frequency domain. As
a consequence of this analysis, it is shown that in an ac–ac DAB
converter, the power is transferred in the grid-switching sideband
frequency components at the bridge level. The effectiveness of the
EGAM modeling framework is demonstrated through extensive
simulation and hardware experiments, and the results are com-
pared with PLECS results, validating the accuracy and efficacy of
the proposed approach.

Index Terms—Dual active bridge (DAB) converter, dynamic
phasor modeling, generalized averaged models, inverters,
multifrequency averaging, power electronic converters, solid-state
transformers (SST).

NOMENCLATURE

x(t) Time domain signal.
C(t) Basis function vector.
xf Fourier coefficient vector.
T Frequency information matrix.
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ωζ First angular excitation frequency.
ωχ Second angular excitation frequency.
q+(t) Phase shift modulation switching function.
φ DAB phase shift angle.
p DFI first excitation axis control index.
r DFI second excitation axis control index.
O Total number of distinct frequencies.
L1, L2 Primary and secondary input ac link inductor.
C1, C2 Primary and secondary input ac link capacitor.
RL1

, RL2
AC inductor resistance.

Rt Transformer inductor resistance.
Llk Transformer leakage inductor.
iL1

, iL2
Primary and secondary input ac link inductor cur-
rents.

iLlk
Transformer leakage inductor current.

vC1
, vC2

Primary and secondary input ac link capacitance
voltages.

vi, vo Primary and secondary input ac voltages.
θ, δ Primary and secondary input ac voltage phase an-

gle.
Γ, Λ Primary and secondary side voltage excitation vec-

tor.
Υ Ancillary switching sparse vector.

I. INTRODUCTION

SOLID state transformers (SST) are becoming prevalent as
the stability and power requirements for power distribution

systems increase [1]. For the distribution level, reliable and
straightforward circuit topologies are desired. A comprehensive
review of the design challenges of SST can be found in [1], [2],
[3], and [4]. SSTs of the first category [3], [5], [6], [7], [8], [9],
[10] are generally simpler in construction and interface two ac
grids without an intermediate dc link. A matrix converter-type
topology is proposed in [7], where 54 switches are needed to
realize a three-phase power flow. However, reaching a 95%–98
% efficiency in this SST can be very challenging due to the high
switch count [1]. Some other three-phase topologies employing
DABs are also proposed in [5], [8], [9], and [11] to reduce the
switch count.

There are other conventional SST types [12], [13], [14], [15],
[16], which are classified as cascaded-type architectures and
often employ an ac–dc–ac or ac–dc–dc–ac stages. In one of
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Fig. 1. AC–AC DAB schematic showing frequency components.

these categories, the isolated side sees a high-voltage ac while
the dc-link sees a low-voltage dc, which is further inverted. The
availability of a dc-link makes these classes of SSTs versatile
and facilitates the integration of renewable resources operating
at different voltage levels but it also poses challenges due to
the higher number of power stages and corresponding circuit
complexity [17].

An SST in a dual active bridge (DAB) configuration referred
to as the ac–ac DAB in this article is shown in Fig. 1 [6], [17],
[18], [19], [20], [21]. This particular topology is an attractive
alternative to the cascaded converter architecture [1], [17], [18]
because of the following.

1) Fewer passive components.
2) Better reliability.
3) Smaller footprint and lower cost.
4) Soft-switching capability.
5) Higher efficiency.
6) Bidirectional active and reactive power flow capability.
7) Higher safety from galvanic isolation between grids.
Switches S1–S4 comprise the primary bridge and S5–S8

comprise secondary side bridge. Each switch is a four-quadrant
switch [22] with antiseries connected solid-state switches. Two
power quality conditioning LC filters comprising capacitors L1

and C1 on the input side and L2 and C2 on the output side
are used. The high-frequency transformer provides the isolation
and voltage boost/buck actions to interface two different voltage
grids. N1 and N2 are the HFT primary and secondary turns,
respectively. The DAB inductance Llk is a critical parameter for
the power transfer between both bridges.

Modeling the dynamic performance of power converters leads
to interesting insights into the inner workings of the converters
and aids in better understanding. Also, an accurate converter
model helps in the design of an appropriate controller for the
converter. There are various methods for dynamical system mod-
eling in power electronics: the state space averaging (SSA) tech-
nique, the generalized average modeling technique (GAM) [23],
[24], [25], the 2-D GAM (2D-GAM) technique [26], [27], [28],
and the extended GAM (EGAM) technique [29]. SSA applies
when small ripple approximation (SRA) applies to the state
variables as is the case with buck, boost, and buck-boost topolo-
gies [30]. GAM technique, on the other hand, can model systems
whose state variables violate SRA, such as the dc–dc DAB con-
verters [31], [32], [33], [34] and resonant converters [23], [35].
Although improved versions of GAM are proposed [32], [36], it
cannot handle two distinct frequencies of excitation. In addition,

Fig. 2. Various modeling techniques.

GAM model proposed for a triple phase shift modulated dc–dc
DAB converter [33] handles only single excitation frequency
and its subsequent harmonics. In addition, even though GAM
representation is used in [20] and [21] to model the ac–ac DAB
dynamics, only switching frequency first harmonic approxima-
tion is considered, with no explicit inclusion of grid frequency
components to model the dynamics. 2D-GAM is applicable
where two frequencies of excitations are present, such as the
sine pulsewidth modulated inverter with dynamic elements on
the ac side [28].

All the aforementioned dynamic modeling techniques ap-
proximate the state variables as Fourier series expansions with
varying depths of complexity. For example, the SSA technique
is a subset of GAM that only tracks the cycle average of state
variables and therefore only captures the dc terms in the Fourier
series representation. GAM on the other hand also captures
the harmonics of the switching functions and ripple behaviors
represented as 1-D Fourier series. The popular synchronous ref-
erence frame modeling (SRFM) technique used in three-phase
inverters [37] is a subset of the GAM and disjoint from the SSA
technique. SRFM considers the fundamental components of the
state variables involved in the system. Finally, the 2D-GAM
technique expands the GAM technique on a second dimension to
capture two-frequency behaviors by modeling the state variables
as double Fourier series (DFS) representations. Therefore, 2D
GAM is a superset modeling technique encompassing GAM and
SSA techniques. Therefore, instead of explicitly capturing the
time domain behavior of the signals, all these techniques capture
the time evolution of Fourier coefficients of the state variables.

Although 2D-GAM effectively captures two-frequency dy-
namic phenomena, it does not include the multiplication of two
DFS variables. Therefore, the authors of past works neglected
these DFS product interactions and made the systems simple
to circumvent the problem of DFS multiplications. The EGAM
technique includes these terms and avoids oversimplification.
The EGAM framework uses a discrete Fourier image (DFI)
signal to capture the DFS coefficient terms and makes multi-
plication operations feasible. Fig. 2 shows a venn diagram of
various modeling techniques.

In the past, the 2D-GAM and EGAM techniques were used
to model the behaviors of single-phase and three-phase in-
verters [26], [27], [28], [29], [38], [39], [40]. However, the
applicability of the EGAM technique for modeling an ac–ac
DAB is yet to be explored. The ac–ac DAB also has multi-
frequency interactions, as shown in Fig. 1, which lead to DFS
modeling requirements in the state variables. The inductors L1

and L2 and capacitors C1 and C2 predominantly experience
grid level harmonics while Llk experiences both grid level and
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switching level harmonics as shown by the enveloped sinusoidal
waveforms in Fig. 1. This article explores the EGAM technique
implementation on the ac–ac DAB and compares the results’
efficacy with simulation and hardware results. Also, the various
insights on the results will be interpreted. The rest of this article
is organized as follows. A review of the GAM, 2D-GAM,
and EGAM is first presented in Section II. Equipped with the
background, the article then models the ac–ac DAB converter in
Section III and formulates the EGAM model of the converter.
The simulation results are compared with PLECS simulations in
Section IV. A hardware converter is designed, and the EGAM
results are compared with the hardware results in Section V.
Finally, Section VI concludes this article.

II. REVIEW OF GAM

In conventional GAM, the time-dependent state variables are
transformed to the Fourier coefficients written as single Fourier
series (SFS) expansions; that is, a periodic signal x(t) with a
fundamental angular frequency ω0 in the time domain can be
written as

x(t) = x0 +
∑
f∈W

{xfc cos (fω0t) + xfs sin (fω0t)} (1)

where the subscripts c and s correspond to the cos and sin terms
of the expansion in rectangular form, respectively. The function
vector C(t) is given by

C(t)

= [1 cos (ω0t) sin (ω0t) · · · cos (fω0t) sin (fω0t)]
(2)

then (1) can be written in vectorized form as

x(t) = C(t) · xᵀ
f (3)

where xf is the vector of Fourier coefficients upto n ∈ W
indices

xf = [x0 x1c x1 s · · · xnc xns]. (4)

With these base relationships, the framework can be extended
for other operators [23], [25], [28] given by

d

dt
〈x〉f (t) =

〈
d

dt
x

〉
f

(t)− jfω0〈x〉k(t) (5)

〈xy〉f =
∞∑

i=−∞
〈x〉f−i〈y〉i. (6)

The operator 〈•〉f represents the f th harmonic Fourier coeffi-
cient average value of a time domain signal and (6) is a discrete
1-D convolution [41]. With these base equations, a first-order
differential equation of the form

dx(t)

dt
= ax(t) + by(t) (7)

can be rewritten in the Fourier coefficients and using (3)〈
dx(t)

dt

〉
= a〈x(t)〉+ b〈y(t)〉 (8)

dx

dt
= (aI−T)x+ by (9)

where x and y are SFS Fourier coefficient vectors at the same
frequencies. Applying the same procedure on a more compli-
cated base first-order ordinary differential equation

dx(t)

dt
= ax(t) + bx(t)y(t) (10)

translates from time domain to GAM domain to give

dx

dt
= (aI−T)x+ b(x ∗ y[�]) (11)

where • ∗ •[•] represents 1D convolution operator. Equation
(11) can then be expanded for the desired number of har-
monics Q considered (by writing for each harmonic order,
� ∈ (1, 2, . . . , Q)) to finally give

d

dt

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

x0

x1c

x1 s

...

xlc

xls

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

a 0 0 0 · · · 0

0 a −ω1 0 · · · 0

0 ω1 a 0 · · · 0
...

...
...

. . .
...

...

0 0 0 0 a −ωl

0 0 0 0 ωl a

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

x0

x1c

x1 s

...

xlc

xls

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+ b

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∑∞
u=−∞ x[u]y[−u]

�{∑∞
u=−∞ x[u]y[1− u]

}
�{∑∞

u=−∞ x[u]y[1− u]
}

...

�{∑∞
u=−∞ x[u]y[l − u]

}
�{∑∞

u=−∞ x[u]y[l − u]
}

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (12)

In (10), the product of two SFS terms, x(t)y(t), translated to
1-D discrete convolution on the frequency plane for the Fourier
coefficient vectors x and y [23], [25], [38], [39], [42]. The
translation from the time domain to the frequency domain for the
multiplication of two terms expressed as DFS is performed using
the 2-D convolution of DFI signals [29]. The 2D-GAM [27],
along with the addition of the DFI convolution algorithm, forms
the EGAM framework.

If the system of interest has two distinct excitation frequen-
cies, namely ωζ , ωχ, the state variable x(t) in the time domain
is represented using DFS given by

x(t) =
∑

p∈Z,r∈W

xp,re
i(pωζt+rωχt) (13)

then it can be converted to the vector containing the Fourier
coefficients for a finite number of harmonics as

x =
[
x0,0 x1,0c x1,0 s · · · x0,1c x0,1 s · · · xp,rc xp,rs

]
(14)

where, xp,0c and xp,0 s belong to the Fourier coefficients of the
harmonics of ωζ ; x0,rc and x0,rs belong to coefficients of the
harmonics of ωχ, and xp,rc and xp,rs belong to coefficients of
the harmonics of pωζ + rωχ components.
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TABLE I
EGAM OPERATIONS SET

In order to extend the GAM framework to 2D-GAM, the
differentiation operator (5) is rewritten as

dx(t)

dt
= C(t)

(
dx

dt
+Tx

)
(15)

where C(t) is rewritten for two frequencies and the DFS coeffi-
cients of the expansion are stored in the state variablex (14). The
matrix T stores the frequency information at the state variable
xp,r. Therefore, T is the matrix version of the second term of
the differentiation operator in SFS (5) given by

T(2k,2k+1) = (mk+1ωζ + nk+1ωχ) (16)

T(2k+1,2k) = −(mk+1ωζ + nk+1ωχ) (17)

where k ∈ NO, indexes the vectors m ∈ ZO+1, and n ∈
W O+1. Dimensionally, T is a (2O + 1)× (2O + 1) sparse
matrix [27]. O is the total number of distinct frequencies and
harmonic combinations considered, excluding the dc term and
k ∈ {1, 2, · · ·O}. Vectors m and n have an order of one more
than the distinct frequencies (O) to account for the dc term,
which is always the first entry from an indexing viewpoint.
Referring back to (10), and assuming x(t) and y(t) to be DFS
expansions instead of SFS, (11) can be expanded into the second
dimension by

dx

dt
= (aI−T)x+ b(x �© �©y) (18)

where • �© �©• operator signifies the 2D DFI convolution al-
gorithm [29] operation. This completes the EGAM formulation
that is capable of handling DFS products. A complete set of the
time domain to EGAM translations is given in Table I for clarity.

III. DYNAMIC MODEL OF AC–AC DAB

A. Switching Function Fourier Series Representation

Before proceeding with the dynamic equations of the ac–ac
DAB converter, the switching function q+(t) for the phase shift
modulated pulsewidth modulation (PWM) must be realized. The
switching function for a switching angular frequency of ωs =
2πfs and phase shift angle φ rad is given by

q+(t) =

⎧⎨
⎩
1, −π < ωst < −π + φ
0, −π + φ < ωst < φ
1, φ < ωst < π.

(19)

The periodic signal q+(t) can be expanded as a Fourier series
representation as

q+(t) = a0 +

∞∑
n=1

an cos(nt) +

∞∑
n=1

bn sin(nt) (20)

where a0, an, and bn are the Fourier coefficients given by

a0 =
1

2

an(φ) = − sin(nπ − nφ)

nπ
− sin(nφ)

nπ

bn(φ) = −cos(nπ − nφ)

nπ
+

cos(nφ)

nπ
. (21)

B. Time Domain Dynamic Equations

The schematic of the ac–ac DAB is shown in Fig. 3. The input
voltage vi(t) and output voltage vo(t) are grid voltages with
a peak value of Vi and Vo, respectively. The input and output
voltages have phase angles θ and δ, respectively. An LC filter
comprising the inductor L1 and capacitor C1 is used on the
primary side. The secondary side is comprised of another LC
filter with the inductor L2 and capacitor C2. Both the inductors
have internal resistances RL1

and RL2
. A transformer links the

primary side H-bridge with the secondary side H-bridge. The
transformer has a leakage inductance Llk and a winding resis-
tanceRt. The transformer has a turns ratio given byN = N1/N2

where N1 and N2 are the transformer’s primary and secondary
turns count, respectively.

Five dynamic equations can be written as there are five dy-
namical elements in the system. By writing the node and mesh
equations for the circuit, the dynamic equations turn out to be

diL1
(t)

dt
=

1

L1
vi(t)− RL

L1
iL1

(t)− 1

L1
vC1

(t) (22)

dvC1
(t)

dt
=

1

C1
iL1

(t)− 1

C1
iLlk

(t)Δq1(t) (23)

diLlk
(t)

dt
=

vC1
(t)

Llk
Δq1(t)− NvC2

(t)

Llk
Δq2(t)− Rt

Llk
ilk(t)

(24)

diL2
(t)

dt
=

1

L2
vo(t)− RL2

L2
iL2

(t)− 1

L2
vC2

(t) (25)

dvC2
(t)

dt
=

iL2
(t)

C2
+

Nilk(t)

C2
Δq2(t) (26)

where Δq1(t) and Δq2(t) are the primary and secondary side
H-Bridge actions, respectively. The functionΔqd(t) is expanded
as qd+(t)− qd−(t) for d ∈ {1, 2}. The complement of qd+(t)
is denoted by qd−(t). The H-bridge is modeled as a transformer
with a turns ratio ofΔqd(t), and the currents and voltages across
the H-bridge are related by energy equivalence.

C. EGAM Dynamic Equations

For transforming the time domain differential equations to
the frequency domain, the EGAM operators in Table I are used.
The switching term Δqd(t) transform to qd+ − qd−, which can
be further simplified to 2qd+ −Υ, where Υ is a sparse vector
given by

Υ =
[
1 0 0 · · · 0

]
. (27)
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Fig. 3. AC–AC DAB schematic for EGAM formulation.

For q1+, the relationships in (21) with φ = 0 is used, as q1+ is
the primary side switching function serving as the zero reference.
For secondary side, q2+ is written for φ ∈ {−π/2,+π/2}. The
qd+ switching vectors are given by

qd+ =
[
a0 a1(φ) b1(φ) · · · an(φ) bn(φ)

]
. (28)

Using these transformations, the frequency domain dynamic
equations are given by

diL1

dt
= −

(
RL1

L1
+T

)
iL1

+
1

L1
Γ− 1

L1
vC1

(29)

dvC1

dt
= −TvC1

+
1

C1
iL1

− 1

C1
(2iLlk

�© �©q1+ − iLlk
�© �©Υ) (30)

diLlk

dt
= −

(
Rt

Llk
+T

)
ilk

+
1

Llk
(2vC1

�© �©q1+ − vC1
�© �©Υ)

− N1

N2

1

Llk
(2vC2

�© �©q2+ − vC2
�© �©Υ) (31)

diL2

dt
= −

(
T+

RL2

L2

)
iL2

+
1

L2
Λ− 1

L2
vC2

(32)

dvC2

dt
= −TvC2

+
iL2

C2
+

1

C2
(2ilk �© �©q2+ − ilk �© �©Υ)

(33)

where Γ and Λ are referred to as excitation vectors, which carry
the information of the grid voltage excitation. These vectors are
sparse, with values populated only at frequency indices where
excitations are present. The excitation vectors for an input peak
voltage Vi and input phase angle θ and output peak voltage Vo

with phase angle δ are given by

Γ =
[
0 · · · Vi sin(θ) Vi cos(θ) · · · 0

]
Λ =

[
0 · · · Vo sin(δ) Vo cos(δ) · · · 0

]
. (34)

D. DFS Product Term Expansion

The product terms a �© �©b can be expanded for analysis,
where a, b are two DFS coefficient vectors. Various expansions

can be written based on the number of p-axis and r-axis harmon-
ics. One such expansion is given here. For a p-axis range of one
grid fundamental and r-axis range of one switching harmonic,
the DFS vectors are given by

a=
[
a00 a01c a01 s a10c a10 s a11c a11 s a−11c a−11 s

]
(35)

b=
[
b00 b01c b01 s b10c b10 s b11c b11 s b−11c b−11 s

]
.
(36)

Let the convolution result of a �© �©b be α given by

α

=
[
α00 α01c α01 s α10c α10 s α11c α11 s α−11c α−11 s

]
(37)

where

α00=a00b00+
1

2

[
a01cb01c+a10cb10c+a11cb11c+a01 sb01 s

+a10 sb10 s+a11 sb11 s+a−11 sb−11 s+a−11cb−11c

]

α01c=a00b01c+a01cb00+
1

2

[
a10cb11c+a11cb10c+a10 sb11 s

+ a11 sb10 s + a10cb−11c + a−11cb10c

+ a10 sb−11 s + a−11 sb10 s

]

α01 s = a00b01 s + a01 sb00 +
1

2

[
a10cb11 s

− a11cb10 s − a10 sb11c + a11 sb10c + a10cb−11 s

+ a10 sb−11c + a−11cb10 s + a−11 sb10c

]

α10c = a00b10c + a10cb00 +
1

2

[
a01cb11c + a11cb01c

+ a01 sb11 s + a11 sb01 s + a01cb−11c

+ a−11cb01c + a01 sb−11 s + a−11 sb01 s

]

α10 s = a00b10 s + a10 sb00 +
1

2

[
a01cb11 s − a11cb01 s

− a01 sb11c + a11 sb01c − a01cb−11 s

+ a01 sb−11c + a−11cb01 s − a−11 sb01c

]
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TABLE II
AC–AC DAB EXPERIMENTAL PARAMETERS

TABLE III
EGAM PERFORMANCE IMPROVEMENT TO INCREASE IN SWITCHING

HARMONICS

α11c = a00b11c + a11cb00 +
1

2

[
a01cb10c + a10cb01c

− a01 sb10 s − a10 sb01 s

]

α11 s = a00b11 s + a11 sb00 +
1

2

[
a01cb10 s + a10cb01 s

+ a01 sb10c + a10 sb01c

]

α−11c = a00b−11c + a−11cb00 +
1

2

[
a01cb10c + a10cb01c

+ a01 sb10 s + a10 sb01 s

]

α−11 s = a00b−11 s + a−11 sb00 +
1

2

[
a10cb01 s − a01cb10 s

+ a01 sb10c − a10 sb01c

]
.

IV. SIMULATION VERIFICATION

In this section, a PLECS model is created to act as a baseline
to compare the performance of various EGAM models of the
ac–ac DAB. The EGAM model developed in the earlier section
is used, and simulations are run for the same conditions in
the PLECS and EGAM simulations. The parameters used in
simulation studies are given in Table II .

The DFI convolution algorithm is developed using the EGAM
toolbox [43] and is used to simulate the ac–ac DAB converter. A
startup sequence is first simulated for a φ value of 25 ◦ applied
between the H-bridges for a preexcited system with an RMS
voltage of 30V for vi and vo.

Initially, the simulation results for p = 1 and r = 1 are per-
formed. Fig. 4(a) shows vC1

voltages for the startup sequence for
the aforementioned harmonic components. The current iL1

(t)
is shown in Fig. 4(b). Although the capacitor voltage shows
a good match between PLECS and EGAM simulations, slight
mismatches can be seen in the zoomed versions of the same

plots shown below the main plots. The inductor currents also
show appreciable congruence between PLECS and EGAM sim-
ulations. As power flows from the primary to the secondary
side due to a positive phase shift, the currents in inductors are
antiphase. However, the steady-state amplitude of the inductor
currents for EGAM results is slightly less than their PLECS
counterparts. This mismatch in current is associated with the
harmonics considered in the EGAM simulation. As the funda-
mental switching harmonic is the only component considered
for simulation, the power transfer at the fundamental harmonic
is only shown in the filter inductors at the grid level. Therefore,
higher order harmonics must be considered to improve model
matching.

In order to achieve higher matching accuracy in the
EGAM and PLECS results, simulations are performed for p =
1 and r = 3 model so that the third harmonic switching actions
are also considered. Therefore, the harmonic truncation [29]
boundary expands until the third harmonic, leading to better
features in the state variables. The results in Fig. 4(c) shows
better matching characteristics after startup in the capacitor
state. Fig. 4(d) shows better model accuracy in transient and
steady-state behaviors for the inductor state. The third harmonic
power transfer at the switching frequency improves current
matching in the filter inductor currents.

The leakage inductor current waveform for PLECS and
EGAM simulations is shown in Fig. 5. The waveforms show an
excellent match with the PLECS simulation and thereby prove
the efficacy of the EGAM framework for modeling multifre-
quency excitations. In addition, Fig. 6 shows the performance
of EGAM for various harmonic truncation boundaries enforced
inside the EGAM model. As the number of switching (r axis)
harmonics increases, the EGAM performance approaches closer
to the PLECS benchmark waveform.

To quantify the improvements of EGAM models with various
levels of harmonic depths, mean absolute error (MAE) is com-
puted between PLECS-simulated (baseline) and the EGAM-
simulated outputs. MAE is given by

MAE =

∑L
i=1 | ui − vi |

L
(38)

where u is the predicted value, v is the baseline value, and L is
the length of the window for comparison. The comparisons are
made between the PLECS simulated values v and each EGAM
simulation values u. The MAE results for each simulation are
shown in Table III.

Another example is provided to show how dropping the 2-D
convolution operator causes significant errors in modeling. The
iL1 inductor current’s startup simulation is shown in Fig. 7.
The EGAM simulation with r = 3 included has a significantly
different behavior than the model with r = 0. Dropping the
switching frequency term (i.e., making r = 0) makes the EGAM
model transform to a GAM model. As the DAB transfers power
primarily in the grid-switching frequency side bands, ignoring
them leads to the conventional GAM, which cannot capture
multifrequency interactions. On the other hand, EGAM captures
the phenomenon very well.
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Fig. 4. Comparison between HAD GAM and detailed simulation model for a single phase inverter dynamics. (a)C1 voltage for startup sequence,p = 1 and r = 1.
(b) L1 current for startup sequence, p = 1 and r = 1. (c) C1 voltage for startup sequence, p = 1 and r = 3. (d) L1 current for startup sequence, p = 1 and r = 3.

Fig. 5. Leakage inductor current startup performance for p = 1 and r = 3
EGAM simulation overlayed on PLECS simulation.

A. Frequency Plane Plots

The vectors in the frequency domain time progression matrix
x forx ∈ {iL1

, iLlk
} are transformed into the time domain using

the frequency to time domain transformation (3). To understand
the harmonic nature of the state variables, each component of
x is plotted over time. As the harmonic components other than
the dc term have both the sine and the cosine coefficients, their
magnitude is computed to get the behavior of the state variable
at each frequency of interest.

Fig. 6. Leakage inductor current steady state performance for EGAM simula-
tion overlayed on PLECS simulation for various orders of harmonic truncation.

The ac–ac DAB’s state variables are plotted against time to
understand the harmonic behaviors of the state variables. The re-
sults for inductor L1 current in frequency plane iL1

are shown in
Fig. 8. The simulation for one grid harmonic and three switching
harmonics is performed. The first number subscript on the y-axis
label on each plot indicates the grid frequency harmonic while
the second index indicates the switching frequency harmonics.
The EGAM plots indicate no activity in the dc and pure switching
frequency harmonics. This is associated with the absence of
excitation voltages in the switching frequency indices in the
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Fig. 7. Effect of ignoring the �© �© term in iL1(t) current.

Fig. 8. Harmonic components of iL1
.

excitation vectors (34). The grid frequency component (IL110)
is the most significant harmonic in the plots. In addition, Fig. 9
plots the current characteristics at different harmonic indices for
iLlk

. Like the grid side inductor, the leakage inductor harmonic
waveforms show no activity at the dc component. However, it is
interesting to note that there are no switching frequency compo-
nents present in ilk(t). This is associated with the convolution
operations and the emergence of new frequency components.
This explains the significant activity in the Ilk11, Ilk−11, Ilk13,
and Ilk−13 components where the new behaviors are seen. The
ilk(t) waveform is an amplitude-modulated waveform where
the switching frequency component is enveloped by the grid
frequency, leading to the fg ± nfs; n ∈ N components having
the dominant behavior.

V. HARDWARE IMPLEMENTATION

In this section, a hardware model is built and tests similar to
those done in Section IV will be repeated to understand the
correctness of the models. For this purpose, an ac–ac DAB

Fig. 9. Harmonic components in ilk .

Fig. 10. AC–AC DAB Hardware Setup.

Fig. 11. AC–AC DAB hardware implementation in DSP.

prototype is designed, as shown in Fig. 10, with the specifi-
cations in Table. II. To synchronize the trigger of the hardware
model at the same time as that of the EGAM and PLECS mod-
els, a second-order generalized inverter (SOGI) phase-locked
loop (PLL) [44]-based positional trigger is implemented in a
TMS320F28377S digital signal processor (DSP), as shown in
Fig. 11. The SOGI PLL synchronizes with the grid frequency
to get the phase information θα. If the position trigger’s firing
angle θf is desired, the θα and its match with θf is used to set
the enable signal. The enable signal is then directed to the DSP’s
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Fig. 12. Inductor L1 current.

Fig. 13. Capacitor C1 voltage.

PWM module. The PWM module is configured to perform the
phase shift modulation for the DAB stage switches for a preset
value of φ.

A test is performed with input voltages of 26VRMS on both
sides of the DAB are used. Two variable auto transformers serve
as the ac sources; ac-source-1 and ac source-2. A φ of 21.5 ◦

is enforced on the DAB. The voltages are converted to peak
values and enforced on the excitation vectors (34) with θ = δ =
90 ◦. The PLECS and EGAM models are run subsequently. The
hardware model on the other hand is started at a θf of 90 ◦. The
acquired results are plotted in Figs. 12 and 13.

VI. CONCLUSION

This article uses the EGAM modeling framework to model
the dynamics of the ac–ac DAB converter. After a brief review
of the existing GAM modeling techniques and the EGAM
technique, this article uses the EGAM technique to form the
dynamic model of the ac–ac DAB. After this, the simulation
tests are performed, and the PLECS and EGAM models are
overlayed on top of each other. Higher matches with the PLECS
waveforms are observed by adding more switching frequency
harmonics in the EGAM model, leading to progressively lower
MAE values, signifying excellent accuracies. The frequency

plane magnitude versus time graph shows the harmonics present
at all excitation frequencies and new frequencies in the region of
interest. The leakage inductor current is an amplitude-modulated
waveform enveloped by the grid frequencies, showing negligible
grid frequency and dominant sideband components. It is also
shown that at the bridge level, the power transfer takes place
at sideband frequencies of the grid and switching frequencies.
Finally, the hardware model of the ac–ac DAB converter is
constructed, and the state variables are plotted against the EGAM
simulations. The model matching is observed, thereby validating
the correctness of the EGAM framework and its ability to capture
two frequency dynamics. Also, EGAM in the future can be used
for the following purposes.

1) As a simulation tool for understanding and identifying
the important frequencies of interest at play in a complex
system.

2) Understanding the tradeoffs of including or excluding var-
ious frequencies to obtain abstractions of power converter
dynamics that enable reduced order modeling, control
system modeling, and steady-state analysis.

3) A mechanized way of extracting large-signal, small-
signal, and transfer function models with various levels
of complexity.
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