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Abstract—Electromagnetic transient (EMT) models of power
electronic converters are essential for converter design, control,
and fault analysis. This article proposes a switching-function-based
detailed equivalent model (SFB-DEM) using combined implicit
and explicit (ImEx) multistep Gear’s integration methods for nu-
merically efficient and accurate EMT simulation. The proposed
SFB-DEM integrates the benefits of ImEx solvers, featuring con-
verter circuit decoupling, node number reduction, and constant
nodal-network conductance(G)-matrix in the EMT model. The
SFB-DEMs employing the ImEx 2nd and 3rd order Gear’s (i.e.,
ImEx-G2O and ImEx-G3O) methods are implemented for solid-
state transformer (SST) simulation. In addition, a switching inter-
polation technique is proposed and integrated with the ImEx-G2O
and ImEx-G3O solvers to account for intra-time-step switching
events. The proposed SST SFB-DEMs greatly accelerate the EMT
simulation, compared to the conventional detailed model (DM) and
variable conductance(G)-matrix DEM (VG-DEM). For the SST
with 60 SMs, the proposed SFB-DEM with ImEx-G3O method
achieves the EMT simulation speedup by 171 and 7.5 folds, com-
pared to the DM and VG-DEM, respectively.

Index Terms—Constant G-matrix, electromagnetic transient
(EMT) program, implicit-explicit backward differentiation
formula, solid-state transformer (SST), switching interpolation
technique, switching-function-based detailed equivalent model
(SFB-DEM).

NOMENCLATURE

SFB-DEM Switching-function-based detailed equivalent
model.

VG-DEM Variable G-matrix detailed equivalent model.
A-stability Absolute stability.
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L-stability Strong form of A-stability with limit of
limz→−∞ R (z) = 0.

BDF Backward differentiation formula.
TBE Trapezoidal rule switching to Backward Euler.
ImEx-G2O Implicit-explicit Gear’s 2nd order method.
ImEx-G3O Implicit-explicit Gear’s 3rd order method.
ISOP Input-series-output-parallel.
MFT Medium-frequency transformer.

I. INTRODUCTION

THE development of solid-state transformer (SST) (also
known as a power electronic transformer) has attracted

much attention from industry and academia [1], [2], [3], [4],
[5]. The SST circuit topologies are commonly categorized into
four types, i.e., single-stage, two-stage with low voltage dc
(LVdc) link, two-stage with medium voltage dc (MVdc), and
three-stage topologies [3], [4], [5], as presented in Fig. 1. An
ISOP configuration is typically employed for the SST, realizing
medium voltage ac (MVac) to LVdc conversion [2]. A three-
phase SST following ISOP configuration often uses multilevel
ac–dc converter as its Stage I, composed of ac chain-links
with cascaded full-bridge submodules (FBSMs). Meanwhile,
multiple dual-active-bridge (DAB) dc–dc converters are coupled
with the cascaded FBSMs through MVdc capacitors as its Stage
II. The DAB dc–dc converters play an important role to provide
galvanic isolation between the MVdc and LVdc through MFTs,
enabling bidirectional power flow and achieves high power
density [6], [7].

However, the detailed model (DM) of the SST imposes
tremendous computational burdens to electromagnetic transient
(EMT) simulation due to its detailed representation of massive
semiconductor switches and discrete circuit components. In or-
der to enhance the numerical accuracy and simulation efficiency
of the SST, various equivalent circuit modeling approaches
were introduced in the prior art. A high-speed EMT modeling
strategy of the SST was proposed in [8] and [9], which uses
Norton equivalents to simplify the SST circuit into a two-port
system for node number reduction. However, the SST system is
decoupled through the ac voltages of the MFTs, which may lead
to numerical inaccuracy for fast switching state changes of the
FBSMs in DABs. An alternative circuit decoupling through a
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Fig. 1. SST configurations. (a) Single-stage. (b) Two-stage with LVdc link.
(c) Two-stage with MVdc link. (d) Three-stage topology.

dc-link capacitor was achieved by employing the cut-set-matrix
algorithm in [10], which boosted the simulation efficiency of
the SST. However, the network G-matrix of this approach is
time-variant since the semiconductor switches are represented
by binary-value resistors, imposing a high computational burden
due to frequent re-factorization of the G-matrix.

To address the abovementioned issues, various modeling
efforts have been carried out to realize a constant network
G-matrix. A discrete-time switch model was developed in [11]
and [12], which features constant G-matrix by representing a
semiconductor switch as an L or C element, depending on its
switching states. However, the use of L/C incurs undesired
fictitious voltage and current oscillations during switching tran-
sitions. Moreover, it can introduce unrealistically high virtual
power losses [13]. In [14], [15], [16], [17], another type of
modeling approach that leads to a constant G-matrix, namely,
SFB-DEMs were proposed for modular multilevel converter
(MMC) and multimodule SST. Thevenin equivalent circuit is
used to represent cascaded submodules (SMs) in discrete-time
domain and is updated based on switching functions and capac-
itor voltages of the SMs. Combined implicit- and explicit-type
(ImEx-type) integration methods are employed in [14], [15],
[16], [17] to discretize circuit components, i.e., the SM capac-
itor voltages using Forward Euler’s (FE) method for network
decoupling, and the rest of the network by implicit trapezoidal
rule (TR) for the 2nd order numerical accuracy and absolute
stability (A-stability).

However, there are two drawbacks when employing the TR-
FE method in the EMT simulation of power converters. First,
the numerical accuracy is limited due to the use of the 1st order
solver, i.e., FE method. Second, the TR method may experience
numerical oscillations due to its A-stability, but not L-stability
[18], when system discontinuity presents, e.g., switching opera-
tions. The numerical oscillations can be eliminated by changing
the solver from TR to Backward Euler (BE), namely TBE when
switching transition occurs (also known as critical damping
adjustment) [19], [20]. However, the numerical accuracy has to
be sacrificed especially when the switching frequency is high,
since the BE method has 1st-order accuracy [21].

To circumvent the abovementioned drawbacks, this article
employs combined implicit and explicit (ImEx) Gear’s 2nd
or 3rd order methods (i.e., namely ImEx-G2O or ImEx-G3O)
to discretize the circuit elements of the SST. Implicit Gear’s
method, (also known as backward differentiation formula, i.e.,
BDF), is a linear multistep ordinary differential equation (ODE)

solver, especially designed for stiff ODEs [18]. While Gear’s 2nd
order method has both A- and L-stability, the stability region
of Gear’s 3rd order method contains a large part of the left
half-plane and in particular the whole negative real axis. Thus,
the high-order implicit Gear’s methods have much larger nu-
merical stability regions than other implicit multistep methods,
such as Adams-Moulton methods. Similarly, the explicit Gear’s
methods (also known as explicit BDF methods [22], [23]) have
larger numerical stability regions than the explicit Adams meth-
ods (Adams-Bashforth methods) with the same order. Therefore,
combined ImEx Gear’s methods integrate the merits of superior
numerical accuracy due to the use of high-order multistep Gear’s
solvers and SST circuit decoupling because explicit Gear’s
method is used to discretize the dc-link capacitors of the SST.

For fixed-time-step EMT simulation of power converters,
switching events may occur in between two consecutive integer
time steps. Inaccurate switching event location will introduce
significant numerical errors to the simulation results. Switching
interpolation techniques were proposed and implemented in
[24], [25], [26], [27], [28], [29], [30] to account for intrastep
switching for the TR method. However, a switching interpolation
technique for the SFB-DEMs with combined ImEx multistep
ODE solvers is missing in the literature.

As shown in Table I, the comparisons of different modeling
approaches are performed regarding their computational efforts,
capability of representing converter blocking mode, and nu-
merical accuracy by high-order integration rules and switching
interpolation. Most of the prior-art equivalent circuit models,
e.g., [8], [9], [10], [31], and [32], achieve internal node elimina-
tion to accelerate the EMT-type simulation for large-scale con-
verter system. However, these methods commonly represent the
semiconductor switches by two-value resistors. Consequently,
refactorization of the network conductance (G)-matrix becomes
inevitable, which result in tremendous computational burdens.
The EMT modeling strategy in [31] achieves a constant G-
matrix by adopting conventional L/C-associated discrete circuit
[11]. Nevertheless, it introduces spurious numerical ringing in
voltages and currents when encountering switching transients.
In addition, several efficient EMT modeling approaches have
been compared and analyzed in [29] and [30], where dynamic
behaviors of the power converters are represented by switching
functions which achieve a constant network G-matrix. Never-
theless, these modeling approaches in [29] and [30] use basic
two-level power converters and have not achieved a reduction in
circuit nodes and circuit decoupling. A high-fidelity device-level
EMT modeling strategy has been proposed for numerically
efficient parallel simulation of MMC in [33]. It is assumed that
the MMC arm current is constant for two adjacent time steps to
decouple the SMs from a converter arm. This equivalent circuit
model achieves a constant G-matrix using the transmission line
model (TLM) technique [34]. However, the efficient parallel
MMC model in [33] cannot represent the converter in the IGBT-
blocked state and has four node voltages to be solved in each
SM.

From the perspective of numerical accuracy, the prior-art
equivalent circuit models use either implicit TR, which leads to a
coupled network with a high-dimensional G-matrix, or employ a
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TABLE I
COMPARISON OF EQUIVALENT CIRCUIT MODELS FOR EFFICIENT EMT SIMULATION

combination of TR and FE to achieve circuit decoupling, which
sacrifices numerical accuracy since the FE method achieves only
1st-order accuracy. Compared to the prior-art EMT modeling
strategies, the proposed SFB-DEMs with combined implicit-
explicit-type multistep solvers fulfill all the modeling features
listed in Table I, which achieve superior 2nd-order (ImEx-G2O)
or 3rd-order (ImEx-G3O) accuracy and accelerated simulation
speed simultaneously. The novelty and main contributions of
this article are summarized below.

1) A combined multistep ImEx Gear’s solver is proposed
to discretize the circuit elements of the multimodule SST.
The use of explicit Gear’s method to discretize DC-link ca-
pacitors enables converter decoupling and constant nodal-
network G-matrix, which greatly accelerates the EMT
simulation.

2) The proposed high-order ImEx Gear’s (ImEx-G2O or
ImEx-G3O) solver offers better numerical accuracy com-
pared to the first-order solvers, e.g., BE+FE or mixed 1st
and 2nd order solver, TBE. Numerical oscillations because
of the TR solver to simulate switching operations are also
avoided by the implicit Gear’s solvers.

3) Switching interpolation technique is proposed for the
ImEx-Gear’s solver in the SST. The simulation accuracy is
enhanced for the cases of large time-step EMT simulation.

4) The proposed SFB-DEM with ImEx Gear’s solver pro-
vides a universal modeling framework for an arbitrary
voltage source converter with a dc-link capacitor. It
permits high flexibility in representing de-blocking and
blocking modes of the power converters with a reduced
number of nodes, compared to the binary-value resistor or
L/C switch modeling.

II. COMPARISON OF DEMS WITH VARIOUS NUMERICAL

INTEGRATION METHODS

From the perspective of nodal-network G-matrices, the de-
tailed equivalent models (DEMs) can be broadly categorized into
two groups, i.e., DEMs with variable G-matrices (VG-DEMs),
and switching-function-based DEMs (SFB-DEMs) with con-
stant G-matrices. Meanwhile, it is also crucial to select numer-
ical integration methods that provide high numerical accuracy,
stability, and low computational complexity for the EMT simu-
lation.

Fig. 2. Schematic of FB converter. (a) Circuit in continuous-time domain.
(b) RSM in discrete-time domain.

A. Full-Bridge Converter

This subsection compares two EMT modeling strategies, i.e.,
the resistive switch model (RSM) and SFB-DEM for a full-
bridge (FB) converter.

1) Resistive Switch Model: In the RSM, two-value (ON/OFF)
resistor with a small resistance for ON state and a large resis-
tance for OFF state is used to represent a semiconductor switch
[36]. Fig. 2 shows the schematic of the FB converter and its
RSM, where the line inductor Lac and dc-link capacitor Cdc are
discretized using implicit integration methods (e.g., BE or TR)
and are expressed in Norton equivalent. As shown in Fig. 2(b),
the historical terms of the ac line inductor Lac and dc capacitor
Cdc are denoted by ILac,his and ICdc,his, which are in parallel with
their equivalent resistors,RLac,eq andRCdc,eq, in the discrete-time
domain. RS1 −RS4 are the binary-value resistors, correspond-
ing to the switches S1 − S4. As presented in Fig. 2(b), the
RSM of the FB converter has 3 node voltages v1 − v3 to be
solved. The nodal equation G-matrix is time-variant due to
the semiconductor switching and has to be refactorized when
switching states are changed.

2) SFB-DEM: An FB converter can operate in positive in-
sertion, negative insertion, bypass, and IGBT-blocked (diode)
modes, as shown in Fig. 3. The proposed SFB-DEM is derived
by using the ac-side output voltages of the FB converter for
positive and negative ac current directions. As shown in Fig. 3(e),
the proposed SFB-DEM consists of two equivalent voltage
sources, Vsp and Vsn corresponding to positive and negative
ac current directions. Two diodes are in series with the two
equivalent voltage sources to represent the blocking mode of
the FB converter.
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Fig. 3. Switching modes of SFB-DEM for FB converter. (a) Positive insertion.
(b) Negative insertion. (c) Bypass. (d) Blocking. (e) Circuit of SFB-DEM.

TABLE II
EQUIVALENT SOURCE VOLTAGES UNDER DIFFERENT SWITCHING STATES

Fig. 4. Schematic of 2-stage AC–DC–DC converter. (a) DM. (b) VG-DEM.

For the purpose of network decoupling, the dc-link capacitor
is discretized by using an explicit integration solver, e.g., FE as

vdc (t+Δt) = vdc (t) +
Δt

Cdc
idc (t) (1)

where Δt denotes the simulation time step. In the deblocking
mode, as shown in Fig. 3(a)–(c), the values of Vsp and Vsn are
derived according to the switching modes in Table II. When the
FB converter operates in the IGBT-blocking mode, as shown in
Fig. 3(d), the ac current conducts through the diodes. Therefore,
the values ofVsp andVsn are opposite according to the ac current
direction as shown in Fig. 3(e).

B. 2-Stage AC–DC–DC Converter

This section proposes the SFB-DEM and compares it with
the conventional VG-DEMs in a two-stage ac–dc–dc converter,
which is recognized as a single module of the multilevel multi-
module SST converter.

1) Detailed Model: As presented in Fig. 4(a), the converter
DM comprises two converter stages, i.e., an FB ac/dc converter
in Stage I and a DAB dc–dc converter in Stage II, coupled
through MVdc-link capacitor C1.

In Stage I, MVac terminal of the FB converter is connected
to an ac voltage source vac through line resistance Rac and
inductance Lac while iac,I and idc,I are the ac and dc currents.
In Stage II, the DAB converter contains an MFT whose winding
resistances and leakage inductances on primary and secondary
sides are denoted byRlk,prm,Llk,prm,Rlk,sec,andLlk,sec, respec-
tively. In Stage II, C2 denotes the LVdc-link capacitor, which is
in parallel with a resistive loadRLoad. iprm, isec, and idc,prm, idc,sec

are the ac and dc currents on both sides of the MFT, respectively.
2) VG-DEM of 2-Stage Converter: This section evaluates the

VG-DEMs implemented by various implicit-type solvers, such
as BE, TR, implicit G2O (Im-G2O), and G3O (Im-G3O). As
depicted in Fig. 4(b), the VG-DEM is formulated by the com-
panion circuits of inductors and capacitors in the discrete-time
domain, i.e., historical current sources in parallel with equiva-
lent resistances. A semiconductor switch is represented using a
binary-value resistor with its resistance equal to RON or ROFF,
which is time-variant in accordance with the switching states
of the semiconductor device. In Stage II, a T-equivalent circuit
is employed to model the MFT with all secondary variables
referred to the primary side.

Initially, the historical current and equivalent resistance of
each circuit component are computed, based on a selected solver.
Table III provides a detailed summary of the Norton equivalents
of inductors and capacitors in the discrete-time domain for var-
ious implicit-type solvers. In Table III, tk+1 denotes the present
simulation time step and tk+1−n represents the previousnth time
step. As depicted in Fig. 4(b), ILac,his and IC1,his are the historical
currents of the Stage I ac line inductor and MVdc-link capac-
itor, respectively. In Stage II, ILlk,prm,his, ILlk,sec,his, ILm,his,
and IC2,his are the historical currents of Llk,prm, Llk,sec, Lm,
and C2, which are in parallel with their equivalent resistances,
correspondingly.

Since the discretization of the MVdc-link capacitor C1 using
an implicit solver produces RC1,eq in parallel with IC1,his as
shown in Fig. 4(b), the two converter stages become inherently
coupled and must be solved all together in one nodal equation.
Thereafter, the nodal equation is formulated as

GN×NV node,N×1 (tk+1) = Ihis,N×1 (tk) (2)

wherein N denotes the node number.
The node voltages V node,N×1 at tk+1 can be solved from

the linear system (2) using matrix factorization such as LU
factorization. It is noted in Fig. 4(b) that the VG-DEM contains
nine nodes in total, leading to a high-dimensional network
G-matrix. WithV node,N×1(tk+1) known, the present time-step
network solutions, including the voltages and currents from the
ac and dc sides of the converter, can be updated accordingly. In
summary, both frequent refactorization of the network G-matrix
and computation of the high-dimensional nodal equation of the
VG-DEM impose large computational burdens.

3) SFB-DEM of 2-Stage Converter: This subsection pro-
poses the SFB-DEM for the two-stage ac–dc–dc converter,
which combines the implicit-type (see Table III) and explicit-
type solvers (see Table IV) (i.e., ImEx-type solvers) to discretize
different circuit components. As depicted in Fig. 5, the inductors
from the two converter stages are commonly discretized and
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TABLE III
NORTON EQUIVALENT BY IMPLICIT-TYPE NUMERICAL INTEGRATION METHODS

TABLE IV
DISCRETIZATION OF CAPACITOR VOLTAGE EQUATION USING EXPLICIT-TYPE NUMERICAL INTEGRATION METHODS

Fig. 5. Schematic of SFB-DEM for 2-stage AC–DC–DC converter.

TABLE V
VALUES OF EQUIVALENT AC VOLTAGE SOURCES

expressed in the form of Norton equivalents in discrete-time
domain using the implicit-type solvers in Table III. Different
from the VG-DEM, the MV- and LVdc-link capacitor voltages
in the SFB-DEM are integrated employing explicit-type solvers,
as shown in Table IV. Hence, circuit decoupling between the two
converter stages can be achieved through the dc-link capacitors
since only historical information from the previous time steps
are required while integrating the capacitor voltages.

As presented in Fig. 5, the SFB-DEM simplifies the circuit by
representing the FB converter’s ac terminals with positive and
negative equivalent voltage sources in series with anti-parallel
diodes, wherein Vp,I and Vn,I are the positive and negative
equivalent ac voltage sources in Stage I. Vp,prm, Vn,prm, Vp,sec

and Vn,sec represent the equivalent voltages on primary- and
secondary-side of the DAB in Stage II.

Table V illustrates the values of the equivalent ac voltage
sources regarding the switching modes of the FB converter,

Fig. 6. Simulation flowchart of SFB-DEM for 2-stage AC–DC–DC converter.

i.e., positive insertion, negative insertion, bypass, and IGBT-
blocking modes. In the deblocking mode, the ac voltage is
computed by multiplying dc-link voltage with the switching
function correspondingly. In the blocking mode, the ac current
only flows through one of the two antiparallel diodes, which
connects the equivalent voltage source, i.e., Vp or Vn to the
circuit.

Fig. 6 outlines the simulation algorithm of the SFB-DEM with
ImEx-type solvers. As discussed hereinbefore, the two converter
stages are decoupled through MVdc-link using explicit-type
solver. Therefore, it is noted in Fig. 5 that Stage II contains only
one node which is connected to the DAB primary-, secondary-
and magnetizing-branches, where the nodal voltage is denoted
by Vm. With the nodal voltage solved, the latest time-step values
of iprm, isec, and im can be updated using the implicit-type in-
tegration rules in the two converter stages, respectively. Finally,
the dc-link capacitor currents can be derived by multiplying
ac currents with their switching functions in each stage, cor-
respondingly.

The proposed SFB-DEM with ImEx-type solver can improve
simulation efficiency as it alleviates computational burdens due
to circuit decoupling through dc-link capacitors, constant net-
work G-matrix, and significant node reduction. Meanwhile, its
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Fig. 7. Schematic diagram of multimodule SST.

numerical accuracy can be improved by adopting high-order nu-
merical solver as elaborated in Tables III and IV. The illustration
of the SFB-DEM strategy in the two-stage converter functions
as a stepping stone for the numerically efficient and accurate
modeling of multilevel multimodule SST to be introduced in
the next section.

III. SFB-DEM WITH MULTISTEP IMEX-TYPE INTEGRATION

METHODS FOR MULTIMODULE SST

This section proposes the SFB-DEM for the multilevel mul-
timodule SST based on aforementioned ImEx-type solvers.
First, the multimodule SST circuit configuration and its control
strategy are introduced in Section III-A. Then, the proposed
SFB-DEMs with multistep ImEx-G2O and ImEx-G3O solvers
are derived in Sections III-B and III-C, respectively. Finally,
Section III-D proposes the switching interpolation technique for
the SFB-DEMs with multistep ImEx-type solvers.

A. Multimodule SST Circuit Topology

As illustrated in Fig. 7, the multimodule SST is composed
of two converter stages, which are coupled through MVdc-link
capacitors. The multimodule SST Stage I contains a chainlink
ac–dc converter with cascaded FBSMs. Throughout this article,
the subscript index j ∈ {A,B,C} is reserved to denote the
phases. In Stage I, iac,I,j and iidc,I,j are the ac and dc currents,
while viC,j and iiC,j are the MVdc-link capacitor voltage and
current of the ith FBSM in phase j, respectively. varm,j denotes
the arm voltage of the ac/dc converter. In Stage II, iiprm,j and
iisec,j are the primary- and secondary-side ac currents of the ith
DAB module.

Following the ISOP configuration, all the DAB secondary dc
terminals are connected in parallel to the LVdc-link capacitor
whose voltage is vLVDC.RLoad denotes a resistive load, in parallel
to the LVdc-link capacitor. Thus, vLVDC can be integrated using
the summation of DAB secondary dc currents idc,sec,Σ and load
current iLoad.

B. SST Control Strategy and Operation Principle

As demonstrated in Fig. 8, higher- and lower-level control
strategies are applied to Stages I and II, independently. In
Stage I, MVdc-link energy balance control is implemented by
comparing the measured average value of MVdc-link capacitor
voltages of NSM cascaded FBSMs in three phases with the
MVdc reference voltage, v∗MVDC. The difference between the

Fig. 8. Control strategy of SST. (a) Stage I voltage and reactive power controls.
(b) Stage II LVdc-link voltage control.

Fig. 9. SFB-DEM of multimodule SST Stage I AC–DC converter.

measured and reference voltage is processed by PI controller
and then considered as a part of real power reference P ∗. Thus,
the VQ-control in dq-frame is employed to regulate active and
reactive power at point of common coupling on MVac-grid side
[15]. The modulating signals v∗abc are generated and sent to a
level-shifted PWM (LS-PWM) scheme to produce the number
of inserted chainlink SMs, Nins which comprises 2NSM + 1 dis-
crete voltage steps. Subsequently, a sorting algorithm-based SM
voltage-balance-control is implemented to balance the MVdc-
link capacitor voltages. Finally, Stage I switching function for
each individual FBSM, Si

I,j , can be generated accordingly.
In Stage II, as Fig. 8(b) depicts, an outer-loop LVdc-link

voltage control is employed to regulate active power transfer in
the DAB modules. ωprmt and ωsect represent the phase angles of
DAB primary- and secondary-side carrier signals,Cprm andCsec

are carriers in a single-phase-shift PWM scheme, respectively.
mII denotes a constant modulating signal whose duty ratio
is 50% . Thus, DAB primary- and secondary-side switching
functions, Si

prm,j and Si
sec,j can be obtained accordingly.

C. SFB-DEM With ImEx-G2O Solver

This section provides the mathematical derivation of the pro-
posed SFB-DEM for the multimodule SST. The circuit compo-
nents of the SST are discretized using ImEx-G2O solver. More
specifically, the MV and LVdc-link capacitors are discretized
using explicit G2O solver while the other circuit components are
discretized using implicit G2O method, according to Tables III
and IV.

1) Stage I AC–DC Converter With Cascaded FBSMs: Fig. 9
depicts a schematic diagram of the proposed multimodule SST
SFB-DEM for Stage I. First, the MVdc-link capacitor voltages
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are integrated using explicit G2O method as

viC,j (tk+1) =
4

3
viC,j (tk)−

1

3
viC,j (tk−1) +

2Δt

3C1

· (2iiC,j (tk)− iiC,j (tk−1)
)

(3)

where C1 is MVdc-link SM capacitance and the ith MVdc
capacitor current iiC,j from the previous two steps, i.e., tk and
tk−1 is solved in (4), assuming de-blocking mode operation

iiC,j = Si
I,j · iac,I,j − Si

prm,j · iiprm,j (4)

where Si
I,j ∈ {1,−1, 0}is the switching function of the ith

FBSM in Stage I and Si
prm,j ∈ {1,−1, 0} denotes the primary-

side switching function of the ith DAB module, corresponding
to the switch modes of positive insertion, negative insertion
and bypass. As shown in (3), the integration of viC,j(tk+1)
only requires historical terms from previous time steps such
that decoupling between two converter stages can be achieved
through MVdc-link capacitor of each module.

While the system is operating in the de-blocking mode, the
arm voltage varm,j is computed as

varm,j (tk+1) =

NSM∑
i=1

Si
I,j (tk+1) · viC,j (tk+1) . (5)

As depicted in Fig. 9, Vp,I,j and Vn,I,j denote the positive and
negative ac equivalent voltages in phase j, which are in series
with the antiparallel diodes,Dp,I,j andDn,I,j , respectively. The
flowing direction of iac,I,j determines either Vp,I,j or Vn,I,j is
connected to the equivalent circuit. In deblocking mode, values
of the equivalent voltages are computed as

Vp,I,j (tk+1) = Vn,I,j (tk+1) = varm,j (tk+1) . (6)

In blocking mode, the equivalent voltage sources are derived
as {

Vp,I,j (tk+1) =
∑NSM

i=1 viC,j (tk+1)

Vn,I,j (tk+1) = −∑NSM
i = 1 v

i
C,j (tk+1)

. (7)

Accordingly, the MVdc-link capacitor current is computed as

iiC,j = |iac,I,j |+
∣∣iiprm,j

∣∣ . (8)

Based on Fig. 9 and Table III, the MVac line inductor Lac

is discretized using implicit G2O method and expressed as a
historical current source ILac,his,j in parallel with its equivalent
resistanceRLac,g2o. Subsequently, the present time-step solution
of the Stage I ac current iac,I,j(tk+1) is solved as

iac,I,j (tk+1)=
RLac,g2o

RLac,g2o+Rac

(
4

3
iac,I,j (tk)− 1

3
iac,I,j (tk−1)

)

+
1

RLac,g2o+Rac
(vac,j (tk+1)−Vx,I,j (tk+1))

(9)

where Vx,I,j (x ∈ {p, n}) corresponds to the positive and neg-
ative ac voltages in Stage I, as derived in (6) or (7).

Fig. 10. SFB-DEM of multimodule SST Stage Ⅱ DAB DC–DC converter.

2) Stage II DAB DC–DC Converter: Fig. 10 depicts a
schematic diagram of the proposed SST SFB-DEM for Stage II.
Similarly, the derivation of the Stage II SFB-DEM commences
with integration of the dc-link capacitor voltages using Ex-G2O
method. With the MVdc-link voltage solved in (3), the LVdc-link
capacitor voltage at tk+1 can also be derived as

vLVDC (tk+1) =
4

3
vLVDC (tk)− 1

3
vLVDC (tk−1) +

2Δt

3C2

· (2iLVDC (tk)− iLVDC (tk−1)) (10)

where C2 is LVdc-link SM capacitance and iLVDC is the LVdc-
link capacitor current.

In deblocking mode, iLVDC from the previous two steps, i.e.,
iLVDC(tk) and iLVDC(tk−1) can be computed by applying KCL
at the LVdc terminal as

iLVDC = idc,sec,Σ − vLVDC/RLoad (11)

where idc,sec,Σ is derived as

idc,sec,Σ =
∑

j=A,B,C

NSM∑
i=1

Si
sec,j · iisec,j . (12)

Here, Si
sec,j ∈ {1,−1, 0} is the secondary-side switching

function of the ith DAB module corresponding to positive
insertion, negative insertion, and bypass modes. Subsequently,
the present time-step values of the DAB primary and secondary
ac voltages, i.e., viprm,j(tk+1) and visec,j(tk+1) are computed by{

viprm,j (tk+1) = Si
prm,j (tk+1) · viC,j (tk+1)

visec,j (tk+1) = Si
sec,j (tk+1) · vLVDC (tk+1)

. (13)

In deblocking mode, the DAB primary and secondary equiv-
alent ac voltages are derived as{

V i
p,prm,j (tk+1) = V i

n,prm,j (tk+1) = viprm,j (tk+1)

V i
p,sec,j (tk+1) = V i

n,sec,j (tk+1) = visec,j (tk+1)
. (14)

In the blocking mode, the equivalent ac voltages are computed
following the identical formulae in the Table V, which are not
derived here for space consideration. The LVdc-link capacitor
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current is calculated as

iLVDC =
∑

j=A,B,C

NSM∑
i=1

∣∣iisec,j∣∣ − vLVDC/RLoad. (15)

As demonstrated in Fig. 10, the inductors from three cir-
cuit branches in the DAB transformer T-equivalent circuit are
discretized using the implicit G2O method and expressed in
the form of Norton equivalents, given in Table III. The equiv-
alent resistors of the primary leakage, secondary leakage and
magnetizing inductors of the MFT are denoted by RLlk,prm,g2o,
RLlk,sec,g2o and RLm,g2o, which are in parallel with their corre-
sponding historical current sources IiLlk,prm,his,j , IiLlk,sec,his,j and
IiLm,his,j . To simplify the derivation of nodal voltage equation,
circuit component reduction is realized in each RL-branch to
further reduce number of nodes in the DAB equivalent circuit of
Fig. 10. Thus, the equivalent conductance and historical currents
from the primary- and secondary-side branches are formulated
as {

Gprm,g2o = 1/ (RLlk,prm,g2o +Rlk,prm)
Gsec,g2o = 1/ (RLlk,sec,g2o +Rlk,sec)

(16)

{
Iiprm,his,j = Gprm,g2o ·RLlk,prm,g2o · IiLlk,prm,his,j

Iisec,his,j = Gsec,g2o ·RLlk,sec,g2o · IiLlk,sec,his,j
. (17)

Similarly, the magnetizing-branch equivalent conductance
Gm,g2o can also be derived as

Gm,g2o =
RLm,g2o +Rm

RLm,g2o ·Rm
. (18)

Using (16)–(18) to formulate nodal voltage equation, the
magnetizing-branch node voltage vim,j(tk+1) is computed as

vim,j (tk+1) = (Gprm,g2o +Gsec,g2o +Gm,g2o)
−1

(
Iiprm,his,j − Iisec,his,j − IiLm,his,j +Gprm,g2o

·V i
x, prm,j (tk+1) +Gsec,g2o · V i

x,sec,j (tk+1)
)

(19)

where V i
x, prm,jand V i

x,sec,j (x ∈ {p, n}) are the positive and
negative equivalent ac voltages on primary- and secondary-sides
of the DAB in accordance with (14) and Table V.

Finally, with vim(tk+1) obtained, the ac current from each
circuit branch can be updated as⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

iiprm,j (tk+1) = Iiprm,his,j +Gprm,g2o

· (V i
x,prm,j (tk+1)− vim,j (tk+1)

)
iisec,j (tk+1) = Iisec,his,j +Gsec,g2o

· (vim,j (tk+1)− V i
x,sec,j (tk+1)

)
iim,j (tk+1) = IiLm,his,j +Gm,g2o · vim (tk+1)

. (20)

D. SFB-DEM With ImEx-G3O Solver

To further improve numerical accuracy, an SST SFB-DEM
with the 3rd-order solver, i.e., ImEx-G3O method is illustrated
in this section. Since the derivations of network solutions for
the SFB-DEM with ImEx-G3O method are very similar to
those of the ImEx-G2O solver, this section only focuses on the

discretization of circuit components adopting the ImEx-G3O
method, particularly.

1) Stage I AC–DC Converter With Cascaded FBSMs: The
MVdc-link capacitor voltage is integrated using the explicit G3O
method, which requires historical information from previous
3 time steps as

viC,j (tk+1) =
18

11
viC,j (tk)−

9

11
viC,j (tk−1) +

2

11
viC,j (tk−2)

+
6Δt

11C1
· (3iiC,j (tk)− 3iiC,j (tk−1) + iiC,j (tk−2)

)
. (21)

Different from Section III-C.1, the Stage I inductors are
discretized using implicit G3O method, where the historical
current ILac,his,j and equivalent resistance RLac,g3o are derived
following Table III. Therefore, the Stage I circuit solution can be
sought using (4)−(8), similarly. The Stage I ac current is derived
as

iac,I,j (tk+1)

=
RLac,g3o

RLac,g3o+Rac

(
18

11
iac,I,j (tk)− 9

11
iac,I,j (tk−1)

+
2

11
iac,I,j (tk−2)

)
+

1

RLac,g3o +Rac

· (vac,j (tk+1)− Vx,I,j (tk+1)) . (22)

2) Stage II DAB DC–DC Converter: In this section, circuit
components in the DAB modules are discretized using ImEx-
G3O method. Similar to Stage I, the derivation of Stage II SFB-
DEM starts with the integration of LVdc-link capacitor voltages
employing the Ex-G3O method as

vLVDC (tk+1) =
18

11
vLVDC (tk)

− 9

11
vLVDC (tk−1) +

2

11
vLVDC (tk−2)

+
6Δt

11C2
· (3iLVDC (tk)− 3iLVDC (tk−1) + iLVDC (tk−2))

(23)

where iLVDC is computed by (11) and (12) in deblocking mode
or (15) in blocking mode.

As shown in Fig. 10 and Table III, the inductors from three
DAB circuit branches are discretized using implicit G3O method
and expressed in form of companion circuits. Since the deriva-
tion of the DAB SFB-DEM using the ImEx-G3O is similar to
what had been discussed in Section III-C.2, the derivation detail
is omitted here for space consideration.

Compared to the 2nd-order solvers such as ImEx-G2O and
TR, the ImEx-G3O improves numerical accuracy of the network
solutions as it achieves the 3rd order accuracy in dynamic simu-
lation. It is noted that the modeling complexity of the ImEx-G3O
increases slightly, compared to the 2nd-order solvers since the
use of ImEx-G3O requires historical information from 3 con-
secutive time steps to extrapolate the present time-step solution.
Also, there are additional requirements for storages of circuits’
historical information during the simulation execution. Hence,
this paper proposes both ImEx-G2O and ImEx-G3O methods
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Fig. 11. Switching interpolation technique in Stage I. (a) Carrier and modu-
lation signals of single FBSM. (b) Switching function of single FBSM.

Fig. 12. Switching interpolation technique in Stage II. (a) Carrier and modu-
lation signals. (b) AC voltage. (c) DC current.

for implementing the SFB-DEMs such that users can flexibly
choose solver preferences based on specific requirements for
numerical accuracy or modeling simplicity.

E. Switching Interpolation for Multistep ImEx-Type Solver

This section proposes a switching interpolation technique for
the SFB-DEMs and illustrates its application to the multistep
ImEx-type solvers. Figs. 11 and 12 show the PWM scheme for a
single FBSM in the SST as an example to demonstrate switching
interpolation technique. In Figs. 11 and 12, the legends, w and
w/o are corresponding to the SFB-DEMs with and without
switching interpolation applied, respectively. tz represents the
precise switching event instance which occurs in between two
integer time steps, i.e., tk−1 and tk. Black-solid line denotes the
switching function without employing switching interpolation.
It is noted that the switching status variation can only be detected
at next integer time point tk. Accordingly, the yellow-shaded

TABLE VI
POSITIVE INSERTION TIME WITHIN ONE INTEGRATION INTERVAL

areas in Figs. 11 and 12 indicate the errors between original and
exact switching functions within one simulation time interval.

As presented in Fig. 11(b), ton denotes positive insertion time
within one integration interval within which a switching event
occurs. ton can be derived based on modulating signalmI(t) and
carrier signal CI(t) at the time steps of tk and tk−1, as shown
in Table VI. The average value of the exact switching function
within the interval [tk−1, tk] is expressed as

S∗
I = md,I =

2ton

Δt
− 1 (24)

whereΔt is integration time step. It is noted that (24) can be used
to modify the switching function SI at tk, as shown in Fig. 11(b)
by the red dotted curve. The switching function Si

I,j in the ith
FBSM in phase j of Stage I ac–dc converter can also be modified
by the corresponding interpolated ratio md,I within the interval
where a switching event occurs. Thus, the interpolated ratiomd,I

is applied to (4) and (5) to account for intra-step switching event
in the cascaded FBSMs in Stage I of the SST.

Fig. 12(b) and (c) shows the ac voltage and dc current in an
FBSM in either primary or secondary side of a DAB module in
Stage II of the SST. The derivation of ton in Fig. 12(b) is the
same as in Fig. 11 and Table VI. The interpolated ratio md,II

[as shown in Fig. 12(b) and (c)] is calculated by (24) and is
used to replace the original switching functionsSi∗

prm,j andSi∗
sec,j

in (4), (12), and (13). The proposed switching interpolation
technique is designed for the SFB-DEM and can be integrated
into the proposed multistep ImEx-type solvers to improve both
numerical accuracy and simulation efficiency for large-time-step
simulation.

IV. SIMULATION STUDIES

This section validates the model accuracy and efficiency of the
proposed SFB-DEMs with various numerical solvers for single-
module ac–dc–dc converter and multimodule SST, respectively.
All converter models are executed on a PC with 3.20 GHz Intel
Core i9-12900k CPU, 128 GB RAM, and Microsoft Windows 11
operating system. In the case studies, the DM is implemented
using MATLAB/Simulink/Simscape Electrical Toolbox while
the VG-DEMs and SFB-DEMs are programmed by MATLAB
scripts (m-files). Initially, all models are simulated using a small
time step, i.e., Ts = 1 μs to validate their numerical accuracy. It
is verified that the simulation results of all SFB-DEMs converge
with the DM. Thus, the DM with Ts = 1 μs is selected as
the reference (Ref) to validate the numerical accuracy of the
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Fig. 13. DC-link capacitor voltages. (a) MVdc-link capacitor voltage.
(b) LVdc-link capacitor voltages.

DEMs. The tested SFB-DEMs use a large time step of Ts =
10 μs in the case studies in Sections IV-A and B.1)–6) and Ts =
5 μs in B.7). Meanwhile, the switching interpolation technique
is implemented in all tested models to locate switching events
precisely.

A. Validation of 2-Stage AC–DC–DC Converter SFB-DEM

The numerical accuracy of the proposed SFB-DEMs with the
ImEx-type methods including BE+FE, ImEx-G2O and ImEx-
G3O are compared to the VG-DEMs with implicit-type solvers
including BE, TR, and TBE. For straightforward comparison
and benchmarking of model accuracy, the MV and LVdc-link
capacitors discharging transients are used in the simulation study
of 2-stage ac–dc–dc converter.

As observed in Fig. 13, the numerical accuracy of the MV- and
LVdc-link capacitor voltages using various integration rules are
ranked as follows: SFB-DEM (ImEx-G3O) > VG-DEM (TR)
> SFB-DEM (ImEx-G2O) > VG-DEM (TBE) > SFB-DEM
(BE-FE) ≈ VG-DEM (BE). In Fig. 13(b), minor numerical
oscillations are observed in the DAB magnetizing branch voltage
when using the TR method (red dashed curve) during abrupt
variations in the switching states of FB converters at both sides
of the MFT. Although, the numerical oscillations can be damped
out by switching TR back to BE, i.e., TBE method (black dashed
curve), the numerical accuracy is reduced consequently.

It is observed in Figs. 13 and 14 that the simulation results of
the proposed SFB-DEM with ImEx-G3O method match well to
the reference solution, whereas the performance of the 1st-order
BE+FE solver exhibits significant numerical error throughout

Fig. 14. Stage II DAB simulation performance. (a) Primary-side AC current.
(b) Magnetizing-branch voltage. (c) Secondary-side DC current.

the simulation. Meanwhile, it has also been validated that the
proposed SFB-DEM solved by ImEx-G3O solver is immune to
numerical oscillations even when the system stiffness is high.

B. Validation of Multimodule SST SFB-DEMs

This subsection validates the proposed SFB-DEMs with
ImEx-G2O and ImEx-G3O methods for simulating multimodule
SST. The system parameters are provided in Table IX of the
Appendix. Without loss of generality, dynamic performances of
the proposed SFB-DEMs are presented with different operating
scenarios, including steady-state, real-power-change, LVdc-link
pole-to-pole fault, and single-phase ac fault. The effectiveness
of the proposed switching interpolation technique is verified
in Case Study 7) along with the multistep ImEx-type solver.
Finally, simulation efficiency of the VG-DEMs and the proposed
SFB-DEMs are compared to the MATLAB/Simulink DMs for
different numbers of SMs in the multimodule SST.

1) Steady State Performance: As presented in Fig. 15, the
Stage I arm voltages and currents using the 2nd-order methods
i.e., TR+Ex-G2O (yellow dashed curve), ImEx-G2O (magenta
dotted curve), and ImEx-G3O (cyan dashed curve) match with
the reference solutions (black solid curve) very well. On the other
hand, the SFB-DEM with BE+FE solver (blue dashed curve)
has noticeable difference to the reference solution. Compared
to TR+Ex-G2O, the SFB-DEM with ImEx-G2O or ImEx-G3O
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Fig. 15. SST Stage I arm voltage and current. (a) Stage I arm voltage.
(b) Stage I arm current.

Fig. 16. Stage II DAB AC and DC currents. (a) Primary-side AC current.
(b) Secondary-side DC current.

emerge as preferred modeling strategy since it achieves high
numerical accuracy without numerical oscillation.

Fig. 16 presents the SST Stage II DAB simulation results.
It is noted in the primary ac and secondary dc currents that
the SFB-DEM solved by ImEx-G3O method achieves the best
numerical accuracy as it converges with the reference solutions
well, while the two SFB-DEMs solved by the 2nd-order meth-
ods, i.e., TR+Ex-G2O and ImEx-G2O are slightly less accurate.
More importantly, the simulation results by the 1st-order BE+FE
method present noticeable magnitude differences compared to
the other solutions.

Fig. 17. SST dc-link voltages. (a) Summation of MVdc-link capacitor volt-
ages. (b) LVdc-link capacitor voltage.

2) Real Power Change Operation: The real power reference
is initialized at 1 p.u. and commanded to vary from 1 to 0.8 p.u.
at t = 2 s. This case study is used to validate the numerical
accuracy of the proposed SFB-DEMs solved by ImEx-G2O
and ImEx-G3O methods when the system experiences power-
change transient. It is observed in Fig. 17 that both the 2nd-
and 3rd-order methods achieve superior numerical accuracy in
MVdc- and LVdc-link capacitor voltages compared to 1st-order
BE+FE method during the steady-state periods before and after
the real-power-change operation. Furthermore, as observed in
Fig. 17(b) at t = 2 s, the LVdc-link capacitor voltage is grad-
ually regulated back to its rated value due to the effectiveness
of outer-loop voltage control. During this transient period, it is
noted that the proposed SFB-DEMs solved by both ImEx-G2O
and ImEx-G3O converge with the reference better than that of
the BE+FE solver, which validates the merit of the proposed
modeling approach in numerical accuracy.

3) Load Change Operation:
a) Dynamic performance: This section presents a case

study with a higher step load change of real power from 0.5
to 1 p.u. The real power reference is given in Parameter List
of Case 1 in Table IX in the Appendix. Fig. 18(a) presents
dynamic performance of individual MVdc-link capacitor volt-
ages produced by the DEMs with different ODE solvers and the
DM reference. It is noted in Fig. 18(a) that the MVdc capacitor
voltages experience fast transient when the load-change occurs
at t = 3 s. After that, the magnitudes of the MVdc capacitor
voltages are regulated back to its rated value due to the MVdc-
link voltage/energy control and SM capacitor voltage balancing
control. In addition, as demonstrated in Fig. 18(b), the magnitude



10078 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 6, JUNE 2026

TABLE VII
RELATIVE ERRORS OF SFB-DEMS WITH VARIOUS IMEX-TYPE INTEGRATION METHODS

Fig. 18. Dynamic performances of load-change operation. (a) MVdc-link
capacitor voltages. (b) Stage I arm current. (c) LVdc-link capacitor voltage.

of Stage I arm current is doubled in its magnitude in the steady
state due to the real power change. Meanwhile, it is also ob-
served in Fig. 18(c) that the LVdc-link capacitor voltage drops
instantaneously when the load power is increased. Thereafter,
the LVdc-link voltage gradually recovers back to its rated value,
owing to the effective outer-loop voltage controller. It is observed
in Fig. 18 that the proposed DEMs employing ImEx-G2O and
ImEx-G3O demonstrate superior numerical accuracy compared
to the DEM with 1st-order BE+FE method, especially during
the transient period of the load change.

b) Sensitivity analysis regarding simulation time step:
This section presents the relative errors for the proposed SFB-
DEMs with the BE+FE, ImEx-G2O and ImEx-G3O integration
methods at different time steps, i.e., Δt = 2, 5, and 10 μs, and
compare them with the DM reference simulated with the small
time step of 1 μs. The real power reference is initialized with
0.5 p.u. and is commanded to step up to 1 p.u at t = 3 s. The

Fig. 19. LVdc-link pole-to-pole short-circuit fault operation. (a) Summation of
MVdc-link capacitor voltages. (b) DAB primary-side AC current. (c) LVdc-link
capacitor voltage. (d) DAB secondary-side DC current.

relative errors for the proposed SFB-DEM with different solvers
are calculated as

εr (%) =

∑i=N2
i=N1 |xDEM (i)− x̂ (i)|∑i=N2

i=N1 |x̂ (i)|
× 100% (25)

where x̂(i) denotes reference solution at the ith time step; N1

and N2 are corresponding to the starting and ending points of
the time window where the relative errors are calculated.

Table VII demonstrates the relative errors for Stage I arm
current εiarm, j

, the sum of MVdc capacitor voltages εvC,Σ, j
and

LVdc-link capacitor voltages εvLVDC . It is noted in Table VII that
the relative errors of the SFB-DEM using 1st-order BE+FE
solver are always the largest, compared to the higher order
multistep integration methods. In particular, the relative error
of the Stage I arm current εiarm, j

using the BE+FE method is
around 16 folds larger than those employing ImEx-G2O and
ImEx-G3O methods. It is also noted that the relative errors of
the BE+FE method grow significantly as the time step-sizes
increase from 2 to 10 μs, whereas the errors of the proposed
multistep methods exhibit only a slight increase. Overall, the
SFB-DEM with ImEx-G3O demonstrates the best numerical
accuracy within all tested cases.

4) LVDC Pole-to-Pole Fault Operation: This section vali-
dates the blocking mode operation in the proposed SST SFB-
DEMs using a dc-link pole-to-pole short-circuit fault case study.
As presented in Fig. 19, the LVdc-link pole-to-pole fault occurs
at 3.5 s and is detected1ms later at 3.501 s. Hereafter, the FBSMs
in the SFB-DEMs are switched into blocking mode and the ac
currents are only conducted through the antiparallel diodes as
depicted in Figs. 5, 9, and 10. Therefore, the flowing directions of
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Fig. 20. SST Stage I arm voltage and current under single-phase-to-ground
AC fault in phase-A. (a) Arm voltage. (b) Arm current.

the ac currents in Stages I and II are determined by the switching
states of the diodes.

In Stage I, the ac–dc converter’s FBSMs counteract with the
MVac grid voltage to suppress the short-circuit fault current
flowing from the MVac to the MVdc-link. In stage II, the
DAB primary-side ac currents and secondary-side dc currents
drop to zero instantaneously when the fault occurs at 3.5 s, as
presented in Fig. 19(b) and (d). It is noted that the proposed
multistep ImEx-G2O and ImEx-G3O methods demonstrate su-
perior numerical accuracy, compared to the 1st-order BE+FE
method.

5) Single-Phase AC Fault Simulation: Asymmetrical system
faults are identified as the major causes of the unbalanced volt-
age sags [37], [38], [39]. Accordingly, an additional operating
scenario with asymmetrical single-phase-to-ground fault is used
to further validate the proposed SFB-DEM and the numerical
accuracy improvement by employing the combined multistep
integration methods, i.e., ImEx-G2O and ImEx-G3O. In the
asymmetric fault case, as presented in Fig. 20(a) and (b), MVac
grid is subject to a short-circuit fault between phase-A and
the ground at t = 2.4 s. Meanwhile, the real power refer-
ence is maintained constant at 1 p.u. throughout the dynamic
simulation.

As shown in Figs. 20(a) and 21(a), voltage sags are observed
in the SST Stage I arm voltages when the asymmetrical ac fault
occurs, and meanwhile the summations of MVdc-link capacitor
voltages experience abrupt reduction in magnitude. It is also
noted in Fig. 20(b) that the magnitude of MVac fault current
increases when the fault happens. In addition, the LVdc-link
capacitor voltage drops instantaneously due to the ac fault at
t = 2.4 s and afterwards gradually recovers to its rated value due
to the outer-loop voltage controller. It is observed in Figs. 20 and
21 that the proposed SFB-DEMs with multistep methods, i.e.,
ImEx-G2O and ImEx-G3O achieve better numerical accuracy

Fig. 21. SST DC-link voltages under single-phase-to-ground AC fault in
phase-A. (a) Summation of MVdc-link capacitor voltage. (b) LVdc-link ca-
pacitor voltage.

during both the steady-state period and voltage sag transient than
that of the BE+FE solver.

6) Validation of SFB-DEM With High Switching Frequency:
To further validate the modeling accuracy of the proposed
DEMs, a case study is conducted with increased switching
frequency of the DAB modules, i.e., 40 kHz, as presented in Case
2 of Table IX in the Appendix. To ensure there is a sufficient
number of computation points in each switching cycle, the
simulation time step in Case 2 is reduced to 500 ns in accordance
with the smaller switching period of 40 kHz. Thus, there are
50 computation points per switching cycle for the proposed
DEMs, which is consistent with Case 1. The reference model
is simulated with a small time step of 200 ns, leading to 125
computation points per switching cycle.

The simulation results of the SST with increased switching
frequency (40 kHz) of the DAB modules are illustrated in
Fig. 22, where the discrepancy in numerical accuracy for the
DEMs with different ODE solvers, i.e., BE+FE, ImEx-G2O, and
ImEx-G3O are observed. As shown in Fig. 22, the SFB-DEM us-
ing ImEx-G3O demonstrates the best accuracy. On the contrary,
obvious magnitude differences are observed in the simulation
results using the BE+FE solver compared to the reference, since
it only achieves 1st-order numerical accuracy.

7) Validation of Switching Interpolation Technique: This
section validates the effectiveness of the switching interpolation
technique in the SST SFB-DEM using ImEx-G3O method. The
dynamic performance with and without switching interpolation
is compared in the case study. The real power reference is
commanded to step down from 1 to 0.8 p.u. at t = 2s. The tested
models are simulated with the time step of 5 μs and compared
against a reference model with the time step of 1 μs.

It is noted in Fig. 23 that the simulation results without
interpolation (blue dashed curve) get distorted dramatically



10080 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 6, JUNE 2026

Fig. 22. Simulation performances of SST with 40 kHz switching frequency.
(a) DAB primary AC current. (b) DAB secondary DC current. (c) DAB
magnetizing-branch voltage. (d) LVdc-link capacitor voltage.

Fig. 23. Validation of switching interpolation technique. (a) Summation of
MVdc-link capacitor voltages. (b) DAB primary AC current. (c) LVdc-link
capacitor voltage. (d) DAB secondary-side DC current.

TABLE VIII
CPU EXECUTION TIME COMPARISONS FOR MULTIMODULE SST SIMULATION

due to inaccurate switching events detection. Comparatively,
the SFB-DEM with switching interpolation (red dotted curve)
demonstrates high numerical accuracy, since it matches with the
reference solution, shown in Fig. 23. Moreover, this conclusion
holds true across the two SST converter stages. By integrating
the proposed multistep ImEx-type methods with the switching
interpolation technique, the numerical accuracy of the EMT sim-
ulation is noticeably improved in the SFB-DEMs, particularly
for a large time-step size.

8) Simulation Efficiency Comparison: The proposed SFB-
DEMs with ImEx-type solvers not only achieve high numerical
accuracy but also boost simulation efficiency significantly. As
discussed previously, the computational burdens are alleviated
in the proposed SFB-DEMs as they feature circuit decoupling,
node elimination, and most importantly, constant nodal-network
G-matrices.

Table VIII compares the CPU execution times of the SST
SFB-DEMs with various ImEx-type solvers against the DM and
VG-DEMs by increasing the scale of the SST with more SMs,
i.e., 15, 30, 45 and 60 SMs (in three phases). For the VG-DEMs
implementation, the circuit components are discretized using
TR method while the semiconductor switches are represented by
binary-value resistors, as demonstrated in Section II-B. Further-
more, the VG-DEMs are developed based on a 2-port Norton’s
equivalent circuits to accelerate the EMT simulation [8], [9]. For
all tested models, the simulation duration is set to 1 s and the
time step is 1 μs.

A nearest-level-control scheme is implemented in Stage I
instead of LS-PWM to approximate the insertion number of the
cascaded FBSMs of ac–dc converter in Stage I. As observed
in Table VIII, the execution time of the SST DM increases
exponentially with the numbers of SMs. Comparatively, the VG-
DEM accelerates the EMT simulation significantly. However, its
variable conductance matrix limits further improvement in sim-
ulation efficiency. On the other hand, the proposed SFB-DEMs
with ImEx-type solvers are shown to be superior in boosting the
simulation efficiency, especially when the SST scale is large. For
the SST with 60 SMs, the proposed SFB-DEM with ImEx-G3O
method greatly accelerates the EMT simulation by 171 and 7.5
folds, compared to the DM and VG-DEM, respectively. Mean-
while, the simulation efficiency of the SFB-DEMs with different
orders of solvers are comparable. It is noted in Table VIII that
the SFB-DEMs using ImEx-G2O and ImEx-G3O methods only
incur less than 3% increase in execution time compared to the
one with BE+FE solver. This characteristic holds true regardless
of the increase in the number of SMs of the SST.
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Fig. 24. CHIL real-time simulation platform setup.

V. DYNAMIC PERFORMANCE OF CHIL EXPERIMENTS

In order to further validate the modeling fidelity of the pro-
posed SFB-DEMs with multistep integration methods, exper-
imental tests of controller-hardware-in-the-loop (CHIL) simu-
lation are performed in this section. In the CHIL case study,
an SST SFB-DEM (3 SMs per phase) is programmed using
MATLAB script (m-file) and executed in CPU of OPAL-RT
OP5700 real-time simulator. The network solution of the SFB-
DEM is formulated using the ImEx-G2O method. Meanwhile,
the switching interpolation technique is implemented to locate
the switching events accurately.

As shown in Fig. 24, voltage mode controls of the SST are pro-
totyped in a digital control platform (TI DSP) to regulate MVdc-
and LVdc-link voltages. A Texas Instruments (TI) C2000 real-
time digital microcontroller, i.e., TI LAUNCHXL-F280025C
hardware is interfaced with the OP5700 real-time simulator
through digital IOs.

Initially, dynamic performance of the real-time simulation has
been validated against the off-line reference. Furthermore, as
depicted in Fig. 8, the Stage I MVdc-link energy balance control
and Stage II LVdc-link outer-loop voltage control have been
replaced with the TI LAUNCHXL-F280025C digital controllers
for the CHIL implementation. In this case study, the real-time
simulation of the proposed SST SFB-DEM is tested with the
time step of 20 μs. The real power reference is initialized at
1 p.u. and commanded to vary to 0.75 p.u. at t = 20 s, and
restored back to 1 p.u. at t = 22 s.

Fig. 25 presents comparison of simulation results between
CHIL tests acquired from the oscilloscope and the off-line
reference. As shown in Fig. 25(a) and (b), the summation of
MVdc-link capacitor voltages drops instantaneously at t = 20 s
when the power reference steps down. Thereafter, the volt-
age magnitude gradually recovers to its rated value due to
the effectiveness of the MVdc-link energy balance control. As
Fig. 25(i) and (j) present, similar responses can be observed in
the performances of the LVdc-link voltage, which is regulated
by the outer-loop voltage control. Afterwards, both MVdc- and
LVdc-link voltages recover back to their nominal values after the
power reference is restored to 1 p.u. at t = 22 s. Overall, it has
been validated that the performance of the CHIL experiments
match well with the off-line reference during both steady-state
periods and transients of the real-power-change operation.

Fig. 25. Validation of CHIL experimental results. Sum of MVdc capacitor
voltages in (a) CHIL test and (b) off-line simulation. Stage I arm voltage in
(c) CHIL test and (d) off-line simulation. Stage I arm current in (e) CHIL test
and (f) off-line simulation. Stage II DAB primary AC current in (g) CHIL test
and (h) off-line simulation. LVdc-link voltage in (i) CHIL test and (j) off-line
simulation. Stage II DAB secondary-side DC current in (k) CHIL test and (l)
off-line simulation.

VI. HARDWARE VERIFICATION

This section validates the proposed DEMs using hardware
tests of a scaled-down SST prototype circuit, which has single-
phase chainlink circuit with three full-bridge SMs and three
DAB dc–dc modules in the chainlink. A dc power supply is
applied to the parallel-connected LVdc-link capacitor of the SST
to send the power to the ac–dc chainlink converter in the MVac
side. The hardware setup is built using Imperix power electron-
ics testbench, controlled by OPAL-RT OP5707XG FPGA and
digital I/Os, as shown in Fig. 26. The SST FB converters are
realized using nine Imperix PEH4010 FB converters that are
connected to external transformers, a dc power supply, and an
ac-side inductive-resistive load. The OPAL-RT OP5707XG is
used as a real-time controller to balance the capacitor voltages
of the FBSMs and to regulate the power transferred across the
DABs. The switching frequency of the DAB converter is 2 kHz,
while the chainlink FBSMs use nearest level control to modulate
the ac-side voltage.

Fig. 27 shows the measured ac-side chainlink (arm) voltage
and current as well as the DAB primary-side current. In order to
validate the proposed DEM in a dynamic case study, the ac-side
modulating signal increases its frequency from 60 to 120 Hz
once the steady state is reached. As shown in Fig. 27(a), the
ac-side frequency step-change causes a corresponding change
in the arm voltage and ac current waveforms. The hardware
waveforms obtained in Fig. 27 are overlapped with the simula-
tion results of the DM reference obtained by Simulink/Simscape
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Fig. 26. Laboratory hardware setup. (a) OPAL-RT power electronics test-
bench. (b) Oscilloscope measurement. (c) Electrical hardware components.

Fig. 27. Dynamic frequency-change system response. (a) Arm current and
arm voltage. (b) DAB primary ac current.

Electrical Toolbox and the proposed SFB-DEM employing a
multistep ImEx-G3O solver, as shown in Fig. 28. As shown in
Fig. 28, the simulation results of the proposed SFB-DEM align
well with those of the hardware and the DM reference. Hence,
the modeling fidelity of the proposed SFB-DEM has been further
validated by laboratory hardware results.

VII. DISCUSSION

This section presents the analysis of the stability regions
for various explicit-type integration methods including FE,
2nd-order Adams-Bashforth, 3rd-order Adams-Bashforth, the
Ex-G2O, the Ex-G3O, and the implicit-type solvers including
implicit Gear’s 2nd-order (Im-G2O) and implicit Gear’s 3rd-
order methods, as shown in Fig. 29. The derivation of numerical
stability regions of the Ex-G2O is given below as example.
The derivation of numerical stability regions of the Ex-G3O
is omitted for space consideration, but can be derived following
the same procedure for Ex-G2O stability analysis. A general

Fig. 28. Hardware validation results. (a) AC-side arm voltage. (b) AC-side
current. (c) DAB AC primary transformer current.

Fig. 29. Stability regions of numerical integration methods. (a) Explicit inte-
gration methods. (b) Implicit Gear’s 2nd order method. (c) Implicit Gear’s 3rd
order method.

formula of Ex-G2O integration method is provided in (26),
where tk+1 denotes the present simulation step

y (tk+1) =

(
4

3
y (tk)− 1

3
y (tk−1)

)
+

2Δt

3

· (2f (y (tk))− f (y (tk−1))) . (26)
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The stability parameter is denoted by ZExG2O and computed
in (27), where λExG2O denotes the eigenvalue of the ODE system
using Ex-G2O method

ZExG2O = λExG2O Δt. (27)

By employing standard linear equation, f (y) = dy
dt =

λExG2O y in (26)

y (tk+1) =

(
4

3
y (tk)− 1

3
y (tk−1)

)
+

2Δt

3

· (2λExG2O · y (tk)− λExG2O · y (tk−1))

=
1

3
[(4 + 4ZExG2O) · y (tk)− (1 + 2ZExG2O) · y (tk−1)] .

(28)

Substituting y(tk+1) with ξk+1 where ξ is amplification fac-
tor, the characteristic equation can be derived from (28) as

ξk+1 − 1

3
· (4 + 4ZExG2O) · ξk +

1

3

· (1 + 2ZExG2O) · ξk−1 = 0. (29)

The characteristic equation of Ex-G2O can be obtained by
dividing ξk−1 at both sides of (29) as

3ξ2 − (4 + 4ZExG2O) · ξ + (1 + 2ZExG2O) = 0. (30)

The stability region of the Ex-G2O method can be plotted in
complex z-plane. This method is stable for all values of z when
the roots of the characteristic (30) satisfy

|ξ (ZExG2O)| ≤ 1. (31)

The numerical stability regions of various integration methods
are plotted in Fig. 29 as the shaded areas. As shown in Fig. 29,
the stability regions decrease when the orders of the explicit
integration methods increase. In comparison of various explicit
integration methods, the 1st-order FE method processes the
largest stability region. It is also noted that the Explicit Gear’s
methods always have larger stability region than those of the AB
methods with the same numerical order. Meanwhile, as observed
in Fig. 29(b) and (c), the stability region of the Im-G2O occupies
the whole left-half plane while the stability region of the Im-G3O
covers a majority of the left-half plane. Hence, it further explains
why the combined ImEx-type multistep Gear’s methods become
an appropriate choice for formulating network solutions of the
proposed SFB-DEMs. However, when a dc-link capacitor is sub-
jected to fast transient, such as short-circuit/shoot-through fault,
numerical instability may occur when the multistep explicit-type
methods are used to discretize the dc-link capacitors. In order
to avoid numerical instability, either the simulation time steps
have to be reduced to capture the fast short-circuit transient
or the explicit integration method needs to be replaced by an
implicit integration method, such as TR for discretizing the
dc-link capacitor.

VIII. CONCLUSION

This article proposes an SFB-DEM with multistep ImEx
Gear’s solver for numerically efficient and accurate EMT sim-
ulation of multimodule SST. Converter circuit decoupling is
achieved by applying explicit G2O or G3O to integrate dc-link
capacitor voltages. The use of switching function to model
the FBSMs achieves significant node number reduction and
constant nodal-network G-matrix, which accelerates the EMT
simulation of the SST. Meanwhile, the use of implicit G2O or
G3O methods for the other circuit elements than the dc-link
capacitors improve the numerical accuracy, compared to the
1st order methods, e.g., FE and BE methods and is immune
to fictitious numerical oscillations compared to the TR method.
The switching interpolation technique is proposed and integrated
to the ImEx-G2O and ImEx-G3O solvers to improve numerical
accuracy for large-time-step simulation. The simulation accu-
racy and efficiency of the proposed SFB-DEMs are validated by
performing multiple off-line case studies and CHIL experiment
tests. It is shown in the case studies that the proposed SFB-DEM
with ImEx-Gear’s methods achieve significant speedups in EMT
simulation (e.g., 171 and 7.5 folds by ImEx-G3O), compared to
the DM and VG-DEM for the SST with 60 SMs, respectively.

APPENDIX

TABLE IX
SYSTEM PARAMETERS OF MULTIMODULE SST
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