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Abstract—The validation of electromagnetic compatibility for
the microgrid of a more electric aircraft (MEA) is an essential test
item before delivery for a trial flight, and it has always been ur-
gently expected to be involved during the design stage. This article
presents a universal method for wideband modeling and simulation
of the MEA microgrid system in the time domain, regardless of
the fact that motors are driven by which kind of converter, e.g.,
modular multilevel converter (MMC), 3-L neutral-point clamped
(NPC), or 2-L pulsewidth modulation (PWM) converters. The
insulated gate bipolar transistor and diodes are modeled with
the physics-based dynamic model to emulate not only precise
system-level performance of the system, but also to get an insight
into the high-frequency oscillation between junction capacitance
of the semiconductor modules and the parasitic parameters and
high-frequency branch of other components, such as the permanent
magnet synchronous motor (PMSM), transformer, and generator.
To alleviate the attendant computational challenge, which could be
extremely time-consuming (if no nonconvergence problem is en-
countered) when solved on traditional simulation platform, circuit
partition based on transmission line decoupling, Norton equivalent
parameter extraction, and TLM-link decoupling of submodules
from the MMC bridge arms are utilized. The simulation program
is executed on GPU to achieve massively parallel and accelerated
solution. The accuracy and efficiency of the GPU-based parallel
algorithm are validated by the comparison with the experimentally
verified model in ANSYS Simplorer.

Index Terms—Electromagnetic interference (EMI), graphics
processor, insulated gate bipolar transistor (IGBT), massively
parallel processing, modular multilevel converter (MMC), more
electric aircraft (MEA), wideband modeling.

I. INTRODUCTION

THE groundbreaking more electric aircraft (MEA) tech-
nology has received tremendous attention in recent years
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for its exceptional advantage, such as enabling higher fuel effi-
ciency, bringing quieter flight experience, and reducing mainte-
nance costs [1], [2]. Some industry-leading aircraft, e.g., Boe-
ing 787 and Airbus A380, have replaced traditional hydraulic,
mechanical, or pneumatic power sources for the corresponding
load with electric power. The adoption of more electric con-
cept obviously puts a significantly larger load on the electrical
system and more demand on power electronic converters with
semiconductor devices onboard, which will inevitably introduce
electromagnetic interference (EMI) due to the high dv/dt and
di/dt slew rate.

Absolutely, safety issues should be treated with the utmost
seriousness during aircraft design and operation. The National
Aeronautics and Space Administration (NASA) has provided an
investigation into the history of some EMI-related malfunction
in the military and commercial aerospace program [3]. In terms
of EMI, even the availability of a wireless network in the
passenger cabin needs critical test and cautious validation [4].
In conjunction with the failures and anomalies, the radiated
electromagnetic disturbance noise may cause on the electronic
systems installed onboard for flight navigation communication
and control, even motor premature winding failure, ball-bearing
deterioration, and motor terminal overvoltages [5] could be
brought about by the common mode conducted EMI from the
driving converter. Thus, it is favorable if the prediction for
the conducted EMI, which is the prerequisite of radiated noise
precaution and the shield configuration as well as the passive
filter’s installation guidance, could be conducted closely after
the completion of the design blueprint and before the prototype
manufacturing stage.

The accurate prediction of EMI, which implicates both the
transient switching action of the semiconductor devices and
parasitic parameter extraction of the equipment, is undoubtedly
the first step and foundation for the validation and presupposi-
tion to propose reasonable attenuation strategy. System-level or
behavior layer performance has been examined with the insight
into transient response and control strategy optimization [6]–
[8]. However, the modeling of the semiconductor devices as a
two-state ideal switch or piecewise linear behavior model cannot
enable the revealing of the high-frequency characteristics. De-
tailed physics-based models of the switches are rarely included
in large-scale power converters simulation for the obstacle due
to their nonlinear characteristics [9] and long simulation time.
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Alternatively, graphic-fitting-based methods [10], [11] are used
for the estimation of the EMI level, in which the switching
waveforms are approximated as simplified shapes, such as trape-
zoidal, S-shaped, or sinusoidal. Consequently, the precision
issues may come from this compromise and, furthermore, the
impact from the control system fails to be included and the
EMI characteristics cannot be analyzed comprehensively under
varying operation modes of the aircraft.

To avoid the complex modeling and simulation of the
large-scale power converter in the time domain [12]–[15],
measurement-based methods in the frequency domain were
proposed to characterize a given prototype with the equivalent
source and impedance network via a specific test procedure
[16]–[18] under a certain operating condition. Nevertheless, the
dependence on measurement makes it unachievable for EMI
verification before the system is constructed, which essentially
should be classified more like a step within the trial and error
process rather than a prediction method. As a matter of fact,
experimental determination for the EMC validation for the air-
craft of various types could be particularly uneconomical and
impractical.

Thus, it is imperative to perform device-level time-domain
simulation, which can not only gain adequate insight into
system-level emulation, power loss estimation for the numerous
onboard converters, and well coordination for the control strat-
egy, but also the preliminary test of EMC, thereby achieving
an overall optimization and coordination of the whole MEA
microgrid system during the early design stage, enabling more
efficient planning for potential equipment failure or anomaly.

All the aforementioned facts come to the conclusion that the
simulation of a complex system with a physics-based model
of semiconductor devices, stray parameters of the converters,
and wideband model of other equipment could be extremely
hard but urgently needed, which poses a challenge to existing
simulation platform such as Simulinkand PSCAD/EMTDC. In
this article, the wideband model of the overall MEA microgrid
is simulated via a highly efficient parallel method based on
circuit partitioning. The GPU’s massive parallelism is utilized
to expedite the simulation of wideband device-level converters.

The article is organized as follows. Section II shows the
overall system construction of the considered MEA microgrid
and the component level decoupling method. Section III presents
the nonlinear advanced dynamic insulated gate bipolar tran-
sistor (IGBT)/diode electro-thermal model and the wideband
model of the 2-L pulsewidth modulation (PWM) converter, 3-L
neutral-point clamped (NPC) converter, and modular multilevel
converter (MMC). Section IV shows the detailed partitioning
methodologies of the GPU-accelerated simulation framework
and overall impact analysis of different factors. Finally, Sec-
tion V concludes this article.

II. MORE ELECTRIC AIRCRAFT MICROGRID SYSTEM

A. More Electric Architecture of Boeing 787 Aircraft

Fig. 1 shows the whole more electric architecture of Boeing
787 aircraft. Along with the propulsion thrust for the flight, all
the onboard loads are supplied by six gas turbine engines, of

which four main generators (250 kVA) are distributed on both
wing sides, and the other 2× 225 kVA auxiliary power unit are
installed at the tail end of the aircraft. All these synchronous
generators are operated in a “bleedless” manner, which means
that the pneumatic power extraction in the traditional engine
technology is removed and connected to the electrical power
distribution system to achieve the resilient operation with min-
imum redundancy [19]. The generator is driven directly by a
shaft in the gas turbine, thus, providing a variable-frequency
230 V ac supply from 360 to 800 Hz. Besides, a pre-emergency
ram air turbine is used to provide electric power under crisis
conditions [20].

The wing ice protection system, which is actually an em-
bedded resistive heat load, is directly connected to the ac bus.
The permanent magnet synchronous motor (PMSM) loads for
the environmental control system are supplied through the au-
totransformer rectifier unit (ATRU) using 270 V dc bus, whose
detail is given in Fig. 1(b) and (c). The electromechanical actua-
tors are connected onto the ac bus via a dc–dc converter to enable
flight-critical control and aircraft braking and fuel pumping. An
extra 28 V dc bus is added to provide battery charge power
through the transformer rectifier unit (TRU).

B. Microgrid System Decoupling

1) Wideband Model of Cable: The subsystems of the mi-
crogrid are connected with dc and ac cables, as shown in
Fig. 2, whose wideband characteristics include the frequency-
dependent parameter variation of series impedance and shunt
admittance per unit length matrix, which should be taken into
account during the EMI analysis. Thus, the frequency-dependent
line model (FDLM) [21] is utilized to present the correspond-
ing high-frequency characteristics and furthermore provide the
subsystem partitioning.

The terminal current equations in the frequency domain for a
transmission line of length l are expressed as

IA = Yc · VA − 2IAi = Yc · VA − 2HIBr (1)

IB = Yc · VB − 2IBi = Yc · VB − 2HIAr (2)

where YC =
√

Y/Z represents the characteristic admittance
matrix, and H = e(−γx) and γ =

√
ZY represent the propa-

gation matrix and constant, respectively. IAi and IBi are the
incident currents, whereas IAr and IBr are the reflected currents,
as shown in Fig. 2(b). The corresponding time-domain equations
are formulated as

iA(t) = yc ∗ vA(t)− 2h ∗ iBr(t) (3)

iB(t) = yc ∗ vB(t)− 2h ∗ iAr(t). (4)

By applying vector fitting techniques, Yc and H can be approx-
imated as

Yc(i, j) =

Np∑
m=1

rYc(i,j)(m)

s− pYc
(m)

+ d(i, j) (5)

H(i, j) =

Ng∑
k=1

Np,k∑
n=1

rH(i,j),k(n)

s− pH,k(n)
e−sτk . (6)
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Fig. 1. Micro grid of Boeing 787 aiircraft. (a) Overall system. (b) Decoupled subcircuit of the ATRU. (c) Decoupled subcircuit of the converter.

Fig. 2. FDLM of ac and dc cable. (a) AC and dc cable. (b) Decoupled cable
model.

Thus, the g(t) = yc ∗ vA(t) convolution can be calculated recur-
sively by introducing a state variable vector x(i)(t) and applying
Trapezoid Rule and followed with the variable composition

x∗(i)(n) = x(i)(n)− λ
(i)
Yc
(n)vA(n). The discretized state-space

equations are

x∗(i)(n) = α
(i)
YC

(n)x∗(i)(n− 1)

+ (α
(i)
YC

(n)λ
(i)
YC

(n− 1) + μ
(i)
YC

(n))vA(n− 1) (7)

g(n) =

Np∑
i=1

r
(i)
YC

x(i)(n) +GA(n)vA(n). (8)

where

α
(i)
YC

=

(
1 + p

(i)
YC

Δtn
2

)
/

(
1− p

(i)
YC

Δtn
2

)
(9)

λ
(i)
YC

= μ
(i)
YC

=

(
Δtn
2

)
/

(
1− p

(i)
YC

Δtn
2

)
. (10)

The two terminals of the cable are decoupled in topology while
maintaining their electrical interaction, as shown in the Fig. 2(b),
and the parameters of the line model are listed in Tables I and
II of Appendix.

2) Wideband Model of Transformer and PMSM: As shown
in Fig. 3, one phase of the wideband transformer model takes
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Fig. 3. Wideband model of one phase of transformer.

Fig. 4. Wideband model of PMSM.

skin effect, proximity effect, and stray capacitances intersecting
among terminals, which are frequency-dependent, into con-
sideration. The two ports of the three phase at the secondary
side are connected in the star and delta form, respectively. The
nonlinear characteristics of the iron core are neglected for the
skin effect under high frequencies. The magnetizing impedance
is modeled as a resistanceRm paralleled with an inductanceLm.
The leakage impedance is modeled by an R–L ladder network,
with the parameters characterization process elaborated in [25].
The interterminal capacitances reflect the stray effects, which
will exert more significant impact on the circuit. T1 and T2 are
ideal transformers with the rated voltage ratio.

Fig. 4 shows the wideband motor model utilized in this arti-
cle [24]. The lumped high-frequency branch is obtained through
a reduced-order process, which employs the Kron reduction
method. The parallel connection enables insight into the wide-
band characteristics and the dynamics at low frequencies, which
will facilitate the time-domain simulation under various work
conditions. The parameters of the PMSM model are listed in
Table III of Appendix.

3) System Level Decoupling: Undoubtedly, the whole mi-
crogrid of the MEA is a system with considerable scale and
numerous nodes, for which the model established and solved in
Simplorer or Saber will be extremely time-consuming. When
the dimension comes to a specific level, the coefficient matrix
in the system equation will be significantly large so that the
entire system simulation will be hard to converge. However,
in this article, the calculation burden is alleviated by a hierar-
chical circuit partitioning architecture based on the FDLM and

Fig. 5. Model details of IGBT and FWD. (a) Schematic of dynamic IGBT
model. (b) Discretized model.

semiconductor devices equivalent subcircuits extraction of each
converter to split the whole system into several smaller blocks
with the reduced matrix size. The generator, PMSM, and ATRU
units are all decoupled from the system with one equivalent end
circuit of the FDLM connected to the corresponding terminal.
Therefore, no matter how large the system is, the scale of the
subcircuits will be fixed. Furthermore, if each of them was solved
in a parallel architecture, no significant increase will be faced in
the simulation time.

III. DEVICE PARTITIONING FOR PARALLEL SIMULATION

A. IGBT/Diode Electro-Thermal Model

A physics-based dynamic model of IGBT and diode [23] is
employed to present the static and transient switching character-
istics. As shown in Fig. 5(a), the equivalent circuit of the IGBT
module contains eight nodes from three parts representing a
metal oxide semiconductor (MOS) structure, bipolar junction
transistor (BJT) component, and the freewheeling diode chip.
The main framework determines the static working point of the
IGBT is a Darlington combination of MOSFET and BJT.
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The output characteristics of the cutoff, linear, and saturation
regions of the MOSFET part is described by

Imos =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
0, Vgs < VP

Isat · (1 +KLM · Vds)·
(2− Vds

Vsat
) · Vds

Vsat
, Vds < Vsat

Isat · (1 +KLM · Vds), Vds ≥ Vsat

(11)

where Vds and Vgs are the voltage across the corresponding
nodes, VP is the threshold voltage of the channel, and Vsat and
Isat are saturation voltage and current formulated as

Vsat = AFET(Vgs − VP )
MFET (12)

Isat =
K

2
(Vgs − VP )

NFET (13)

where AFET, MFET, NFET, K, and KLM are all model coeffi-
cients. As regard to the BJT, the forward conduction state of the
P+ −N− junction is considered as a diode described as

Ib = ISATBJT ·
[
e

Veb
(MBJT · VT ) − 1

]
(14)

where Veb and Ib are the base-emitter voltage and base current.
Ic = bn · Ib is the collector current, VT = kT

q is the thermal
voltage, and ISATBJT , MBJT, and bn are the coefficients to be
extracted.

There are several nonlinear capacitances in the model to
emulate the switching characteristics, which can be classified
into two categories: capacitance for the PN junction and the
diffusion region in the ON-state. The corresponding capacitances
are given as

C(V ∗
JVCT) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

C0 · (1 + (β − 1)(1−
exp(−α(1−δ)V ∗

JVCT
(β−1)Vdiff

))), V ∗
JVCT > 0

C0 ·
(
δ + 1−δ

(1−V ∗
JV CT
Vdiff

)α

)
, V ∗

JVCT ≤ 0

(15)

where C0, α, β, δ, and Vdiff are all coefficients, which have
their corresponding value for each junction capacitance; V ∗

JVCT
is expressed as

V ∗
JVCT = Kshift · Vdiff − VJNCT (16)

where Kshift is the coefficient, and VJNCT is the junction voltage.
The diffusion capacitances for the BJT and FWD components

are modeled as

Cdiff = τ
i(t) + ISAT

M · VT
. (17)

The FWD is modeled as a combination of a nonlinear diode
in series with a current-dependent resistance:

Ifwd = ISATfwd
·
[
e

Vfwd
(Mfwd · VT ) − 1

]
(18)

Rb =
Rbfwd√
1 + Ifwd

INOM

(19)

where ISATfwd
, Mfwd, and Rbfwd are all the coefficients, and

INOM is the rated current. The waveform of reverse recovery
current and the tail current is elaborated in [23].

Fig. 6. Circuit partition of 2-L PWM converter. (a) Detailed model.
(b) Reduced order model.

All the model parameters can be extracted in Simplorerbased
on the datasheet from the manufacturer, as shown in Table IV
of Appendix. The IGBT and FWD physical models contain a
certain amount of nonlinear components, which brings the main
computational burden. The Backward Euler method is used to
linearize and discretize the model; thus, an eight-order nodal
admittance matrix YNode

8×8 and eight-dimensional current vector
I8 are obtained.

B. Universal Parallel Simulation for Different
Converter Topology

1) 2-L PWM Converter: The IGBT modules are assem-
bled by busbars to constitute the structure of the actual
converter, which have their own parasitic resistance, induc-
tance, and the stray capacitance. The extraction of these high-
frequency-related parameters can be accomplished by AN-
SYSQ3d. Fig. 6(a) shows the wideband model of a two-level
voltage source converter-driven PMSM unit, in which the IGBT
modules each have eight nodes with all the parasitic resistance
and inductance merged with the terminal stray parameter of the
module package. The stray capacitance exists between every two
nodes in Fig. 6(b) with the converter, which are not shown in
detail in the figure for simplicity.

The circuit has 41 nodes, which will bear an extremely heavy
computational burden and take a long time to converge even for
a single converter, let alone the whole system, which contains
numerous ac–dc transformation units. Thus, each switch module
is partitioned from the main circuit and represented by its Norton
equivalent unit in every iteration.

To avoid node merging for the short circuit during the Norton
equivalent parameter extraction, Thevenin equivalent parame-
ters of each IGBT module are first obtained then transformed into
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the corresponding Norton form. The equivalent voltage source
of the IGBT is obtained by the solution from:

U7 = Y7×7
−1 · I7 (20)

where the subscripts mean the dimension of the matrix when the
terminal c and e of the physics-based IGBT model is an open
circuit. The dimension of the equation is reduced to 7 when
node e is treated as the reference. Y7×7 is the reduced-order
matrix for the IGBT module with the last row and column of
the original admittance matrix deleted, I7 is the current vector
with the last item deleted accordingly. U7 is the nodal voltage,
whose first item is the equivalent voltage source of the switch.
The equivalent resistance is obtained by the solution of

U
(2)
7 = Y

(2)
7×7

−1 · I(2)7 (21)

which represents the circuit with terminal c and e of the IGBT
connected to an arbitrary dc voltage sourceVd. Thus, the first line
in Y

(2)
7×7 is replaced by [1, 0, 0, 0, 0, 0, 0] on the basis of Y7×7,

and I
(2)
7 is [Vd, 0, 0, 0, 0, 0, 0]. With each IGBT represented by

its Thevenin equivalent and then transformed to its Norton coun-
terpart, the nodal voltage equation for the converter is simplified
to an only five-nodes system, which is obtained by

U
(VSC)
5 = Y

(VSC)
5×5

−1 · I(VSC)
5 . (22)

Then, the nodal voltage U
(VSC)
5 of the converter should be

assigned to all the inside nodes of every switch:

U
(3)
8 = Y

(3)
8×8

−1 · I(3)8 (23)

where U
(3)
8 is the updated voltage of all the eight nodes for

each module, Y
(3)
8×8 is the matrix obtained from Y8×8 with

the first and last row substituted by [1, 0, 0, 0, 0, 0, 0, 0] and
[0, 0, 0, 0, 0, 0, 0, 1]. I

(3)
8 is the current vector with the first

and last item substituted by the corresponding nodal voltage
in U

(VSC)
5 . Therefore, the voltage values of all the nodes are

obtained and can be sent to next iteration. This method can also
be generalized to the 3-L NPC topology.

2) Modular Multilevel Converter: MMC is already widely
used in today’s HVdc projects and propulsion system for the
railway, ship, and foreseeable extension on the MEA. Different
from the 2-L PWM and 3-L NPC converter, in which the com-
mutation unit is located in both arms of the same phase inside
the converter, the commutation of MMC happens within each
submodule.

The distribution of the stray parameter inside an MMC is quite
complicated, which not only includes the parasitics inductance
and resistance of the bond wires and the connectors of the
semiconductor module and busbar, but also the complex stray
capacitance network shown in Fig. 7(a).

Fortunately, the stray capacitance at the terminals of the SMs
can be used as the medium to decouple them from the main cir-
cuit [22]. The capacitance is regarded as a two-port device, and
the system can, thus, be decoupled with both sides represented
by its Norton equivalent form, as shown in Fig. 7(b), so that the
SMS and the arm bridge can be solved as two separated circuits,
while the history value-dependent current source maintain the
information exchange between the decoupled components.

Fig. 7. Circuit partitioning of MMC. (a) Wideband model of MMC. (b) TLM
link model of the stray capacitance. (c) SM decoupling.

With the capacitance represented by their discretized circuit,
the wideband model of the converter arm constitute a two-port
network with an internal independent current source, which can
be further simplified into the form shown in Fig. 7(c). The
process for the transformation can achieve a highly parallel
implementation.

IV. PARALELL IMPLEMENTATION OF WIDEBAND MEA
MICROGRID SYSTEM ON GPU

A. Hardware Implementation

In order to support the application of CPU + GPU het-
erogeneous system architecture to execute program, NVIDIA
developed a universal programming interface for GPU, namely,
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Fig. 8. Volta architecture of NVIDIA Tesla V100 GPU. (a) Streaming multi-
processor architecture. (b) Overall architecture.

Compute Unified Device Architecture (CUDA), which is in-
tegrated with C or C++ language to realize parallel program
development. A CUDA program contains host code running
on CPU and device code running on GPU, which is also
called a kernel function. CUDA manages threads in terms
of thread wraps, each of which contains 32 threads with its
own instruction address counter and registration status. All
threads in the wrap execute the same instruction at the same
time, which is also called single instruction multithreading
architecture.

As for hardware, GPU hardware architecture takes the stream-
ing multiprocessor as an extensible unit and achieves parallelism
by copying it to form an array building block. Each streaming
multiprocessor in GPU can support hundreds of concurrent
threads. The kernel functions of parallel programs are sched-
uled according to the availability of streaming multiprocessor
resources and are allocated to the available streaming multipro-
cessors for parallel execution.

The program is executed on the NVIDIA Tesla V100 GPU
with Volta architecture, which contains six GPU processing
clusters (GPC). Each cluster contains seven texture process-
ing clusters, which contains two streaming multiprocessors.
As shown in Fig. 8(a), each streaming multiprocessor con-
tains 64 32-bit floating-point arithmetic cores, 64 32-bit integer

arithmetic cores, 32 64-bit floating-point arithmetic cores, eight
tensor cores, and four texture units. The whole GPU contains 8
512-bit memory controllers (4396 bits in total). Therefore, the
complete V100 GPU with 84 streaming multiprocessors has a
total of 5376 fp32 cores, 5376 int32 cores, 2688 fp64 cores,
672 tensor cores, and 336 texture units. Each HBM2 DRAM
stack is controlled by a pair of memory controllers, as shown
in Fig. 8(b).

B. Details of Kernels and Threads

As shown in Fig. 9, all the aforementioned algorithms are
programmed on the CUDA C platform with the corresponding
function module designed as a specific kernel. All the kernels
are executed one after another, then update and transfer the
variable through the global memory. Each kernel evokes a series
of threads, in which the functions are operated in the single
instruction multiple thread (SIMT) parallel manner. The amount
of the threads depends on the number of the module in the system
accordingly. The kernel1 and kernel2 are the wideband models
of the synchronous generator and PMSM [24], which utilize the
ac terminal voltage as the input and produce the ac current as the
feedback to the system. According to the collection of the motor
speed and system voltage, the trigger signal of the converter is
generated in kernel3.

The kernel4 and kernel5 need to be solved iteratively due to
the semiconductor power device model. In kernel4, the wideband
model of the autotransformer [25] is integrated at the ac terminal
of the rectifier along with the split FDLM section.

The content of kernel5 depends on which kind of converter
topology is installed in the system. If a 2-L PWM converter
is selected, four kernels of the subgeneration are included
corresponding to the solving process in (24)–(27). As for the
MMC, the iterative calculation for the output of all the SMs
is conducted in the first subkernel, and then the second one
collects them to form the node equation for the wideband
model for the whole converter. Then, the historical value of
stray capacitance is updated. Finally, the FDLM kernel gathers
all the history value-dependent current and has its terminals
interacted.

C. Simulation Results

The comparative simulation is conducted on Simplorer and
carried out on a PC with Intel Core i7-6700 CPU, 3.6 GHz clock
frequency, and 8 GB RAM. The time-step is set to 10 ns, and
the total simulation period is 2 s. It takes the ANSYS Simplorer
simulation 4.12 and 36.36 h for the system with 2-L converter
and MMC, respectively, while only 1.45 and 4.01 h for the
parallel algorithm on GPU, and the corresponding speed-up
is about 2.84 and 9.07 times. Noted that the simulation time
will not increase significantly with the expansion of the system
scale or the increase of the MMC level due to the massive
parallelism.

Figs. 10 and 11 show the time-domain result of both the
proposed method and the simulation on the commercial sim-
ulation platform. The ac voltage in both the cases for the 2-L
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Fig. 9. Flowchart of the parallel simulation for the MEA microgrid.

Fig. 10. Comparison between GPU-based simulation and ANSYS Sim-
plorer in time domain. (a) Line-to-line voltage of PMSM for 2-L converter.
(b) Electromagnetic torque of PMSM. (c) 12 pulse voltage of ATRU.

Fig. 11. Comparison between GPU-based simulation and ANSYS Simplorer
in time domain. (a) DC busbar voltage for MMC. (b) DC busbar voltage for 2-L
converter. (c) Line-to-ground voltage of PMSM for MMC. (d) SM capacitor
voltage for MMC.

Fig. 12. Frequency-domain results. (a) Impact of PMSM speed on conducted
EMI of ac and dc side for 2-L converter. (b) Impact of PMSM speed on conducted
EMI of ac and dc side for MMC. (c) Impact of wideband characteristics.

converter and MMC are all nicely fitted with the result from
Simplorer. As regards to the dc voltage of the busbar, there is
slight deviation. However, the fluctuation is basically in the same
range with the same peak and valley times. The waveform of
the capacitor voltage proves that the converter achieves a good
voltage balance.

Fig. 12 shows the result under different PMSM speed in the
frequency domain. It can be concluded that the promotion of
rotate load will lead to a significant increase in the dc voltage for
both converters, while the influence on ac voltage is negligible.
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Thus, more attention should be put on the dc side with careful
design for the filter if higher motor speed is to be achieved.
Fig. 12(c) shows the application of ideal switch model will lead
to serious underestimation and miscalculation of the EMI level.

It should be highlighted that the application of MMC will
obtain a great suppression of the EMI at both the ac and dc
sides, especially for the dc voltage. Thus, if the weight increases
from the numerous semiconductor devices inside the MMC can
be offset by removing of the filter, MMC will undoubtedly be
an excellent option for the future MEA microgrid.

V. CONCLUSION

This article has demonstrated a universal wideband time-
domain simulation method for MEA with the physics-based
model of the IGBT modules and the high-frequency branches
for other components included. The resultant computational
burden was alleviated via the circuit partitioning based on the
FDLM of the cable, which can split the whole microgrid system
into several subcircuits with a significantly reduced scale of
matrix solution and the possibility to realize parallel processing.
Considering the nonlinear behavior of the semiconductor de-
vices and its unavoidable iteration, to achieve further simulation
acceleration, fine-grained partition for the converter of various
topology has been proposed. For the 2-L PWM based and 3-L
NPC converters, the Norton equivalent parameter of all the
module units is extracted simultaneously during each iteration
process. For an MMC with significantly more switches, the
SMs are decoupled from the bridge arm based on the TLM link
model of the stray capacitance connected at the terminals. This
partitioning scheme can greatly increase the parallelism level
of the model. The effectiveness and accuracy of the proposed
method are verified by comparison with the simulation results
of Simplorer for the study case of the Boeing 787 aircraft
microgrid system. The results of the frequency domain anal-
ysis show that the application of MMC will help to suppress
the EMI.

APPENDIX

TABLE I
MODEL PARAMETERS OF DC FDLM

TABLE II
MODEL PARAMETERS OF AC FDLM

TABLE III
MODEL PARAMETERS OF PMSM

TABLE IV
MODEL PARAMETERS OF INFINEON FF600R07ME4

REFERENCES

[1] P. Wheeler and S. Bozhko, “The more electric aircraft: Technology and
challenges,” IEEE Electrific. Mag., vol. 2, no. 4, pp. 6–12, Dec. 2014.

[2] V. Madonna, P. Giangrande, and M. Galea, “Electrical power generation
in aircraft: Review, challenges, and opportunities,” IEEE Trans. Transp.
Electrific., vol. 4, no. 3, pp. 646–659, Sep. 2018.

[3] R. D. Leach and M. B. Alexander, “Electronic systems failures and
anomalies attributed to electromagnetic interference,” NASA Reference
Publication, Washington, DC, USA, vol. 1374, Jul. 1995.

[4] N. L. Armstrong and Y. M. M. Antar, “Investigation of the electromagnetic
interference threat posed by a wireless network inside a passenger aircraft,”
IEEE Trans. Electromagn. Compat., vol. 50, no. 2, pp. 277–284, May 2008.

[5] A. Charalambous, X. Yuan, and N. McNeill, “High-frequency EMI atten-
uation at source with the auxiliary commutated pole inverter,” IEEE Trans.
Power. Electron., vol. 33, no. 7, pp. 5660–5676, Jul. 2018.

[6] Z. Huang and V. Dinavahi, “An efficient hierarchical zonal method
for large-Scale circuit simulation and its real-time application on more
electric aircraft microgrid,” IEEE Trans. Ind. Electron., vol. 66, no. 7,
pp. 1491–1498, Nov. 2018.

[7] Z. Huang, C. Tang, and V. Dinavahi, “Unified solver based real-time multi-
domain simulation of aircraft electro-mechanical-actuator,” IEEE Trans.
Power. Electron., vol. 34, no. 4, pp. 1491–1498, Nov. 2019.

[8] N. Lin and V. Dinavahi, “Behavioral device-level modeling of modular
multilevel converters in real time for variable-speed drive applications,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 5, no. 3, pp. 1177–1191,
Sep. 2017.

[9] N. Lin and V. Dinavahi, “Exact nonlinear micro-modeling for fine-grained
parallel EMT simulation of MTDC grid interaction with wind farm,” IEEE
Trans. Ind. Electron., vol. 33, no. 6, pp. 4660–4678, Jun. 2018.

[10] F. Costa and D. Magnon, “Graphical analysis of the spectra of EMI
sources in power electronics,” IEEE Trans. Power. Electron., vol. 20, no. 6,
pp. 1491–1498, Nov. 2005.

[11] J. Meng, W. Ma, Q. Pan, L. Zhang, and Z. Zhao, “Multiple slope switching
waveform approximation to improve conducted EMI spectral analysis of
power converters,” IEEE Trans. Electromagn. Compat., vol. 48, no. 4,
pp. 742–751, Nov. 2006.

[12] V. S. Nguyen, P. Lefranc, and J. C. Crebier, “Gate driver supply architec-
tures for common mode conducted EMI reduction in series connection of
multiple power devices,” IEEE Trans. Power. Electron., vol. 33, no. 12,
pp. 12265–10276, Sep. 2018.

[13] Z. Yu et al., “Simulation analysis on conducted EMD caused by valves in
±800 kV UHVDC converter station,” IEEE Trans. Electromagn. Compat.,
vol. 51, no. 2, pp. 236–244, May 2009.

Authorized licensed use limited to: UNIVERSITY OF ALBERTA. Downloaded on April 18,2022 at 17:21:21 UTC from IEEE Xplore.  Restrictions apply. 

READ O
NLY



ZHU et al.: UNIVERSAL WIDEBAND DEVICE-LEVEL PARALLEL SIMULATION METHOD AND CONDUCTED EMI ANALYSIS 171

[14] F. Costa, C. Vollaire, and R. Meuret, “Modeling of conducted common
mode perturbations in variable-speed drive systems,” IEEE Trans. Elec-
tromagn. Compat., vol. 47, no. 4, pp. 1012–1021, Nov. 2005.

[15] A. Nejadpak and O. Mohammed, “Physics-based modeling of power
converters from finite element electromagnetic field computations,” IEEE
Trans. Magn., vol. 49, no. 1, pp. 567–576, Jan. 2013.

[16] D. Jiang, R. Lai, F. Wang, F. Luo, S. Wang, and D. Boroyevich, “Study of
conducted EMI reduction for three-phase active front-end rectifier,” IEEE
Trans. Power. Electron., vol. 26, no. 12, pp. 3823–3831, Jun. 2011.

[17] Y. Xiang, X. Pei, W. Zhou, Y. Kang, and H. Wang, “A fast and precise
method for modeling EMI source in two-level three-phase converter,”
IEEE Trans. Power. Electron., vol. 34, no. 11, pp. 10650–10664, Sep. 2019.

[18] D. Labrousse, B. Revol, C. Gautier, and F. Costa, “Fast reconstitution
method (FRM) to compute the broadband spectrum of common mode
conducted disturbances,” IEEE Trans. Electromagn. Compat., vol. 55,
no. 2, pp. 248–256, Jun. 2016.

[19] G. Buticchi, S. Bozhko, M. Liserre, P. Wheeler, and K. Al-Haddad, “On-
board microgrids for the more electric aircraft? Technology review,” IEEE
Trans. Ind. Electron., vol. 66, no. 7, pp. 5588–5599, Jul. 2019.

[20] B. Sarlioglu and C. T. Morris, “More electric aircraft: Review, challenges,
and opportunities for commercial transport aircraft,” IEEE Trans. Transp.
Electrific., vol. 1, no. 1, pp. 54–64, Jun. 2015.

[21] T. Duan and V. Dinavahi, “Adaptive time-stepping universal line and ma-
chine models for real-time and faster-than-real-time hardware emulation,”
IEEE Trans. Ind. Electron., vol. 67, no. 8, pp. 6173–6182, Aug. 2020.

[22] S. Y. R. Hui and K. K. Fung, “Fast decoupled simulation of large power
electronic systems using new two-port companion link models,” IEEE
Trans. Power Electron., vol. 12, no. 3, pp. 462–473, May 1997.

[23] ANSYS, Inc., Simplorer Components: Basic Elements, Canonsburg, PA,
USA, Jul. 2018.

[24] O. Mohammed, S. Ganu, N. Abed, S. Liu, and Z. Liu, “High frequency
PM synchronous motor model determined by FE analysis,” IEEE Trans.
Magn., vol. 42, no. 4, pp. 1291–1294, Apr. 2006.

[25] X. Perpinya, “Infrastructure design, signaling and security in railway”
IntechOpen, London, U.K., Apr. 2012.

Ruimin Zhu (Student Member, IEEE) received the
B.Eng. degree in electrical engineering from North
China Electric Power University, Baoding, China,
in 2012. He is currently working toward the Ph.D.
degree with North China Electric Power University,
Beijing, China. In 2018 and 2019, he was a Joint
Ph.D. Student with RTXLAB, University of Alberta,
Edmonton, AB, Canada.

His research interests include EMI analysis of
power systems, power electronics, device-level mod-
eling, and parallel simulation.

Zhen Huang (Student Member, IEEE) received the
B.Eng. degree in electrical engineering from Xi’an
Jiaotong University, Xi’an, China, in 2012 and the
M.Eng. degree in electrical engineering from Ts-
inghua University, Beijing, China, in 2015. He is
currently working toward the Ph.D. degree with the
Department of Electrical and Computer Engineering,
University of Alberta, Edmonton, AB, Canada.

He also has two years work experience in power
electronic industry. His research interests include
high-performance simulation and control of power
electronics.

Venkata Dinavahi (Fellow, IEEE) received the
B.Eng. degree in electrical engineering from the
Visveswaraya National Institute of Technology
(VNIT), Nagpur, India, in 1993, the M.Tech. degree
in electrical engineering from the Indian Institute of
Technology (IIT) Kanpur, Kanpur, India, in 1996,
and the Ph.D. degree in electrical and computer engi-
neering from the University of Toronto, Toronto, ON,
Canada, in 2000.

He is currently a Professor with the Department
of Electrical and Computer engineering, University

of Alberta, Edmonton, AB, Canada. His research interests include real-time
simulation of power systems and power electronic systems, electromagnetic
transients, device-level modeling, large-scale systems, and parallel and dis-
tributed computing.

Authorized licensed use limited to: UNIVERSITY OF ALBERTA. Downloaded on April 18,2022 at 17:21:21 UTC from IEEE Xplore.  Restrictions apply. 

READ O
NLY



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




