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Abstract — This paper reviews the physics based
modeling based on the electromagnetic stray fields
and interference in the electric power network.
The low frequency as well as high frequency
equivalent source modeling of the power
components for the study of radiated and
conducted electromagnetic compatibility were
implemented. The 3-D finite element analysis with
some modification were applied in the solution
method, as well as meshing strategies for the
simulation of large scale components. Moreover,
the stray field of the components was utilized for
improving the control of the machine-drive system
using hardware in loop method. The optimization
in the design of the components such as the power
converter based on the EMC compliance was also
applied. This was achieved by coupling MATLAB
with 3-D finite element technique for applying the
numerical optimization techniques. The results
were verified experimentally.

Index Terms — EMC compliance, equivalent
source modeling, large scale computational
problems, low frequency and high frequency
modeling.

I. INTRODUCTION

The compliance with  Electromagnetic
Compatibility (EMC) standards is an increasingly
important aspect in the design of practical
engineering systems. Consideration of EMC issues
at the design stage is necessary to ensure the
functional safety and reliability of complex
modern products, which are increasingly reliant on
electronic  sub-systems to provide power,
communications, control and monitoring functions
that are needed to provide enhanced levels of
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functionality of systems. Typical examples include
transportation vehicles (road, rail, sea and air),
manufacturing plants, power generation and
distribution, and communications. The
opportunities for using numerical simulation
techniques to predict and analyze the system EMC
and related issues (e.g., human field exposure and
installed antenna performance) are therefore of
considerable interest in many industries.

A basic performance of modern electrical
power systems is significantly related to the area
of low frequency disturbances. Based on the above
background, the importance of low frequency
EMC study is considerably increasing. On the
other hand, power electronic technologies are also
used in evolving machine-drive equipment such as
vessels and aircrafts. The magnetic signature is
observable in the low frequency local magnetic
field, but then several threats are present in
military applications: detection and classification
by and subsequent detonation of sea mines,
detection and localization of submarines out of the
air. Due to the improvement of the sensitivity of
electromagnetic field sensors and smart signal
processing techniques, signature reduction is vital.
Thus, the first goal is to decrease the detection
range by complying with the strict signature
requirements.

The other signature study aspect of the
radiated fields in low frequency is condition
monitoring of the components. The faults in the
winding of the machines as well as switch failures
and many other problems can be detected without
the need to dismantle the system. This is critically
beneficial for the sensitive applications in which it
may not be easily possible to get near to the
components for online testing, and on the other
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hand offline testing of the component is costly.

The previous works in the study of the
radiated fields in power system can be categorized
into EMC studies in power systems,
electromagnetic computational modeling studies,
electromagnetic ~ signature  studies,  system
monitoring studies and fault and failure diagnosis.
The electromagnetic computational modeling is
the concern of this paper.

The modeling process in the field of
clectromagnetic ~ compatibility = means  the
establishment of a connection between the source
of interference or any other cause and its effect,
which can be the response of the component as the
part of the system. This relationship can be
established in several ways depending on the type
of problem, its complexity, and the degree of
approximations with respect to an exact
formulation. The possible methods involve:

e Using circuit theory for describing the
conducted disturbance, such as voltage dips,
over-voltages, voltage stoppages, harmonics,
and common ground coupling [1], [2].

e Using an equivalent model (usually circuit)
with either distributed or lumped parameters,
such as in low-frequency electromagnetic field
coupling expressed in terms of mutual
inductances and stray capacitances, field-to-
line coupling using the transmission line
approximation, and cable crosstalk [3], [4].

e Formulating the problem in terms of formal
solutions to Maxwell’s equation and making
analytical models based on that [5].

e Physics based modeling using numerical
methods such as finite element method, finite
differential method, method of moments and
so forth [6]-[8].

Generally, the methods wused in EMC
modeling are not only to visualize electromagnetic
phenomena, but also to predict and suppress the
interferences.

In this paper, first the procedure of physics
based modeling for EMC study is explained. Then,
the equivalent source modeling versus 3-D full
finite element modeling is discussed. Afterward,
the EMC modeling of the power converter with
the purpose of the optimization of power
electronic components’ performance is described.
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Through these studies, the techniques for the
physics based modeling for special purpose are
discussed.

I1. PHYSICS BASED MODELING FOR
THE ANALYSIS OF MACHINE DRIVE

A. Multi-scale problems

In applications such as radiated emissions or
immunity of a system, cables and any ground loop
current and on-board antennas can be considered
as a complex multi-port antenna that can be
characterized using electromagnetic modeling
techniques. For building an EMC model, however,
it is necessary to consider a range of modeling
techniques, as outlined in Table 1, operating at a
number of different levels. The clearest need for
combining models of different types is the
integration of circuit behavior (“type A3” models)
with the electromagnetic performance of the
installation (a “type Al” model). However,
difficulties in prediction of EMI still exist. As the
number of components within a device increase,
the complexity in modeling all the parasitic,
especially the mutual coupling ones, would
increase exponentially, resulting in a task that is
unpractical even with today’s most powerful
computers. Therefore, in some cases a
combination of the models type A2 and A3 may
be wuseful for computationally expensive
calculation. Moreover, the complexity of
parameter extraction can be reduced by only
modeling of the major EMI related components
and circuits. Ideally, such a simplification would
need some specialist knowledge of the device
electrical behavior and basic EMI characteristics.
For example, a distinction between the power
handling and logic circuits in a motor drive will
justify the concentration on salient EMI related

circuitry and components, thus, leading to
considerably reduced efforts in parameter
extraction.

Due to the nature of the multi-scale problem,
which is the multi-level numerical modeling, as
well as the requirement of the numerical test
environment which needs to be simple and quickly
recreated, the separate modeling of each of the
components and sub-components is needed.
Therefore, it is beneficial to divide the problem
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into three levels, as shown in Fig. 1.

The device level consists of each of the
physical model of all components calculated from
a 2D or 3D quasi-static electromagnetic finite
element analysis. In the device level, the
component models can be divided into several
subsystems, based upon their power range, their
location inside the components, their degree of
importance from EMC and EMI issues, force
outage rate, and the related fault diagnosis issues.
The interface level consists of any resistive,
capacitive, or inductive paths between enclosures
of the components and the additional decoupling
capacitor which are used to reduce the area of
ground current loop and also to cut the current
path and prevent it to enter the control units. The
environmental level consists of the physical model
of chamber filled with air and the enclosure model
of each of the components placed in it.

Table 1: Classification of the numerical level
necessary to predict the different performance
measures in the virtual test environment

Model Model Character |Objectives
Dimension
3D
3D intime |Electromagnetic |electromagnetic
Al for Frequency |(surface or field distribution
Domain volumes meshing) |and related
parameters
Calculation of
low to high
2D D N
or 3 . Quasistatic, frequency RLC
quasi-static .
analysis in electromagnetic elements of each
A2 ime (surface, volumes, |of the
. or peripheral components,
lharmonic .
. meshing) frames, and
domain
frame to outer
chamber
_ Lumped element Physics-based
0D in time LR circuit model
circuit (discrete .
A4 |or frequency . (circuit
. mathematical . .
domain simulation
models) .
environment)

ACES JOURNAL, Vol. 29, No. 12, DECEMBER 2014

’ Device Level ‘ | Interface Level | ’ Enclosure Level ‘
Electric Machines Cable harness Ou‘ter epclose
between with air and
Speed controllers components each of the
IGBT Modules = enclosures
Toverter and Capacitive current inside
C paths between
onverter
enclosures and
Integrated circuits | |  between each
Internal cables enclogure to' the
floating point
Enclusures
Decoupling
AC and DC choke Capacitors

EMI Filters

Fig. 1. Decomposition of modeling problem for
creation of numerical test environment.

B. Numerical virtual prototyping

As previously explained, the modeling
problem can be decomposed into three different
levels; i.e., device level, interface level, and the
environmental level. In each level, the sets of
numerical analyses are required to enable the
designer to predict the performance measure of the
device under developed, either under fault or no-
fault situations. Figure 2 illustrates the modeling
procedure required at each level to provide the
designer with a performance measure.

A schematic view of a complete motor drive
system [8,9] is shown in Fig. 3. In this system, the
motor component, the Insulated-Gate Bipolar
Transistor (IGBT) switch module component, DC
bus component, cable component, and the logic
components establish the main parts of this
system. Each of the components is enclosed in an
enclosure, and all of the enclosures are placed
inside a chamber that is electromagnetically
isolated from outer environment.
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Enviroment Level
T T TN

For preparation of the numerical test

Croation of the environment for a motor-drive schema, the
_ | Low frequency physics-based modeling bfhin;ber Wit(lill following procedure is implemented to evaluate
/| of each component including power o oo the EMC and EMI in the environment that the
| bus, machines, switches, DC chokes, oI enclosures n . . .. R
EMI filters, and etc. including enclosure FE-based motor-drive is located inside. In brief, the step by
| using a quasi-static FE solution sfﬁﬁﬁfffnf?& step implementation of the modeling procedure is
_ v : .
| % Creating of high freq. equivalent circuit simulation of summarized as:
|»ﬂ of each elementf of components electr(t)‘mlatlignetlc 1- A Coupled ﬁeld-circuit 3D finite element
2 1c . . . .
|§ Connection of the elements and creation propagation electromagnetic and electrostatic analysis is
| ; i .
| of each a"“"esfc’;frzstse‘l;e components — done to calculate low to high frequency model
| : v blackbox model of each of the components. For the motor, this
|| Connection of all of the components | with simulated task is done both for differential mode and for
| and creation of model 1 ground currents X . K
2 from simulink common mode. This stage is done by using 3D
\ Simulation of the equivalent circuit of finit 1 t lvsis f . full d
o cach part in simulink bR Signatue study inite element analysis for a given full an
T — ;Pr = equivalent configuration including layout and
t tu . oL
ault Diagnosis and Pragnosis Sudics | Excitation of the ground schemes. At this stage, the estimation
/ Creation of each part 1ngFE-based FE model with of the low to high frequency current paths
software for simulation of extracted current ..
I clectromagnetic propagation from Simulink %n51de the structure of each of the components
| Simulation of the global equivalent 1s also done.
| circuit in Slmuilzlk and egtfacn‘m 2- Estimation of the current multi-paths between
current to_groun:
Iz ) the enclosures, and between each of
Combination of model 1 and 2 = . .
|3 | S e 0 hy enclosures to the outer chamber including
@ . . n . . .
| % Creiatlon of thle unwalffnt c(;rcult of1 A physwally grounded paths and hlgh frequency
enclosures including selt and mutua . . . .
|§ inductances between enclosures and capacitive paths. Here, the proximity effects,
| | mutual capacitance and floating ground and skin effects are ignored and the static
| capacitance (model 2) capacitances are calculated; however, the
| [Lowfrequency physics-based modeling geometry and material effects are taken into
of the enclosures while they are placed
\ | in the chamber using a quasi static FE account. In the cable component, the enclosure
~ solution is assumed as the shield of the cable which is

Fig. 2. Functional model of the numerical test  3-
environment.
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Fig. 3. A view of the numerical test environment

for machine-drive design. Cs: stray capacitance,  5-
Icur: high frequency circulating current, Icprur:

low and high frequency circulating current.

grounded.

Simulation of the whole motor-drive circuit
including all the high-frequency parasitic
parameters and extraction of the ground
current to the floating ground point from all of
the high frequency ground paths and the
physically grounded paths in hybrid finite
element/circuit modeling.

Implementation of the estimated current
distributions path inside each of the
components via line wires in a 3D finite
element software and evaluation of radiated
field to the surrounding environment while the
simulated line and line to ground current form
circuit is modeled as a current source to inject
the current to the corresponding line wires that
represent the current paths model. At this
stage, the FE analysis is limited to the
component and its enclosure.

Implementation of the estimated current
distribution paths via line wires inside the
outer chamber along with the enclosures
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model, in a 3D finite element software, and
evaluation of radiated field to the surrounding
environment while the simulated ground
currents form circuit model are assumed as
current sources that inject the proper current to
the their corresponding line wires that
represent the current path models.

6- The uncertain and stochastic impact of noise
currents propagated by fields can be analyzed
through placing a current source noise inside
the model.

Through this type of modeling, the complexity
of the physics based modeling is split into three
shown major sub-problems.

III. EQUIVALENT SOURCE MODELING

In this section, the electromagnetic signature
study of electrical components is estimated by
evaluating the fields at a distance from their
sources. A numerical three-dimensional model is
developed and utilized for this purpose. The
estimation of these radiated fields from electrical
components requires significant computational
time, especially for cases involving multiple
components such as generators, motors, power
converters and cable-run (see Fig. 4).

Fig. 4. Prototype of a multi-component system.

A. Electrical machines

It’s proposed to develop equivalent source
models using edge modeling technique in finite
element analysis to overcome this limitation while
maintaining accuracy. The proposed model
consists of loops with various branch currents and
node voltages as shown in Fig. 5 [8-10].
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Fig. 5. Schematics of the power setup: (a) full FE
model, and (b) equivalent model.

In order to model a multi component system in
a large study environment, each of the components
need to be modeled individually (see Fig. 5). The
wire model of the system is designed and created
based on the current directions. The path of the
winding arrangement for the machine and the
other components, including the position of the
voltage terminals, should be identified. The
models are shown in Figs. 5 (a) and (b). As shown
in this figure, the wire model consists of numerous
lines with specific currents flowing and voltages
established at the nodes of these wires. The
currents of the wire model are calculated based on
equalizing the magnetic field densities. Using the
Biot-Savart law, the radiated magnetic field
density of a line at an R distance away from the
line is as follows:

M, ¢l dlxa

= 40 J. 1—2R , (1)
4 R

where the / is the length of the line and I; is the

carrying current of the line and 4, is the unit

distance vector between d/ and the observation
point. Similarly, for a volume current, the radiated
magnetic field density at a distance R is as

follows:

X
v:&deVQaR‘ 2
4r R

The idea of this model is to have the same
field, while the model is a line and doesn’t have
cross-section. Hence, by equalizing the two above
equations and considering J, R, ds and d/ as the
known parameters, then the I, the current
amplitude of the line, can be calculated. The
voltages of nodes are similarly calculated by
equalizing the electric field due to the charge
distribution of the line and the volume. More



details about the basics of the model are
mentioned in [10].

The magnetic fluxes radiated from the actual
and the wire models are derived from the
simulation at 7 m away from the arrangement and
shown in Figs. 6 (a) and (b), respectively. As can
be seen, the magnitude of the radiated magnetic
field of the optimized wire model is almost the
same as the full 3D model. The proposed wire
model performed the analysis accurately while the
analysis time was significantly shorter in
comparison with the full 3DFE model (about 50
times lower), while the full model had 8 million
degrees of freedom versus one million degrees of

freedom of the equivalent model.

May: 1.125e-6 Max: 1.124e-6

Min: 1.245e-9

(a (b)

Min: 1.139¢-9

Fig. 6. Radiated magnetic flux density of: (a) 3D
full model, and (b) wire model in Tesla (T).

The simulated  model is  verified
experimentally based on the setup shown in Fig. 7.
The setup consists of a synchronous generator:
13.8 kW, 3 phase, 230 V; induction motor: 3
phase, 5.5 kW, 230 V; 3 kW AC load, XLPE cable
with armored PVC sheathed. The coil antenna and
the real-time spectrum analyzer which is used in
the measurement are specifically for low
frequency analysis with high precision. The
frequency range is between 20 Hz-500 kHz. The
winding of the antenna is 36 turns of 7-41 litz wire
shielded with 10-Ohms resistance and 340 pH
inductance. The antenna and the setup are located
based on the standards (MIL-461-STD). The
spectrum analyzer, also covers 1 Hz - 3 GHz with
+0.5 dB absolute amplitude accuracy to 3 GHz.
Note that there is a controller connected to the
drive shown in Fig. 7 which is out of the system
and the system is turned on manually.
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—r S)"I-ICI'IFUIIOUS
. Generator

Induction
Connection to| | Motor
load

Coil
| Antenna

Analyzer

Fig. 7. The studied setup including machines,
measurement equipment and control drive (for
switching).

As the case study, all components including
the synchronous generator, the induction motor
and the electric load are turned on. The cables are
passing currents; therefore, they also can be
considered ON. All switches are turned on and the
H-field is measured experimentally and also
obtained from the simulation models. The
machines are tested at their nominal voltages. The
magnetic field intensity (H-field) of the
measurement and simulation models is shown in
Fig. 8. As shown in this figure, the full finite
element model and the wire model have similar
radiated H-field compared to the measurement.
The small differences of the amplitudes are
because of the effects of the bodies of the other
components around the system.

measurement

Magnetic Flux Intensity (dBuA/m)

3DFE model
equivalent model

-2.5 -1.5 1.5 2.5

-0.5 0.5
Arc Length (m)
Fig. 8. The measured magnetic field intensity at 55
cm far from the setup on Y axis while all
components were turned on at 60 Hz (dBuA/m).

The informative part of the figure for the
monitoring purpose is the peak point at the critical
frequencies, such as the power frequency and the
consequent harmonics. Since the machines are
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designed to be symmetric, the peak of the radiated
H-field would be placed on a perpendicular line in
the lateral side of the motor’s casing at equal
distance from the two sides of the shaft (see the
dashed line in Fig. 9). This can be inferred by
comparing Fig. 8 and Fig. 10. Hence, if the peak
point of the Fig. 8, which is located at the junction
of the dashed line and the solid line, moves back
or forward along the solid line in Fig. 9, then this
shift may be considered as a symptom of the
asymmetry or unbalanced condition of the motor.

Fig. 9. The assumed line perpendicular to the
lateral side of the motor. The maximum field is
radiated at this point.

The frequency response of the experimental
setup is also shown in Fig. 10 for both switch
cases. Comparing Fig. 10 (b) with Fig. 10 (a),
since there are two 4pole machines running in this
case, the peak at the mechanical frequency which
is 30 Hz, has higher amplitude at 55 cm away
from the setup. For recognition of the operating
machines, this can be considered as a helpful
symptom. Note that, the peak of the H-field at 60
Hz in Fig. 10 (a) is the effect of the other
components in the vicinity of the setup
arrangement [11].

At 55 cm away

from the setup
is

(the

At 55 cm away
from the setup

Fig. 10. The measured magnetic field intensity at
distance away from the setup in lateral side of the
motor while all components except IM were
turned off (dBuA/m). The bandwidth of frequency
is 120 Hz and the center frequency is 60 Hz.
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B. Power converters

The same procedure of modeling is applied for
the power converter with the exception that the
power electronics converter has switches and the
switching activities should be considered. The
prototype of the inverter’s FE model is shown in
Fig. 11.

Fig. 11. The prototype of the inverter, induction
motor and the connection cable.

To model the IGBT switches of the inverter
for signature studies, the switches must be
considered OFF for a moment of time and then it
must be considered ON for the next time instant.
This shift occurs based on the switching frequency
of the converter. In order to do this in FE
simulation, the plate between the load and the
positive bus, shown in Fig. 12, is considered a
conductive plate for the switch-ON case.
Subsequently, this plate is considered a non-
conductive plate for the switch-OFF case. This
alteration of the conductivity of the plate occurs
5000 times in a second due to the switching
frequency (5 kHz).

Load
Terminal |-

Negative
Terminal || Positive
~ | Terminal

Switching
plate

Fig. 12. Physical model of the inverter switches.

The simulation was computed in six hours
with about one million elements including face,



line and node meshes in the model with six million
degrees of freedom. The large number of elements
is necessary because of the very small surfaces,
edges and lines of the critical part of inverter and
cable, as shown in Fig. 13. The details of FE
modeling is reflected in [12]-[14]. The simulation
was performed in a fast computer with 192 GB
RAM and 16 core Intel Xeon 3.47 GHz CPU.

Fig. 13. Mesh pattern of the modeled inverter.

As the case study, the inverter is connected to
an induction motor. The induction motor is the
same as the previous test. The inverter is 5.5 kW,
320 V, 3 phase with space vector modulation as
the switching algorithm. The simulation was
computed in six hours with 950,000 elements and
5.7 million degrees of freedom (one million mesh
elements). Since the case includes very small
elements and also nonlinear materials, e.g., the
core of the machine, the simulation of the inverter
connected to the load or motor may take 8 hours or
more for only one time instant. The experimental
setup is shown in Fig. 14.

Shielded
> " 3-phase
Chamber . 2
induction

' Three-phase S Motor
\ Inverter
Armored
Cable

Fig. 14. The scheme of the measurement setup
shown in Fig. 11.

BARZEGARAN, ET.AL: COMPUTATIONAL ELECTROMAGNETICS FOR EVALUATION OF EMC ISSUES IN MULTI-COMPONENT

Generally, linear or non-linear solvers are
being used in the FE simulations. In this case,
since there are several materials with nonlinear
characteristics, the linear solver cannot be used.
On the other hand, using nonlinear material rises
the simulation time dramatically. Hence, a
modified solver and an associated iterative
technique was employed. Instead of having linear
or curved commutation curve, the ramp of the
curve in several zones was calculated (pr, pre ...)
and used instead of the commutation curve in this
part as shown in Fig. 15. The benefit of this
modification is that the magnetic flux density of a
component changes in a very small period due to
the steady state condition of the system. For
example, the magnetic flux density of the stator
core of the induction motor is about 1.5-2 T in
power frequency analysis, 50-60 Hz. For higher
frequencies, it goes down to under 1 T. Therefore
in this case, a specific zone of the permeability can
be chosen for this component. Similarly, the
permeability of the other components of the
system can be chosen based on the working
frequency. Therefore, having the idle parts of the
commutation curves of the elements would be
avoided and the simulation time decreases. This
algorithm can be applied in the material defining
part of the FE simulation.

In addition to the modification in defining the
material properties, some modification needs to be
performed for the solver to have a flexible
solution. Hence, as the iterative solver, the fast
Generalized  Minimal Residual  Technique
(GMRES), with the Krylov as the pre-conditioner
was used. The fast GMRES is a variant of the
GMRES method with flexible preconditioning that
enables the use of a different pre-conditioner at
each step of the Arnoldi process. The Krylov
subspace is a linear subspace which enables multi-
preconditioning [15]. In particular, a few steps of
GMRES can be used as a pre-conditioner for fast
GMRES. The flexibility of this solution method is
beneficial for the problem with nonlinear material
characteristics such as the motor’s core. Therefore,
the simulation time decreases from about §-9
hours to about 20 minutes. More explanation is
given in [16].
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Fig. 15. Magnetization curves of some material

used in the simulation.

In addition to the simulation, the experimental
setup was implemented in a chamber which
isolates the setup from the outside environment,
shown in Fig. 14. The coil antenna was located at
10 cm away from the inverter to obtain the stray
magnetic field. The fields were transferred to an
EMI receiver, real-time spectrum analyzer, with a
cable of 50-Q impedance.

The magnetic field intensity (H-field)
generated from the setup in simulation is shown in
Fig. 16. The H-field at 5-kHz frequency is shown
on a slice at 10 cm away from the setup, the same
as experimental setup. As illustrated in this figure,
the amplitude of the stray field around the inverter
box is higher than other places. The reason is that
the switching frequency of the inverter is 5 kHz,
the same as the frequency depicted from the
simulation figure. The simulation was performed
at several other frequencies. Only the switching
frequency of the inverter which is 5-kHz, is shown
here. The setup was also implemented
experimentally. The frequency response from DC
to 20-kHz was obtained and shown in Fig. 17.

The unit of the simulation result is pA/m,
while the unit of the experimental results is
dBpA/m. The pA/m can be converted to dBuA/m
by using Eq. (3). Using this equation, the peak of
the stray magnetic field at 5-kHz at the given
distance is -4.37 dBpA/m would be 0.61 pA/m
experimentally, which is very close to the value in
simulation, see Fig. 16;

dBW/

W/ 10 2 . (3)
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000 Multislice: Magnetic field norm (A/m)

A 6.2798x1077
x107% -~
= ~

% <A
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Fig. 16. Stray magnetic field intensity of the setup
case 2 at 5 kHz simulated in FE (nA/m).
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M3 14.950 kHz  14.550 kHz -5.48 dBUA/M

Fig. 17. Measured frequency response of the stray
magnetic field intensity of the setup from DC to
20 kHz (dBpA/m).

C. Power cables

The actual physical modeling of cables for
signature studies requires all the details to be
considered even in a large region. The XPLE
cables similar to all electromagnetic sources
propagate dipoles at a far distance. However,
interacting several components such as electrical
machines, power converters modify the shape and
the amplitude of dipoles. Therefore, each model
should be modeled and studied independently.
However, there is a problem with the modeling of
the relatively small layers of a multi-core XLPE
cables. The study region could be about 20,000
times bigger. This causes deformation of the
cable’s model during meshing in numerical



modeling method. The present study is performed
on the XLPE insulated and armored PVC sheathed
cable (0.6/1 kV).

Figure 18 shows the typical model, as well as
original and the deformed models of the studied
cable in finite element analysis environment. In
order to solve this issue, a specific modeling
including multi dipoles with several line currents
and node voltages are designed similar to the
procedure explained in III.A. As shown in Fig. 19,
the model is replaced by a collection of lines
located in the position of the windings in actual
machine. More details are mentioned in [17].

=

=
=2
—
=z
=
=
=
=
=

==

(b)

Fig. 18. Models of the proposed cable in finite
element design: (a) typical model, (b) orignial FE
model, and (¢) deformed FE model.

Fig. 19. Prototype of the multi-dipole models of
the studied cable.

Many case studies are implemented related to
cables, but for brevity only one of them is
explained in the following.

The proposed model is analyzed in connection
with a power component. A synchronous
generator is coupled with a multi-core XLPE
cable. In order to model the synchronous
generator, the wire modeling is used which is
basically similar to the proposed modeling of the
cable, further details are explained in [18]. The
actual and equivalent models of the cable
connected to the machine are shown in Fig. 20.
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(a) (b)

Fig. 20. Schematic of the synchronous machine
connected to the cable: (a) the detailed model, and
(b) the equivalent model.

The rated voltage is applied to the cable which
is connected to the machine and the radiated field
is measured at a far distance from the sources.
Also, the current and voltage values of the
equivalent model are calculated based on the
individual actual models of the machine and cable.
Figure 21 shows the propagated fields of both
models along X axis in XY plane. The proposed
line is also shown in the figure. The difference of
amplitude between these two models is because of
superposition of materials. Since the cables and
machine are so close together, therefore, there is a
superposition effect in magnetic field. The
radiated magnetic field from cable is induced into
the machine and creates an induced current which
radiates an additional field from the machine.
These phenomena cannot be simulated perfectly in
the proposed multi-dipole modeling so there is a
difference in the curves. More studies are in [17].

actual model

N
=)
T

------ equivalent model

NG
> o

N
N

)

Magnetic Field Density (T)
5 n

r r r L —" L r r r r
20 -6 12 -8 -4 0 4 8 12 16 20
coordinates (m)

Fig. 21. Radiated magnetic field density along X
axis in XY plane.
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IV. HIGH-FREQUENCY EQUAIVALENT
SOURCE MODELING

For EMC modeling the power components,
especially power electronic components such as
drives and converters, the high frequency
modeling of them is needed which is implemented
based on Fig. 22. The detail models of the power
converters are reflected in [19].

DC

Inverter circuit

Cable

Model

Fig. 22. Inverter circuit of AC motor drive, used in
simulation with inclusion of parasitic components.

Figure 23 demonstrates the connection of a
three-phase 42-V inverter, armored power cable
and three-phase PMSM. The inverter adopts
power IGBT as the switching device. In the
inverter model, all the semiconductor devices are
substituted with their corresponding physics-based
models. To simulate such an inverter drive, the
time-domain simulation approach is used. To
construct the simulation model for motor-drive
system, the three major components of the system
(i.e., inverter, cable and PMSM) are replaced with
their corresponding physics-based models.

The test setup used to measure the frequency
spectrum in different point in the drive system is
shown in Fig. 23 (b). The illustrated test setup
consists of a DC power supply, LISN, inverter
circuit, 2 m long armored power cable and a 250
Watt PMSM. To measure the common mode
current, all these components are assembled on a
metallic plate. Subsequently, the conducted
current can be measured between these plates. In
order to avoid time-consuming computing process
and better evaluation, the frequency domain
simulation approach is used.
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g | ol _|E|'1 Ry (@---
1

metalic
plate

1 analyzer

Fig. 23. Schematic view of a motor-drive system:
(a) schematic of motor-drive system used for CM
measurement, and (b) experimental setup.

Figure 24 shows the system structure in the FE
model. This model was solved to estimate the
values of the parasitic elements in the circuit
model. Figure 25 shows comparisons of conducted
EMI common mode between the measurements
approaches

data and two modeling in the

frequency domain.

Fig. 24. The converter model in finite element and
its corresponding mesh.

Measurement of
actual system

[Y(DIdBV)

i
Simulation, without !
considering the
switches HF model

Actual measurement |
Modified model
""" Conventional model |

L L L L
0.5 1 1.5 2 2.5 3 35
Frequency (MHz)

Fig. 25. Frequency spectrum of the common mode
current.



To study the effectiveness of our models, the
equivalent models for cable and PMSM were
added to the inverter model and the simulation
results are compared to the experimental results.
To verify the accuracy of our numerical results,
the common mode current of the setup in Fig. 24
was measured using the current probe with 100
MHz bandwidth. The current of Fig. 24 is
measured at the ground port of the input DC
power supply.

As an application of this modeling, three
switching techniques (Hysteresis, Space Vector
Modulation and Sinusoidal PWM) with a carrier
frequency of 5 kHz applied to the inverter. A
three-phase 5 kW RL load was connected to the
inverter, which makes the inverter operate at
nominal power. The calculated currents were then
injected to the terminals in the 3D-FE based
model. The 3D-FE solution was obtained using
harmonic propagation analysis. The step time for
this simulation was 5 pus. To validate the obtained
numerical results, the experimental setup was
implemented and the inverter’s phase current
spectrum is measured using a spectrum analyzer
and a 100 MHz current probe. The measured and
simulated frequency spectrums of the inverter’s
phase current for SVM as an example is shown in
Fig. 26. Subsequently, the magnetic field spectrum
of the components designed using the physics
based modeling are shown in Fig. 27.

— Simulation

Experimental

ot 1
10' 10° 10° 10 10

Frequency (Hz)

N,
>

3

[Y(H)i(dBV)

N
o

Fig. 26. Comparison of the frequency spectrum of
the inverter’s phase current between equivalent
model and experiments.
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[Hy steresis

Fig. 27. Magnetic flux density at different
switching patterns before (left) and during
switching (right): (a) hysteresis, (b) SVM, and (c)
SPWM.

It can be easily inferred from the figure that
within this model, various parameters can be
changed and studied in order to identify an EMI
mitigation strategy during the design stage of these
systems. In the proposed model, the EMI can be
analyzed at any point or plane within the
simulation volume, and can be solved for different
switching patterns. The time dependence of the
radiated EMI can also be evaluated using the
model. We can see how the magnetic flux density
behaves over time at specific locations and at
various switching patterns and frequencies.
Furthermore, the field image can be obtained for
various scenarios specified by the designer and
provide them with information that can be
obtained quickly. This would allow for efficient
and effective complete design work using
computational electromagnetics.
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V. OPTIMIZATION OF
ELECTRONIC CONVERTERS
PHYSICS-BASED MODELS

In this study, the optimization of a physics-
based representation of a frequency modulated
switch mode converter is presented. The proposed
physics based model can be used to evaluate the
electromagnetic interference in the structure of the
converter. In this method, the power converter
magnetic components and their position on the
circuit board are modeled numerically using Finite
Element Analysis (FEA). Subsequently, the
placement of the components and also the
electrical and operating parameters of the
converter are optimized in a way to limit the
propagated  electromagnetic  field of the
components. This is an essential fact in design of
the power converters and the evaluation of their
EMI interactions for EMC compliance.

Figure 28 depicts the flowchart of the
parameter optimizing procedure using GA.
Parameters for optimization are the converter’s
operating parameters and placement of the
magnetic components with respect to each other.
The genetic algorithm evolves the given
population of individuals. The object function is
consisting of the area of the circuit board and
energy of the output voltage signal. In order to
change the area which confines the two inductors,
the filter inductor’s position is considered as a
reference and the resonant inductor placement is
changing all around the reference point (filter
inductor). Figure 29 illustrates the process of
changing the placement of the two inductors as
with respect to each other.

POWER
USING

| ¥

FE ANALYSIS

v

! SIMULATION

v

ENMI ANALYSIS

Crossover

Selection of elite

Genetic Algorithm

Fitness evaluation

(=

Objective function

Fig. 28. The optimization process diagram.

ACES JOURNAL, Vol. 29, No. 12, DECEMBER 2014

Fig. 29. Iteration accomplished by GA to
minimize the objective function.

Table 2 shows the results from the
optimization process. The magnetic component
positions of this converter are shown in Fig. 30. It
is clear that this power converter is showing a poor
EMI performance at initial design stage (Fig. 29
(a)). FE analysis is performed observe the near-
field effects for the given layout. Further, we
performed repeated simulations to determine the
best EMI performance versus geometry of the
board and the frequency (Fig. 30 (b)).

Table 2: Optimization results

Parameters |, (uH) f(kHz) |Area (mm?)
Initial = 50 3360
design

Optimized ;5 00 11000
design




Contour Plot
RMS |B| smoothed
1

0.02

0.016

0.012

3 0.00800002
0.00400003
3.55985e-008

(b)

Fig. 30. Layout of the system: (a) before
optimization, and (b) after optimization.

Figure 31 compares the input current
spectrum, filter inductor’s current spectrum and
output voltage spectrum of the converter in the
ideal case and physics-based mode (non-optimized
case), respectively. It is noticed that in the
optimized case, the pick of the frequency spectrum
has been decreased, as compared to the non-
optimized case. Figure 32 shows the circuit layout
of the converter in the optimized case. In this case,
the magnetic components are placed, somehow,
that the magnetic field generated by each one has
the less interference with the other. More details
are reflected in [20].
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Fig. 31. Comparison of FFT spectrum between
optimized and non-optimized quasi-resonant
converter, resonant inductor’s current.
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Fig. 32. ZCS quasi-resonant buck converter’s
circuit in the optimized layout.

VI. CONCLUSION

This paper reviewed the physics based
modeling analysis for the purpose of EMC
evaluation in multi components power system. It
introduced the algorithm of physics based
modulation for both low and high frequency
analysis. The equivalent source modeling of the
powertrain was implemented for EMC studies and
the results showed that the equivalent model can
make the same result of the full model with
significantly less simulation time. The model has
been used for condition monitoring of the
components based on the EM signatures.
Moreover, the optimization of the switching
algorithm, as well as the proper placement of the
magnetic components on the PCB was achieved
all based on the radiated electromagnetic fields.
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