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ABSTRACT Electromagnetic interference issues are associated with high-speed switching of power
converters. EMI modeling is an essential tool to study and control the EMI emission, enabling more
efficient solutions. A comprehensive review and comparison of different modeling approaches for conducted
emissions are provided in this paper, which can be used as a design guideline for engineers. For a motor
drive application, common mode and differential mode conducted emissions are studied, and dominant noise
production mechanisms are identified. Moreover, a review of various modeling techniques is presented
for the main parasitic components of the system. Finally, time domain and frequency domain analysis
approaches are explored along with the equivalent circuits which enable fast prediction of EMI emissions.
This paper intends to help the reader develop an organized understanding of conducted emission modeling
to assist them with a more efficient and electromagnetically-compatible design.

INDEX TERMS Circuit modeling, common mode, conducted emission, differential mode, electromagnetic
interference (EMI), motor drive inverters.
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I. INTRODUCTION

With the recent advancements in power electronic technolo-
gies, designers and manufacturers tend to go for higher
switching frequencies, which allow reducing the size of the
converter. Therefore, the operation of electronic devices in
close proximity within a power converter is inevitable in

modern days. These circuits often adversely affect each other, iL :
which may cause malfunction. This has brought an important —> Corﬁfﬁon —>

concern into attention: electromagnetic compatibility (EMC).
A system is electromagnetically compatible if it
« functions properly in the intended environment,
« is not a major source of electromagnetic pollution to the
environment,

FIGURE 1. Different aspects of EMC problem.

« does not interfere with itself.

EMC is associated with generation, transmission and re-
ception of electromagnetic energy, as shown in Fig. 1. A
source generates the emission that is transmitted to the
receiver through a transfer or coupling path in forms of
radiation or conduction. The received signal is processed in
the receptor, which may or may not cause undesired behavior.
Note that the processing is important in the receptor. In some
cases, the received energy has no effect on the function of the
receptor and is not specified as interference.
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In terms of cost and time, it is more effective to consider
EMI issues at the design stage that would minimize post-
processing solutions, including additional mitigation com-
ponents, and testing time and cost. An EMC-integrated de-
sign requires comprehensive system modeling capable of
predicting EMI emissions. Although there are many papers
on EMI modeling of power converters, the absence of a
comprehensive review is noticeable. This paper intends to
assist the reader in expanding a thorough knowledge of EMI
modeling methods that can be used as a general guideline
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for engineers to determine the most appropriate modeling
methods for the given application. In this paper, available
modeling methods in the literature for conducted EMI emis-
sions of power converters are presented. Next, dominant
noise production mechanisms are identified in an inverter-fed
motor drive system and different modeling techniques for the
main parasitic components of such systems are also studied.
Time domain and frequency domain analysis approaches are
also investigated.

The rest of the paper is organized as follows. Section II
discusses EMC measurement and standards. An overview
of EMI modeling approaches is presented in Section III. In
Section IV, the dominant parasitic components of a motor
drive system are studied and different modeling techniques
are reviewed for each one. The simulation methodologies are
discussed in Section V. Finally, the conclusions are presented
in Section VI.

Il. EMC MEASUREMENT AND STANDARDS
Electromagnetic compatibility is not only an important index
of performance but also a legal requirement for any electronic
device before marketing. Employing standards, governments
ensure that EMC is controlled in the design and use of
electronic equipment. EMC standards usually have a section
explaining the technical terms and other sections to define
the test equipment, test methods, acceptable measurement
receivers and the specific limits that must be met [1].

In the United States, the Federal Communications Com-
mission (FCC) regulates the EMC requirements. Under Title
47 of the Code of Federal Regulations, the FCC Rules
and Regulations have several parts concerning the control
of interference. Part 15 contains the requirements for ra-
dio frequency devices defined as any device capable of
emitting radio-frequency energy from 9 kHz to 3000 GHz
by conduction or radiation. FCC part 15 has six subparts,
which Subpart B is more relevant due to its applicability to
digital electronics [2]. Outside of the U.S., the regulations
of the International Special Committee on Radio Interfer-
ence (CISPR, from its French title), which is a part of the
International Electrotechnical Committee (IEC), are widely
accepted. The requirements of CISPR 32 or the equivalent
European Union EN55032 apply to multimedia equipment
in order to protect radio frequency band from 9 kHz to 400
GHz [3]. Based on the end-consumer, FCC and CISPR define
two types of products: class A products intended for business
and industrial environment, and class B equipment marketed
for residential setting. The requirements of class B prod-
ucts have more restrictive limits, as the possibility of EMI
problems is higher due to the close proximity of electronic
devices. Another important EMC standard is published by
the U.S. Department of Defense that apply to the military
and aerospace industry. Many military organizations outside
of the U.S. have adopted the limits specified by the standard
MIL-STD-461G [4].

CISPR 32 or FCC part 15 are the main standards consid-
ered in here. Either class B or class A limits can be applied
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based on the end-user. Fig. 2 shows the FCC and CISPR
limits for conducted emission of class B products. QP and
AVG in Fig. 2 denote quasi-peak and average measurement
techniques, respectively. Peak detectors normally measure
the highest value of the signal regardless of the energy they
carry or duration of their existence. However, studies have
shown that the level of noise disturbance is also related to the
repetition rate of the signal. Therefore, a quasi-peak detector
measures the weighted signal according to the repetition rate.
For a continuous waveform, peak and quasi-peak would be
the same. The quasi-peak measurement is proportional to
the amplitude and the repetition rate. A quasi-peak test is
required in case the peak values marginally pass the limits.
If the measured noise is below the quasi-peak limits, the
product is likely to pass the compliance tests.
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FIGURE 2. CISPR32 class B conducted emission limits (QP and AVG denote
quasi-peak and average measurement techniques, respectively).

In addition to setting the limits, every standard defines how
to measure the data. The limits set for conducted emissions
regulate the emitted noise conducted through the power cord
as it is connected to the distribution system and capable of
interfering with other subsystems. The conducted emission
that needs to be measured is the noise current conducted back
to the ac power cord. CISPR and FCC use a standard Line
Impedance Stabilizer Network (LISN) placed between the
equipment under test (EUT) and the power cord. A common
50uH LISN is shown in Fig. 3(a). The first function of
LISN is to prevent the outside noises from contaminating
the measurement. L; and Cs in Fig. 3(a) block and divert
noises coming from the power system within the conducted
emission frequency range. The second function of LISN is to
present a constant impedance to the product terminals at the
frequency range of measurement (150 kHz to 30 MHz). The
impedance of the power line can vary at different locations
for different power ratings. It can be seen in Fig. 3(b) that
the impedance is seen by the equipment looking into LISN
(between phase/neutral and ground wire, denoted by Z1rsn
in Fig. 3(b)) is almost constant in the frequency range of
interest. This helps us to make sure that the measured data
at one site correlates with the measurement at the other sites.
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The noise currents are decomposed into common-mode
and differential-mode currents. Differential mode currents
flow between neutral and phase conductors whereas common
mode currents flow through the phase and neutral conductors,
and take ground wire as the return path (see Fig. 4). Measured
phase and neutral noise currents can be rewritten as:

Ip =Iew + Iim ey
IN :Icm *Idm, (2)
where I..,,, and I, denote for common mode and differential
mode currents respectively, depicted by the dashed and solid

lines in Fig. 4. Ip and Iy represent the current flowing in
phase and neutral lines respectively. That gives:

1

Iem = §<IP + [N) 3)
1

Idmzi(IP_IN) “)

Differential mode currents are generated by the normal
operation of the converter. In ideal conditions, no differen-
tial mode noise should exist. However, in the real world
where components function differently, some differential
mode noise current flow between the phase and neutral lines
of the power cord. Common mode currents are produced due
to parasitic capacitors of the system that induce current on
the ground wire.
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FIGURE 3. Line impedance stabilization network(LISN), (a) Schematics (b)
Impedance looking into LISN seen by EUT.

Electromagnetic quantities are voltage and current (in
volts and amperes) for conducted emission, and electric and
magnetic field (in volts per meter and amperes per meter)
for radiated emission. One common issue is the wide range
of measured data. For example, measured conducted noise
emission can range between 1 pV and 10V, that gives a range
of 107 volts. EMC limits are normally expressed in decibels
as shown in Fig. 2. Decibels are capable of compressing the
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FIGURE 4. Common mode and differential mode currents.

data range. So the range of 107 is equal to 140 dB. Decibels
are the ratio of two quantities. Conducted emission voltage is
expressed relative to 1V as below:

v
dBuV = 20log,o(—
12 OglO( 1/“))

= 20log}y —20log(4” = 201ogl, +120 (5)

lll. OVERVIEW OF EMI MODELING

A comprehensive model is required for EMI analysis and
prediction. The available modeling techniques of different
EMI aspects, with more emphasis on conducted emission,
are presented in the following. Readers can refer to textbooks
[5] and [6] where EMC fundamentals are well explained. A
more mathematical approach is taken in [5], whereas a more
application-based approach is adopted in [6].

A. SIGNAL INTEGRITY AND CROSS-TALK
Signal integrity and crosstalk are the main issues regarding
the self interference aspect of electromagnetic compatibility.
Signal integrity is related to ensuring that a signal is not
damaged during the transmission throughout the intercon-
nects. As the clock frequency and speed of data transfer
increase, interconnect conductors have more effect on signal
transmission. Assuming the speed of data transmission in a
line is equal to the propagation speed, v, the required time
for data transmission from one end to the other is:

Ty =~ (©)

v

where L is the length of the transmission line. For example,
the time delay of transmitted data in a pair of conductors in
free space is equal to % = /Io€o = 3.33ns/m. That means
it takes 3.33 ns to transmit data from one end to another
in a one-meter length conductor in free space. Although
this time may seem insignificant, rise/fall times of digital
signals are very short (in the range of few hundred pico
seconds) in modern digital boards. Signal integrity issues are
negligible for a short transmission line where the wavelength
is comparable to the length of the transmission line. Ringing,
ground bounce, impedance mismatch and signal attenuation
are main issues associated with signal integrity.

Crosstalk refers to the electromagnetic coupling between
wires and nearby traces of a printed circuit board (PCB).
Crosstalk and signal integrity issues are among the most diffi-
cult problems to address. They should be considered in a PCB
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design where traces are close to each other, and high-speed
switching is common. EMC issues related to PCB design
are reviewed in [7]. EMI topics in PCB’s are classified as:
traces, cables, grounding tips and circuit configuration. Sus-
ceptibility, emission and crosstalk issues are studied for each
category, and many references are provided [8]-[10]. Under
circuit configuration category, switched mode power supplies
and electromagnetically compatible components are studied.
PCB simulation and modeling techniques are reviewed in
[8]-[10] where more recent structures are studied in terms
of electromagnetic compatibility and signal integrity.

Signal integrity and cross talk issues should be considered
for the control stage design, including the control algorithm
and control board design. Since this paper targets the con-
ducted emission modeling of power converters, the issues
associated with control board design are not investigated.
However, the effect of the control algorithm is reflected in
the switching waveforms as the main sources of conducted
emissions.

B. CONDUCTED EMISSION

Conducted emission modeling techniques can be divided
into two categories: (i) behavioral modeling and (ii) detailed
modeling. Behavioral modeling is a black box technique
that uses multi-port networks with independent sources to
model power converters. Derived equivalent circuit is then
employed for the prediction of CM and DM noise current.
Once the equivalent network is determined, one can obtain
predetermined parameters through a set of measurements.
CM and DM noises can be modeled either separately or
together considering the mixed mode noises. They mostly
rely on experimental measurements to identify model pa-
rameters (impedance and sources). The behavioral modeling
techniques are more suitable for system level studies. On
the other hand, detailed modeling approach considers the
features of the circuit elements. The detailed modeling, more
elaborated in the section III-B2, applies a device-based ap-
proach. Equivalent circuit approach is a more simplified form
of detailed modeling. Engineers may also combine the behav-
ioral and detailed modeling techniques. Fig. 5 summarizes
how the conducted EMI modeling methods are classified.

Conducted EMI
modeling

Combined
methods

Behavioral

modeling Detailed modeling

o Separated modes ® Device-based

* Mixed mode e Equivalent circuits

FIGURE 5. Classification of conducted EMI modeling techniques.

1) Behavioral modeling

An equivalent Thevenin source was first proposed in [11]
to model the behavior of a single IGBT switch for EMI

4

prediction. A Thevenin source is implemented to model the
IGBT package as the noise source and a two port impedance
network to separately model the propagation path as shown
in Fig. 6. Propagation paths are usually different for DM and
CM. The propagation path impedance matrix is measured by
an impedance analyzer. Current and voltage are measured at
the LISN port (V1, I1) and using (7), V5, and I5 are calculated.

] - e e [ne] o

Va(jw) = Vi(jw) = Zs(jw)l2(jw) @®)

Using (8), Vi and Z, of the noise source in Fig. 6 can be
calculated. However, two sets of equations are required to
solve for the desired parameters. The second set of equations
is obtained by changing the impedance network. Finally, the
obtained equations are solved for the voltage source (V) and
the source impedance (Z,). This method is called Thevenin
Equivalent Frequency Domain Source Model (TEFSM) and
it is expected to provide higher accuracy as compared to other
frequency domain source models such as trapezoidal source
modeling [12] where the switching waveforms are approxi-
mated by a trapezoidal waveform. Identifying impedances in
TEFSM is challenging especially at higher frequencies and
the accuracy of predicted results is not very high. Moreover,
this model is only valid for fixed operating and switching
conditions, i.e. one switching event that is assumed to be
repeated in every switching period. Therefore, this method
is not suitable for dc-ac converters where the pulse width can
change in different switching periods.

Based on the TEFSM, a new approach is proposed in [13]
to study a dc-ac half-bridge inverter. In a dc-ac converter, the
load current changes during a line cycle. In this method, the
line cycle is divided into operating zones based on the load
currents. Each zone is characterized by the TEFSM of one
representative switching event and the number of switchings
in the zone. The conducted EMI noise for the entire operating
cycle is obtained by superimposing the TEFSM models of
all operating zones. The accuracy of this method depends
on how representative the chosen pulse is for the rest of the
pulses in the zone.

Noise source

Propagation path

v,| Zulw) Zp(w)
Z3(w) Zyp(w)

FIGURE 6. Thevenin equivalent EMI noise emission model for a single IGBT
[11].

In TEFSM as shown in Fig. 6, DM and CM are separately
analyzed. In other words, such modeling approach assumes
that CM and DM noises are decoupled. This assumption is
not necessarily true for power converters and mode decou-
pling needs to be investigated. Mode decoupling criterion
should be studied particularly in EMI modeling approaches
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that separately models DM and CM. Due to converter asym-
metries, CM noise currents contribute to DM voltage. In
order to investigate mode decoupling condition in power
converters, analytical expressions are derived for input DM
and CM impedances [14] based on the Thevenin/Norton
equivalent circuit theory. This method is implemented for
EMI filter design in a buck converter [15].

In order to tackle the mode decoupling problem, the termi-
nal model of a single IGBT is extended to phase-leg-based
converters which facilitate the analysis of many common
converters [16]. An IGBT phase leg is modeled by a three
terminal Norton model, as shown in Fig. 7. Propagation path
is replaced by a muti-port impedance network and the size of
impedance matrix depends on the number of phase legs. For
a full bridge converter with two phase legs, the impedance
network size is 6x6 (excluding ground). This modeling ap-
proach is capable of studying CM and DM emissions together
where mixed mode emission is also considered.

FIGURE 7. Norton equivalent EMI noise emission model of an IGBT phase
leg [16].

The methods discussed so far are known as Modular
Terminal Behavioral (MTB) modeling. However, the term
modular is not accurately used here since the model is mod-
ular as long as the switching and operating condition stay the
same. Furthermore, as the number of terminals increase, the
impedance network gets more complicated leading to a more
challenging impedance measurement process.

A more general form of MTB, known as General Terminal
Modeling (GTM) is developed in [17]. GTM is an improved
version of MTB applicable to multi-port systems. It is more
of a black box approach and it has higher accuracy espe-
cially at high frequencies. Compared to MTB, only voltage
measurements at the converter terminals are required in
GTM to identify the equivalent network parameters. Hence,
the challenges with the impedance network measurements
(e.g. measurement noise, high frequency parasitic capacitors)
are eliminated. In GTM, a pre-determined network of three
impedances along with two current sources is employed to
model any three-terminal system (including ground wire)
as shown in Fig. 8. Compared to the Thevenin and Nor-
ton equivalent circuits with two unknowns in Fig. 6 and
Fig. 7, respectively, five parameters should be identified in
the generalized three-terminal equivalent circuit in Fig. 8.
This equivalent circuit is the simplest network that uniquely
defines a three-terminal system. For this purpose, three sets
of measurements are conducted: one for the nominal case
and two for the attenuated cases which are obtained by
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manipulating the system impedances. These measurements
provide six equations that are solved for five unknowns. GTM
has been applied to buck type converters in [18] and [19]
for dc load currents. Current sources of GTM model can be
replaced by voltage sources as well [20].

GTM appears to be simpler to understand and apply for
parameter identification as compared to MTB. However, one
cannot obtain any information about the EMI production and
propagation means with GTM since the converter and the
load are modeled at the input terminals. The whole model
needs to be recalculated for any changes in the converter
impedance and operating or switching conditions.

For common-mode current prediction, un-terminated be-
havioral modeling has been applied to address the afore-
mentioned limitations [21]-[24]. This method is capable of
predicting CM emission for changes in the load side. A 7
equivalent circuit is derived to model the motor drive only
for CM. However, terminated modeling is still implemented
for DM modeling [25], [26] where the converter is modeled
at the input side. The terminated behavioral modeling can be
applied to mixed mode EMI analysis [27], [28]. The three
terminal behavior model of the inverter is derived from the
detailed model of the system in [28].

P
I P665 Zpg

0 I
Ing Cj Zng

N

FIGURE 8. Generalized three-terminal equivalent circuit [17].

Behavioral methods benefit from simplicity, fast deriva-
tion and they are independent of the system configurations.
However, they have certain disadvantages. For instance, be-
havioral modeling methods require standard measurement
setup for each operating point. They provide no information
about the behavior of the internal components. Parameter
identification is required in behavioral modeling methods,
which can be challenging especially at high frequencies.

2) Detailed modeling

Detailed modeling techniques employ a device-based ap-
proach. Models of circuit components are obtained with
physics-based modeling and all the parasitic components are
considered [29]-[36]. Detailed modeling technique is the
most versatile solution to EMI analysis. The main advan-
tage of this method is scalability and adaptability. Once the
lumped circuit model of each component is obtained, one
can apply each of them in any configuration. Furthermore,
parametric analysis is more accessible in this method. One
major drawback of detailed modeling is that physics-based
model of the components is required which is not always
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available. The lumped circuit models can get complex as
the number of elements increase, and a powerful computer
system is required for simulations. This approach seems more
suitable to mitigate possible EMI issues at the design stage.

In order to tackle the model extraction limitations, some
simplifications are applied to develop more robust models
and reduce the complexity. In the equivalent circuit approach,
switching devices, as the main sources of EMI noises, are
usually modeled as square- or trapezoidal-shape voltage
sources [37]-[42]. Although this assumption is reasonable
in many EMI studies, the actual physics-based models are
required for higher accuracy. State variable approach is
implemented in [43] for faster calculation of steady state
conducted emission of a buck converter at the expense of
losing accuracy.

More analytical approaches have also been presented in
the literature. A combined approach is taken based on experi-
mental measurements and modeling of CM circuit in [44] and
[45]. Different parts of a variable speed drive are represented
by a chain of two port impedance matrices in series. Although
this approach enables CM current measurement in various
points of the system, the prediction results is not accurate
enough at high frequencies due to impedance measurement
limitations and also the mode coupling effects.

Although simplified lumped circuit models are capable of
predicting the CM and DM noises, they are time consuming
especially for parametric analysis. Frequency domain analy-
sis on the other hand provide us with a much faster analysis
tool. In the next section, modeling techniques for main com-
ponents of inverter-fed motor drive system is presented. Then
in section I'V frequency domain and time domain analysis are
discussed in more detail.

IV. PARASITIC COMPONENTS

In a power converter, high dv/dt induced by fast switching
of switching devices initiate common mode and differential
mode conducted emissions through parasitic elements of the
system. Identifying the main mechanism of CM and DM
noise production and propagation throughout the system is
essential for analysis and prediction of conducted noise. The
detailed modeling discussed in Section III requires physics
based modeling of the whole system. The most important
parasitic elements in an inverter-fed motor system are shown
in Fig. 9.

Switching waveforms with short rising and falling time
induce common mode current in stray capacitors of the
system to the ground. The most dominant stray capacitors
conducting CM current are the capacitor between motor
enclosure to the ground (C),), cable shielding to the ground
(C.) and between the switching device and heat sink which
is normally grounded (C)). The stray inductance of the dc
bus bar, connecting wires and leads, and the dc link capacitor
impedance are significant in both DM and CM noise produc-
tion process. In the following, the most common modeling
techniques for the main components of a motor drive system
are discussed.
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FIGURE 9. Motor drive system including dominant stray components.
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A. BULK CAPACITOR

Capacitors are generally a pair of conducting surfaces sepa-
rated by an insulating material. In Fig. 10, equivalent circuit
of an actual capacitor is depicted. Capacitance C' is the ideal
capacitor, and I?,, is the insulation resistance corresponding
to the dc leakage current. The typical value of R, for low-
leakage-current capacitors is more than 100000 Mega-ohms,
so this resistor is usually neglected unless there is high
leakage current. Heat dissipation within the plates, terminals
and all conducting parts are represented by I, in Fig. 10 and
it is known as the equivalent series resistance (ESR). L stands
for the total inductance of the leads and plates and it is known
as the equivalent series inductance (ESL).

Although the capacitor impedance seems to be inversely
proportional to the frequency, the ESL part dominates at
higher frequencies. The series inductance of the bulk capac-
itor is one of the essential components contributing to DM
current production. In the case of an ideal dc-link capacitor,
all the ac current is provided by the capacitor. However,
in the real system, some part of high-frequency current is
supplied by the input source due to the ESL and ESR. Direct
impedance measurement and curve fitting can be used to
effectively extract the equivalent circuit model of a bulk
capacitor model [46]-[48].

FIGURE 10. Equivalent circuit of a bulk capacitor.

B. SWITCHING DEVICES

The switching device is the primary source of the noise
production in power converters. At each switching transi-
tion, sharp switching pulses induce CM and DM currents
that flow through the propagation path. Therefore, switching
device modeling is crucial in EMI analysis. Commercial
circuit simulation tools can be used for detailed modeling
of switching devices by considering their nonlinear behavior.
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A physics-based model developed by Hefner is used in [46]
to capture the switching waveform. Hefner’s physical IGBT
model is also available in Saber simulator. Other physics-
based models have been proposed in the literature for IGBT
[49]-[53] and power MOSFET [54]-[56] as the most com-
mon switching devices of power converters. SPICE-based
simulation tools, PSIM and ANSYS Simplorer are among
standard circuit simulation tools. The parameters for these
models are extracted from measurements and/or the device
datasheet [57], [58].

Power switching devices are available as modules or dis-
crete devices for different applications. For a power module,
the parastic inductance of the module need to be considered
for more accurate modeling. The stray capacitor between
the module and the heatsink is also crucial for CM con-
ducted noise calculation. The heatsink metal plate is normally
grounded and the insulating material between the base of the
power module and the heatsink is thin enough to provide
a good thermal performance. So the stray capacitor, C), in
Fig. 9 tend to be relatively large in value. An equivalent
circuit of an IGBT phase leg including the interconnect and
lead inductances, and the stray capacitances is depicted in
Fig. 11. The parasitic components of the power module are
usually obtained through measurements [46].

Considering switching device nonlinearities can increase
the complexity of the model and the simulation time. Analyt-
ical solutions and approximations have been implemented to
address these issues and yield more adoptable solutions. As
a more analytical approach, the switching period is broken
down into finite sets of time intervals to consider the non-
linear behavior of stray capacitors of a power IGBT [59],
[60]. For each interval, the equivalent circuit associated with
a switching cycle is solved for voltage and current equations.
The total current and voltage waveforms are built based
on the calculated discrete waveforms. In another approach,
piece-wise linear IGBT model is applied in [48] and [61] to
develop a fast IGBT model, as depicted in Fig. 12. The on-
state resistance, R,,, is obtained from the device datasheet
and the capacitances are measured using a standard mea-
surement setup. In Fig. 12, C,,4 and C,, represent the stray
capacitors between the IGBT collector and emitter to the
base plate. The IGBT collector-to-emitter capacitor and the
junction capacitance of the anti parallel diode are lumped into
Co.

In terms of analytical solutions, trapezoidal source model-
ing is another common approximation. Trapezoidal switch-
ing voltage waveforms have numerically been synthesized in
[62] and [63]. This approach can save sufficient amount of
time for the simulations.

C. BUS BARS

Bus bars are large conductors that establish the connection
between the electronic components. The bulk capacitor, input
dc source, and the switching devices are connected through
the bus bar. Usually large currents are transmitted through
the bus bars. Different criteria need to be considered during
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FIGURE 11. Equivalent circuit of an IGBT phase leg with stray capacitances
and inductances [46].
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FIGURE 12. Piece-wise linear IGBT model [48].

bus bar design that have been addressed in [64]. Laminated
bus bars are commonly used in power converters for a wide
variety of applications. Fig. 13 shows a simple two-layer
laminated bus bar. The layers are separated with an insulator.
Low stray inductance is desired in a bus bar design, since
this can reduce the voltage overshoot across the switching
device and suppress the conducted EMI. Thin and flat con-
ductors with large surface area and fewer holes can provide
low impedance bus bars. The holes are inevitable because
they are required for fixtures and terminals connecting the
components. The distance between the conductors should
also be minimized to increase the capacitance between the
layers and minimize the total stray inductance [65]. A higher
stray capacitance helps filtering the high frequency noise.

v
Positive layer ; thickness

insulator

dist A4
istance — Negative layer

FIGURE 13. A simple laminated bus bar.

High frequency equivalent circuit model of a bus bar
can be extracted from direct measurement or finite element
simulation. FEA is generally applied for bus bar parameter
extraction [65]; however, measurement-based methods have
also been applied in the literature [46].

D. ELECTRICAL MOTORS
Electric machines are normally inductive in low frequency
range. Low frequency behavior of electrical machines are

7
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well studied in the literature. For instance, the IEEE standard
112 establishes the test procedures and parameters for low
frequency T-equivalent model of a poly-phase induction ma-
chine. However, high frequency model of a motor is required
for EMI analysis. At higher frequencies, terminal behavior
of electric machines is more capacitive. Stray capacitance
between the motor winding and the motor enclosure is the
dominant impedance. Although physics-based approaches
can be employed to derive an accurate model of electrical ma-
chines, measurement-based methods are usually employed.
The main limitations of physics-based methods are the re-
quired design details and the complex structure of an electric
machine. Therefore, impedance measurement is normally
performed to derive the high-frequency model of electrical
machines. Different approaches are proposed to represent the
high-frequency model and they can be classified mainly as
distributed and lumped parameter models.

A 3-phase induction motor model is proposed in [66] to
model the motor behavior over a wide range of frequencies.
In this model, the distribution model of the stator winding
is integrated into the existing standard low-frequency model.
In [67] the parameter extraction methods are discussed and
the impacts of magnetic core selection, parasitic interturn,
and winding-to-frame capacitors are investigated. Distributed
network of impedances is another method for electric motor
modeling and it can be separately used for the high-frequency
model in parallel with the low-frequency model. These
models are separated by a resonant circuit [68]. In another
approach, multistage RLC circuits are used to represent the
behavior of any three-phase electric machine. The effect of
phase coupling has been taken into account [69] and the
model has been applied to an induction and a synchronous
machine.

A lumped circuit model can also efficiently model the
high-frequency behavior of electrical machines. A simple
per-phase lumped-circuit high-frequency model of an in-
duction motor is shown in Fig. 14. The model parameters
have physical meanings. R,1, Cg41, Rg2 and Cyo represent
the parasitic resistance and capacitance between the stator
winding/ stator neutral and the motor frame, L describes the
stator winding leakage inductance and R. shows the high-
frequency iron loss of the stator winding. There are different
high frequency equivalent circuits proposed in the literature
[70]-[72].

E. CABLES

Available modeling techniques for cables can be categorized
as direct impedance measurements, finite element tools, and
analytical calculations. According to the required level of
accuracy and available tools, the most convenient method
could be used. Similar to motor modeling, both distributed
and lumped circuit models can be implemented for cable
modeling. Distributed parameter model is more suitable for
long cables where a number of series identical RLC' sections
are connected together [73]. Based on the length of the
feeding cable, required level of accuracy, and computation
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FIGURE 14. High frequency per phase model for an induction motor [73].

capabilities, appropriate number of sections could be chosen
for the modeling of a long cable. In [74], the long cable
is modeled by twenty 7 segments shown in Fig. 15. Series
R and L components are associated with the short circuit
characteristic and C' component represents the open circuit
impedance characteristics. RL and RC' ladder networks have
been employed to model the distributed impedance of a long
cable in [75]. A 7 representation of a four terminal cable,
three phase lines and one shield, have been used in [76] where
Laplace elements are used instead of RLC lumped elements.
Cable admittance matrix is first obtained by high frequency
measurements. Then, numerical fitting algorithms are applied
to identify the analytical rational function. The extracted
rational function can be represented by 7 subcircuits of either
RLC Iumped elements or Laplace elements [77]. As the
number of computation cells builds up for longer cables,
the computation burden increases. A reduced frequency de-
pendent model of cable is proposed based on the per-unit-
length parameters [78]. Finite element simulation tools are
also capable of extracting model parameters of a cable over a
wide range of frequencies [79].

o_%\/\/\/_rwv\—_o
ANN—T

T I]
g A

FIGURE 15. Per section equivalent circuit for modeling a long cable [74].

V. SIMULATION METHODOLOGIES

Regardless of the modeling technique, conducted emissions
need to comply with the legal requirements, which are speci-
fied in the frequency domain (see Fig. 2). Simulation methods
can be employed under either time domain or frequency
domain analysis [80]. Time domain and frequency domain
signals are related by the Fourier transform. Switching de-
vices, as the main noise sources in power electronic devices,
are simplified as square/trapezoidal shape voltage/current
sources. For a trapezoidal waveform with symmetric rise and
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fall time (¢, = ty), one-sided Fourier expansion coefficients
(representing the magnitude of n*" harmonic) are presented
as:

sin(nmD) H sin(nmt,/T) ©)

(
nrD nwt,. /T

where A, D and T are the amplitude, duty cycle, and the
period of the waveform, respectively. Although the harmonic
spectrum exists only at discreet frequencies, the spectral
envelope is obtained by replacing f = n/T":

C,| = 2AD‘

Envelope = 2AD

(10)

sin(wtf) || sin(n7f) ’
w7 f w7y f

where 7 = DT The spectral bounds are effectively used to
extract more intuitive information from the harmonic spectra
and study the effect of rising/falling time and pulse width.
In order to generate the bounds, logarithm of the envelope is
calculated:

sin(mwtf) ‘)
T f

sin(nrf) ‘
T f

(1)

Fig. 16 shows the harmonic spectrum of a trapezoidal wave-
form. The first term in (11) has a constant value with 0
dB/decade slope. The next two terms have two asymptotes
with -20 d B /decade slopes. This means that the magnitude
drops by 20 dB per each decade of frequency (a ratio of
10 between two frequencies). As shown in Fig. 16, the
asymptote for the second term in (11) appears at point f; =
1/77 and the last asymptote appears at fo = 1/77,. The
resultant asymptote is the sum of the these asymptotes. So,
the harmonic spectrum in Fig. 16(b) starts with 0 dB/decade
segment with value of 2A7/T up to the first breakpoint
fi = 1/m7. The value drops in the second segment with
the slope of -20 dB/decade up to fo = 1/77,. Beyond this
point, the magnitude drops by the slope of -40 dB/decade.
Fig. 16 describes how fast the short rise and fall times
increase the bandwidth of the noise sources, which results
in higher EMI noises at high frequencies. An example of a
trapezoidal signal with 10 percent duty cycle, a magnitude of
200 volts, switching frequency of 10 kHz, and the rise and
fall times of 200 ns is depicted in Fig. 17. The solid line is
the calculated asymptote based on the trapezoidal waveform
bounds in (11). The first segment has the starting value of
E = 20log(2 x 200 x 0.1) = 32. The break points are
fi = 4= =31.8kHz and fo = —5g5.—5 = 1.6MHz,
respectively. The dots indicate the harmonic spectrum of
the signal and their values are multiples of the switching
frequency, 10 kHz. The calculated asymptotes shows that
they enable calculating the harmonic spectral bounds.

Time domain analysis followed by Fourier transform is
a promising method for EMI analysis and prediction. Time
domain analysis can consider the non-linearity of the sys-
tem if the actual physics-based model of the components,
considering the stray elements, are used. However, a high

2010g ") = 2010g10(2AD) + 20[0910(‘

+2010910 ( ’
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FIGURE 16. (a) Trapezoidal waveform and (b) the bounds on its harmonic
spectrum.
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FIGURE 17. Discreet harmonic spectrum and the spectral bounds for a
trapezoidal signal with D = 0.1, A = 200, fs, = 10kHz, t, = 200ns.

frequency range should be analyzed for conducted emissions
and this limits the required time step to small values [81].
The complexity of the system and the small time step along
with the required simulation time to reach to the steady
state make the time domain analysis time consuming. On the
other hand, frequency domain analysis substantially reduces
computational efforts and can be used as a handful design
tool. However, this approach requires a fair knowledge of
noise production mechanism and propagation paths.

Most measurement-based behavioral modeling techniques
are analyzed in the frequency domain. Many simplifications
for detailed modeling, discussed in Section IV are also appli-
cable to the frequency domain analysis. In the frequency do-
main, CM and DM emissions are usually studied separately.
Different equivalent circuits are derived for each mode based
on the identified noise sources and propagation paths. Then,
equivalent circuits are analyzed providing more insights
about the noise generation. However, mode decoupling crite-
rion should also be taken into consideration which is closely
related to the balance degree of the converter. The converter
balance is one of the crucial factors to minimize mixed mode
noises. In a balanced circuit, the signal conductors and the
circuits connected to them have the same impedance with
respect to the ground. As an example, a conventional buck
converter can be considered as unbalanced since the output
inductor usually has a large value. Due to this asymmetric
nature, another factor comes into play: induced currents due
to the heatsink capacitor having different impedance paths.
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This is referred to as mixed-mode noises or Quasi-CM and
is depicted in Fig. 18 for a buck converter. In Fig. 18, R;
and Rp are the LISN resistors, L, is output inductor of the
buck converter, V; is switching device voltage, C), is the stray
capacitor between the switching device and the heatsink,
and I; + I, is the total ground current that is supposed to
be purely CM current. The output inductor, L, has a large
value compared to ESL of the dc capacitor so the I; flows
through the capacitor, C' as shown in Fig. 18. Therefore, the
currents have different path impedances. This means that they
are not truly common mode and they contain both CM and
DM components, according to (12). In other words, mode
decoupling is not satisfied.

1
Iim = 5(11 —I) (12)

Inverter-fed motor drive systems are among the balanced
systems that have been studied in recent decades. High fre-
quency parasitic elements of the drive system, including the
stray capacitor within the motor winding or between two con-
ductors, the nonlinear capacitance of switching devices, the
stray inductance of the dc link capacitor, busbar impedance
and reverse recovery current of diodes all contribute to DM
EMI emission generation during switching transients. On
the other hand, the parasitic capacitors between conducting
parts and the system ground form a coupling path for CM
conducted emission and conduct the noise back to the power
mains. The parasitic capacitance between the baseplate of the
power module and the grounded heatsink, stray capacitance
of motor winding to the grounded frame, and the capacitance
between the transmission cables and the ground are the dom-
inant CM coupling paths. In a three-phase motor drive, the
switched system is not symmetric with respect to the input
power mains (or LISN) during the switching transitions. This
leads to mixed mode EMI emissions. The mechanisms of
conducted emission generation in a PWM inverter induction
motor drive have been investigated in [63] and [68]. The
dominant CM and DM noise generation mechanisms are
identified and modeled in the first part [68] and a detailed
modeling approach was implemented. In the second part
[63], the frequency domain equivalent circuits are proposed
based on the insight from the results from the first part. This
two-part research indicates how time-domain and frequency-
domain modeling approaches are related.

FIGURE 18. CM current paths in a buck converter.

The objective of EMI modeling is to develop a good un-
derstanding of how conducted emissions are generated, how
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they propagate within the converter, and how to predict the
level of the disturbance they cause. However, the design may
need further solutions to meet the legal requirements. EMI
suppression methods could be applied: 1) at the noise source
(the generation stage) and/or 2) along the transmission path
[82], [83]. Solutions related to noise source can be further
categorized as:

« switching modulation schemes such as random, chaotic
and variable frequency modulations: switching fre-
quency spectrum is spread over a wide range of frequen-
cies [84]-[86],

« snubbers, soft-switching solutions and gate driver mod-
ifications [87]-[91]: EMI noise level is controlled by
shaping the switching voltage and current,

« component selection and circuit topology [92]-[94]:
semiconductor technology and the circuit topology are
optimized for emission reduction considering other de-
sign requirements.

The mitigation techniques along the propagation path can
be implemented by external solutions including shielding,
active, passive, and hybrid filters [95]-[97] or by modifying
the circuit design and layout.

VI. CONCLUSIONS
A comprehensive review of conducted emission techniques,
along with the fundamentals of electromagnetic compatibil-
ity, is presented in this paper. Generally, modeling methods
are classified as behavioral and detailed techniques. Behav-
ioral modeling is more suitable for system level analysis,
whereas detailed modeling is more efficient at the design
stage. The available modeling techniques and challenges are
studied for the main components of an inverter-fed motor
drive system. Based on the application, the required level
of accuracy, and the available time and tools, a designer can
select the most appropriate modeling technique.
Time-domain detailed modeling is a promising approach
at the design level for an EMC-integrated design. Frequency
domain modeling approach and approximations can be im-
plemented to reduce the computational burden and provide
more robust models. As presented in this paper, the designer
needs to identify the main noise production mechanisms to
achieve a more accurate model.
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