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Abstract

This thesis focuses on improving the modeling of a filter equipped power
electronic drive system model. The filter components are modeled in the FEM
calculating software Ansoft Maxwell to see how the component layout affects the
component coupling and in extension the EMI performance. After this an EMI-
favorable layout was found. The parasitic components of the PCB and the
interconnecting cables were computed by implementing 3D models of the circuits,
in to the parasitic component extraction software Ansoft Q3D.

It was found that a well chosen placement reduced the coupling factor between the
filter inductor and filter capacitors to about 1/3 in comparison to the most
unfavorable placement. Adding the computed parasitic elements to the inverter
model resulted in an increase of the simulated EMI of about 20dBuV in the entire
frequency range. The simulated EMI levels at the multiples of the switching
frequency are some dBuV lower than the measurement for frequencies lower than
100kHzbut agrees better in the range from 100kHz to 1MHz. At higher
frequencies the simulated level is much higher than the measurements.

Key words: EMI, electric drive system, filter layout analysis, parasitic extraction,
PCB modeling, cable modeling
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1 Introduction

1.1 General Power Electronic Design and
Operation

Prior to the modern computer era, electrical engineers relied on analytical
methods when solving electrical related problems. Today, computers are
employed to solve complex problems in multiple physical domains. If the
objective is to study the electromagnetic interference (EMI) levels in a simulation
model of an electric drive system, the electrical engineer has the possibility to use
different methods when describing each sub-system (inverter, motor, etc.) of a
drive system. In such a scenario, the inverter model consists of functional
electrical blocks, including passive components and semiconductor components
that are either of system or device level. The outcome of using semiconductor
components on device level is that the behavior of the component represents the
physical component to a greater extent, compared to a system level component

[1].

To obtain accurate EMI levels of a drive system, aside from the parasitic
components from the passive components in the inverter, parasitic components
due to non-ideal conduction paths in the inverter and parasitic components in the
cables must be included in the drive system model design. In addition, the
parasitic mutual coupling components in the EMI filter of the inverter and in cable
models must be included to provide an accurate model of the drive system where
high frequency switching is performed [2], [3].

The EMI filter is a mandatory component in an inverter since EMC standards are
becoming more stringent regarding emitted EMI levels. The purpose of the filter
is to attenuate outgoing noise generated by the switching devices in the inverter.
The design of the filter, i.e. selection of filter components, mainly depends on the
wanted cut-off frequency. In reality, the selection of filter components and the
layout design of the filter are often determined by the performance in relation to
the cost and space available on the printed circuit board (PCB). If a simplified
analytical model is used to estimate the EMI filter performance prior to the
physical implementation, the filter performance might be degraded since
electromagnetic phenomena that occur in the system is not included in the filter
calculation model. If the EMI filter is modeled in 3D, with all the physical
attributes such as dimensions and material properties taken into account, these



otherwise unforeseen electromagnetic phenomena can be predicted by analyzing
the electromagnetic field distribution in the simulation model.

When higher frequencies are considered, the conduction paths and layers of the
PCB cannot be seen as ideal since they contribute with stray parasitic components
and parasitic coupling components distributed across the PCB. The stray parasitic
components consist of self resistances, parasitic capacitance and self inductances
that affect the impedance throughout the circuit. The parasitic coupling
components provide alternative return paths for the EMI noise. The same
modeling approach can be used for cable installations in a hybrid electrical
vehicle or in an electrical vehicle where different voltage levels and different
cable layouts must co-exist and where EMC standards must be complied. It has
been shown in [4] that over-voltages will occur in some drive systems when long
cable installations are used in conjunction with high switching frequencies.

Ansys Inc. provides a wide range of simulation suites, covering several fields in
the domain of mechanics, fluid dynamics and most importantly, the field of
electromagnetics. In particular, Ansoft Simplorer, Ansoft Maxwell and Ansoft
Q3D Extractor are of interest where Simplorer serves as the system platform for
circuit analysis. Maxwell and Q3D Extractor are used to model a given sub-
system such as the EMI filter or the PCB where the results are exported and
inserted into Simplorer as a state-space model or an equivalent circuit. Each sub-
system in the drive system must be interconnected where the simulation suite is
required to exchange solution data between each sub-system.

With the aid of such software, the design of a drive system where each sub-system
is modeled on a detailed level is possible. The ability to simulate such a drive
system model is important in the branch of electrical engineering, where
simulation allows the electrical engineer to predict EMI performance and other
functional aspects of a drive system before actually fabricating the prototype. The
development cycle thus becomes reduced which results in a lower development
cost.

1.2 Problem Description

In [1] a three-phase inverter was constructed and modeled in Ansoft Simplorer.
The component models were based on measurements to acquire the correct
switching and high frequency behavior. The passive components were measured
with an impedance analyzer where the relation between impedance and frequency
was studied. The semiconductors, a diode and an IGBT, required more extensive
test equipment where special test platforms had to be constructed. The final
product of [1] was a fully operational drive system model that was designed with
device level components where the drive system model was validated with
measurement results.



[1] concluded that there was a mismatch in EMI levels between the simulated
drive system model and the physical drive system setup. This indicates that the
simulation model of the drive system is partially incomplete due to the
idealization of parasitic components that reside within the drive system. Such
parasitic components can be the pathways of the PCB or the coupled parasitic
components between different components and planes. Traditionally, approximate
models are used where the parasitic components are represented with lumped
parameters. Today, electromagnetic field simulation software and 3D parasitic
extraction software tools are available that can be used to extract parasitic
components from the PCB of an inverter and the cabling in the drive system. To
study the absolute EMI levels, the parasitic components must be included in the
drive system model. In addition, the components in specific parts of the inverter
such as the EMI filter can be modeled in the same manner, where different filter
layout alternatives may be analyzed before the final implementation.

1.3 Purpose of the Master Thesis

The purpose of this thesis is to model the inverter presented in [1] more in detail
in order to capture events of higher frequencies. In this, an important objective is
to more in detail account for the circuit layout of the inverter filter by using 3D
models of the inductor and capacitor to see the effect of mutual couplings.
Another objective is to improve the inverter model presented in [1] with
additional parasitic components that originate from non-ideal conduction paths
and coupled mechanisms in the inverter. The first aim in improving the inverter
modeling is to design a 3D model of the PCB to be able to calculate the parasitic
components of it, which then can be added to the inverter model. The second aim
is to improve the existing model of the cable sub-system found in [1] with a new
model that includes all physical attributes of the cables. A continuously important
objective is to measure and compare the EMI performance of the physical drive
system and the simulated model.






2 Theory

2.1 Parasitic Components

As shown in [1], passive components cannot be considered as ideal and the same
rule also apply for all conductors such as traces, vias and ground planes that
provide a current path on the PCB. The non-idealities result in small and often
unwanted impedances, called parasitic components that are distributed across the
entire PCB. To understand how these parasitic components contribute to EMI in
switched environments, definitions regarding the different types of parasitic types
are required. The concept of ground must also be revised since the ground cannot
be considered as an equipotential surface due to the parasitic components that are
present.

Regarding the different types of parasitic components, a distinction must be made
between the self parasitic components of a single conductor element and the
mutual parasitic components that each conductive element in the PCB has in
common.

2.1.1 Self Parasitic Components

Since no ideal conductors exist, each strip, via or plane in the PCB can be
represented with a resistive and an inductive part, called the self resistance and the
self inductance, shown in Figure 2.1 as Re;r and Lge¢.

PCB Strip

Lself Rgelf

Fig. 2.1:  Self parasitics components of a PCB strip.

In the context of self parasitic components, only a single one-directional current
carrying element of e.g., a PCB strip is considered where the current return path is
not taken into account. As a result, the self parasitic components are often
described as the partial self component in order to emphasize that each individual
element is a part of a larger current loop. As shown in [1], the magnitude of the



parasitic components within passive components varies with frequency and this
also applies for conduction paths in the PCB.

For lower frequencies, the self resistance, R, ¢, Of a rectangular-shaped PCB
strip can be calculated with

l

- (2.1)
owt

Rstrip,lf =

where [ is the length of the strip, ¢ the conductivity, w the width of the strip and t
the thickness of the strip [5]. For cylindrical conductors such as wires and
homogenous vias, the resistance, R.yiinaricar,ir Can be calculated with

l

— 2.2
OTN2 (22)

Rcylindrical,lf =

where 7, is the radius of the cylindrical conductor. (2.1) and (2.2) apply as long
as the criteria 26 > t is fulfilled where & is the skin depth which relates to the
applied frequency according to

1 6.6x10~2
~ Jnfuee  Vf (2:3)

For higher frequencies where 26 <t, the self resistance, Rgyipns, Of @
rectangular strip can be calculated as

1

Rstripnf = 205w+ D) (2.4)

and the resistance of a cylindrical conductor, Ry ingricains Can be calculated as

1
20mryS

Rwire,hf = (2.5)

It can be seen from (2.4) and (2.5) that the self resistance increases with
increasing frequency as expected due to the skin effect. It can also be seen that the
self resistive parasitic component is reduced by increasing the cross-section of the
conductor, as well as keeping the conductors short.

When the self inductance of a conductor, such as a PCB strip or a via, is
calculated, approximate calculation models are often used. The self inductance,
Lgtrip,1r, Of arectangular PCB strip can according to [6] be approximated with
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where [, w, t are the length, width and thickness of the PCB strip, respectively. It
can be seen in (2.6) that the relation between the width/thickness and the length is
important to keep the self inductance minimum. The self inductance of a generic
conductor or wire is in the order of 5 — 10 nH /cm [5].

2.1.2 Mutual Parasitic Components

Between each trace, via and plane on the PCB or between different electrical
devices in a drive system, electromagnetic coupling, will occur due to the mutual
parasitic components that are present in the system. This is usually referred to as
crosstalk and the general principle is that electromagnetic energy, is
unintentionally transferred from one conductor to another via electromagnetic
fields. In the context of EMC, the conductor that emits the energy is often called
source while the recipient conductor is called the victim. There are three types of
coupling mechanisms: common impedance coupling, capacitive coupling and
inductive coupling. Technically, capacitive and inductive coupling fall under the
category of common impedance coupling but in this case, common impedance
coupling is referred to the conductive connection between two conductors while
the capacitive and inductive coupling are due to induction by electromagnetic
fields.

Common impedance coupling occurs when two or several circuits share a
common impedance to ground as shown in Figure 2.2 where the return path of
Circuit B is connected to Circuit A. The ground plane cannot be considered as an
equipotential surface with zero impedance due to the parasitic components which
are represented as the self impedances Z, and Zj.

| ]
+ Circuit A Circuit B
Ud
IA I
Zp  IptIR t Zp I t B
—\N— vWWA <
Ground Plane

Fig. 2.2:  Common impedance coupling between two circuits.

In this case, the current signature that creates a voltage drop over Zz depends on
Iz and the voltage drop over Z, is determined by the sum of I, + Iz. The current,
Iy from Circuit B will thus superimpose on the return path of Circuit A which
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results in that the potential at the ground point, Vg4 4 of Circuit A will vary with
the current from Circuit B. The same is applicable for the other way around where
the potential at the ground point of Circuit B is Vg5 = Zaly + (Z4 + Zg)Ip [5].

Inductive coupling is a phenomenon that occurs between two conductors where
one of the conductors (source) subjects another conductor (victim) with a time-
varying magnetic field. The varying current, isyce(t), in the source conductor
will thus couple with the victim conductor via the magnetic flux in a path that is
represented by a parasitic mutual inductance L,,, see Figure 2.3.

Source Victim

isource(t)

) 3eE @)

Fig. 2.3:  Inductive coupling between two conductors.

The induced voltage on the victim conductor is

diSOUT‘CE (t) (27)

Vina = —Lm dt

where L,, is mutual inductance the between the conductors. From (2.7), it can be
concluded that high current transients will result in high inducted voltages on
adjacent conductors. The magnitude of L,,, depends on the coupling factor k and
the self inductances of each cable, such as

Lm = k\/Lself,sourceLself,victim (28)

where Lgeif source aNd  Lgeif viceim are the self inductances for the source and
victim conductor, respectively. The coupling factor is a value between 0 and 1
where a value of 1 indicate maximum inductive coupling between two
conductors. Inductive mutual coupling is widely used in AC transformer
applications where two wires are winded around the same magnetic core to
transform a voltage. In a case where the magnetic leakage flux is minimal, the
coupling factor is almost 1. The magnitude of the coupling factor further depends
on the length of each conductor as well as the distance between each conductor.
The mutual inductance between two rectangular PCB strips, can be calculated as
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L

where [ is the length of the strip and d the distance between each conductor [6].

The capacitive coupling phenomena occur between conduction paths and planes
of the PCB where time-varying electrical fields exist. The electrical field between
e.g., two conductors is due to a difference in voltage potential and it is the mutual
parasitic capacitance, C,,, between the two conductors that provide a path for
EMI. Figure 2.4 shows a circuit where C, and R, is the capacitance and load
resistance of the victim circuit. In a similar manner as for inductive coupling,
between two conductors, one conductor is often defined as the source and the

other conductor as victim.
C
Source EIEn ( h )

Vsource(t) @

Fig. 2.4:  Capacitive coupling between two conductors.
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According to [7], the magnitude of the voltage noise that is induced on the victim
conductor depends on the frequency of vgyyce(t) and C,,. The induced noise
voltage can be calculated with

1

Vina (£) = jJoR,CrmVsource (t) R, K J@(Cot Cm) (2.10)
and
Cm 1
Vind () = (m) Vsource (£) Ry, > m (2.11)

The mutual capacitance between two parallel conductors can be defined as

276l€1‘(eff)

0 <%+ L (2_r)2> (2.12)

Cn =

d



where d is the center distance between the conductors, 7, is the wire radius, [ is
the length of the cables and &,y is the effective permittivity [7]. The impact of
capacitive coupling can thus be decreased by reducing the frequency in the
application, decrease the parallel length, increase the distance between the
conductors, increase C,., decrease R,,, or by shielding the objects.

2.2 EMI

EMI has become a common phenomenon in modern power electronics as of today
where switching power supplies are utilized. A brief history and general principles
regarding, how EMI is defined and how it can be measured is covered in [1]. The
same measuring approach is used throughout this master thesis, except for an EMI
noise separator device that is introduced in section 3.2.2.

In an inverter where power transistors such as MOSFETs and IGBTSs are used,
EMI is imminent due to fast transitions of voltages and currents. The generated
noise level depends on factors such as the switching scheme of the IGBTS, driving
techniques, parasitic components, gate resistances, etc. As diodes are often used
for free-wheeling purposes in such applications, they also contribute to the total
EMI due to reverse recovery.

It has been previously stated that parasitic components from non-ideal passive
components and non-ideal PCB conduction paths will contribute to the total EMI
in the system where the behavior of these components are far from ideal. In [1], it
was shown how the impedance of passive components such as resistors,
capacitors and inductors vary with the frequency. However, it was not presented
how the parasitic components couple and affect the EMI performance of a drive
system. It can be concluded that, in order to improve the EMC and reduce EMI
phenomena in a drive system, different sources of EMI and the propagation paths
have to be studied to a greater extent.

2.2.1 Sources and the Concept of CM/DM Noise

There are several potential EMI sources in an electrical circuit. Since the most
effective way to reduce EMI in a system is to limit the contributing noise at the
source, each EMI source in the system has to be recognized and dealt with.
Generally, a distinction can be made between sources that actually generate EMI
due to functionality such as power switching devices and EMI sources which
contribute to the EMI due to non-ideal behavior. These effects have to be taken
into account during the design process of the PCB where the layout of the
conduction paths and the component placement is done.

The total conducted EMI noise consists of two components: common-mode (CM)
noise and differential-mode (DM) noise [5]. In order to quantify these two
components, one can say that CM noise propagates between each conductor with

10



respect to ground through parasitic components, while DM noise propagates
between conductors [8], see Figure 2.5.

wndp DM
= CM
_’
o
Source Load
-p
Lpar ; f ===;;::=: Cpar Cpar “+
- <+
Ground Plane
Fig. 2.5:  CM and DM propagation paths between a source and load. ngﬁ
itude

of the two components will differ from each other and the magnitude of each
component will also vary with frequency. Due to this, one component might be
dominant in one frequency range, while the other component might be dominant
in another frequency range. In [5], it is stated that the largest contributor to the
total conducted EMI is the CM noise component. A distinction between how CM
and DM noise are generated and how these noise modes propagate is critical if the
goal is to study and reduce EMI phenomena in a drive system.

2.2.2 Common-Mode Noise

CM noise is mainly generated by the switching behavior of semiconductor
devices such as IGBTs and diodes that have high voltage slew rates. Due to the
switching, the voltage on each connection point in an inverter will vary with
respect to ground, given that they are not directly connected to ground. As a
result, there will be a parasitic capacitance between the connection point and
ground that provide a travel path for CM currents where the CM current will
return to the power source, as shown in Figure 2.5.

A large contributor of CM noise in an inverter is the parasitic capacitances that are
present between the semiconductor devices and the mounted heat sinks. Between
the back plate of the device and the heat sink there is a thin electrical insulating
layer where the heat sink is normally grounded for safety. Since the two
electrodes will have different potentials, the electrical insulating layer will act as a
dielectric layer and thus a parasitic capacitance, Cpeq:sink PetWeen the device and
ground will appear and act as a noise leakage path, as shown in Figure 2.6.

11
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Fig. 2.6:  CM propagation path from grounded heatsink to source.

The value of the capacitance depends on the material characteristics of the
insulation layer. This capacitance will further be charged and discharged during
the on- and off-transitions of the device, which will result in a CM current that
will propagate through the ground loop back to the power source. The magnitude
of the CM current is stated as

dv

lem = Cheatsinka (2-13)

. ey. . dv .
where Cheqesink 1S the parasitic capacitance and d—: is the voltage slew rate of the
semiconductor devices.

In a drive system, CM currents may also appear between the inverter and motor,
where the CM currents also will find a propagation path from parasitic
capacitances that are present between the cable windings and ground. The CM
currents can be controlled or limited in various ways by reducing the stray
capacitances between the CM source and ground or by adding CM filters.

223 Differential-Mode Noise

DM noise is present in the system due to the switching behavior of the
semiconductor devices. Compared to CM noise caused by electrical couplings,
DM noise is caused by magnetic couplings in a current loop that includes parasitic
inductances where the current loop is being subjected to a high current slew rate.
The DM noise voltage source can be stated as

12



di

Upm = Lloop,parasitic E (2.14)

. . di -
where Ligop parasitic 1 the current loop inductance and d—; is the current slew rate
generated by the semiconductor device.

As the DM noise propagates in opposite direction from the source to load, as
shown in Figure 2.5, there will be voltage differences on the DC-bus of the
inverter due to the stray parasitic components [9]. Aside from this, the capacitors
on the input stage of the inverter will also be subjected to the high current
derivative that is created by the switching of the IGBT and diodes and thus there
will be a voltage drop over the equivalent series resistances of the capacitors. In
scenarios where bulky energy reservoir capacitors with high equivalent series
resistances are used, this effect will be even more evident.

There are several ways to suppress DM noise in a system. One important aspect is
the layout design of the PCB, where the current loop areas should be as small as
possible to keep the loop inductance small. Also, devices that are noise sensitive
should be kept apart from sources of high current switching. Bypass capacitors are
also traditionally installed in the vicinity of the DM source where the bypass
capacitor presents an alternative return path to the pulsating current.

2.2.4 Separating CM and DM noise

It was stated above that the total EMI on the input stage of the inverter has to be
separated into two noise modes, CM and DM, where the separation can be done in
at least two ways.

One solution is to separate the noise modes directly in the measuring equipment
such as an oscilloscope. This can be done if the oscilloscope has more than two
input channels where the oscilloscope must be capable of performing algebraic
calculations on the obtained signals in the time-domain. If v;sy(pos) Is defined as
the measured voltage on the positive LISN port, and vy sy (neq) is defined as the

measured voltage on the negative LISN port, the analogue noise quantities, vy,
and vp,,, can be expressed as

VLis + v S
UCM — LI N(pOS) 2 LI N(neg) (2.15)
and
VLIsN — VLisn
Vo = (pos) . (neg) (2.16)
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where naturally v, sy posy and viisy(neg)y bOth contain CM as well as DM noise.

These two quantities further need to be translated from time-domain to frequency-
domain by applying the Fast Fourier Transform (FFT).

An alternative way to separate these noise modes is to build a noise separator
which may be constructed in various ways. The general principle of the noise
separator is that it rejects DM noise in one current path while it rejects CM noise
in another current path, and thus each noise signal can be measured separately by
an oscilloscope or spectrum analyzer.

2.3 Q3D Parasitic Component Extraction

It is important to take parasitic components and non-ideal conduction paths into
account when the objective is to model a drive system with emphasis on EMI
performance. A common method to introduce parasitic components into a model
is to use approximate equations to calculate the parasitic resistance of a PCB trace
as shown in (2.4) where lumped parameters are used to represent a PCB trace.
This method becomes highly time consuming as the complexity of the structure
increases and the coupling factors becomes more dominant making the method
less useful.

An alternative method to extract the parasitic components and coupling factors is
to use the software Q3D Extractor which calculates parasitic components such as
the stray capacitance (C), conductance (G), resistance (R) and inductance (L) in
both 2D and 3D structures for frequencies up to 1.5 GHz [10]. These parasitic
components can be calculated on CAD-models which can be created in Q3D or be
imported from external software suites such as Pro Eng or AutoCAD.

Q3D Extractor utilizes two methods to calculate the self parasitic and mutual
parasitic components of a structure; Method of Moments (MoM) and Finite
Element Method (FEM). Which solver method used depends on which entities
will be solved which Q3D has divided into three sub parts; capacitance and
conductance, DC resistance and inductance and AC resistance and inductance.
MoM is used in almost all calculations where it uses the approximated surface
charge density. FEM is only used for calculating the DC resistance via current
volume density.

For Q3D to be able to solve an electrostatic setup to calculate the capacitive and
conductance properties of a model, each conducting body in the model has to be
assigned to a net which Q3D then uses when it creates surface meshes on all the
conductors and dielectrics. These defined nets will then be used in the calculation
of all the parasitic components. The capacitances between separated nets are
calculated with the separating material taken into account. To solve the
conductance part of the problem, Q3D excites on one net with one volt at a time,
i.e. the other nets are set to zero volt. The distribution of free charges within each

14



net along with the bound charges on the dielectric surfaces is then calculated. The
charges are restricted by certain boundary conditions which are summed up for
each conductor resulting in a matrix containing the charge relations between each
defined net. With a known charge relation, Q, the capacitance and conductance
can be calculated with

(G + jwC)V = jwQ (2.17)

where the real part is the conductance, G, and the imaginary part is the
capacitance, C [10]. To solve a magnetostatic setup, which calculated the
resistance and inductance, each conductor has to have an assigned sink and at
least one source to define the current path. The solution procedure for solving a
magnetostatic setup is similar to the electrostatic setup, but instead a current
excitation is used. One ampere is applied at a time in one source where the
sources are not connected. The parameter is then extracted by calculating the
current density in each conductor.

Independent of solution setup, the calculated results are presented in a square
matrix where all the self- and mutual values are presented. In the result matrix, the
self values are presented in the diagonal row, whereas the mutual values are
presented in the off-diagonal row. Note that the terms self value and mutual value
are used in a general sense and the actual value depends on the setup. In Figure
2.7 two conductors are shown where the left conductor includes two separate
parallel sources (Source 1 and Source 2) which are joined together to a common
source (Sink 1). In this case, the self resistances are denoted as R;;, Ry, and Rs3
while the mutual resistance between Source 1 and Source 1 is R;,, which is equal
to R,;.

Source 1 Source 2 Source 3
Y
1§ 12 I3
Ri2
delta V1 i delta V2 * delta Vz
R33]
Y R11R22 Y Y
Sink Sink

Fig. 2.7  Two conductors illustrating the concept of self
resistance and mutual resistance.
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To extract the resistive components in a setup as shown in Figure 2.7, Q3D uses a
Laplace function to calculate the volume current in the design, where resistance
matrix can be described as

Ry Ry O
(VViz3) =|Rz1 Rz 0 |(Iy23) (2.18)
0 0 Rss

The calculated entities can be extracted as matrices or the solved model can be
used in a Simporer co-simulation, or it can be exported as a state-space model
which also can be used in Simplorer. If the state-space model is applied, it is
possible to pre solve the problem setup for a given frequency range. By using co-
simulation with Simplorer the accuracy increases as Simplorer specifies the
current frequency and currents to Q3D but at a cost of increase in calculation time.
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3 EMI Filter Synthesis

3.1 Modeling of Filter Components

In [1], equivalent models were used to represent the frequency behavior of the
passive components in the EMI filter which consists of two plastic film capacitors
connected in parallel on each side of an inductor in series with the DC voltage
input, see Figure 3.1.

Vin Vout
O T T O

Fig.3.1:  Two parallel capacitors connected to an inductor in series,
forming a low-pass EMI filter.

With this approach, the self parasitic components of EMI filter are accounted for
but not the mutual couplings or the PCB. The mutual couplings between each
passive component in the EMI filter was not included in the equivalent models
due to the complex structure where coarse approximations had to be used to
calculate the mutual parasitic components. Another approach to extract the mutual
parasitic components from the EMI filter is to create a CAD-model of each
component where the FEM is used to calculate the electromagnetic fields in the
vicinity. Material properties and physical dimensions of each component are
included in the CAD-model.

FEM calculations require a lot of computational resources and are therefore time
consuming for highly detailed models. If the model is too detailed, the FEM
software might not be able to converge which results in an unsolvable setup. As a
result, simplifications are often made in the modeling process. In this thesis a
hybrid solution is introduced to analyze the impact of the mutual parasitic
components in the EMI filter. The hybrid solution combines the equivalent
models from [1] with the extracted mutual parasitic coupling components from
the CAD-model. Each CAD-model is designed according to the outer dimensions
of the component where the internal material and dimensions are altered to obtain
the correct properties. Maxwell is used through the whole analysis, from the initial
modeling stage where the component are modeled and material properties are set,
to the solving stage where FEM calculations are performed and analyzed.
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3.1.1 Plastic Film Capacitor

The internal structure of the plastic film capacitor is reduced from a rolled up
plastic film to an E-shaped structure. In the CAD-model both the conductive part
of aluminum and the dielectric part are enlarged, compared to a physical
capacitor. The curled up plastic film of the physical capacitor has an elliptical
shape which is embedded in a rectangular plastic casing. The E-shaped structure
run vertically from the connector pins forming a box, shaped as a rectangle
according to the outer dimensions of the physical capacitor, see Figure 3.2.

Fig. 3.2:  Plastic film capacitor CAD-model.

In Maxwell the electrodes of the capacitor are assigned as aluminum which has a
pre-defined conductivity. The set of electrodes are enclosed with a dielectric
material that serves as dielectric between the electrodes as well as the casing of
the capacitor.

To calculate the capacitance of the capacitor model the electrostatic solver is used
where one electrode pin is excited to 1V and the other electrode pin is set to 0V.
As the calculated capacitance between two voltage exited electrodes depends on
the permittivity of the dielectric between the electrodes, the relative permittivity
has to be altered to obtain the same capacitance value as the real capacitor. The
extreme value of the relative permittivity is due to the simplification made in the
inner parts of the capacitor where the area between the electrode sheets are vastly
larger compared to the modeled capacitor. The electrical potential on a cross
section of the solved capacitor model is shown in Figure 3.3.

voltage[v]

L
] 0 20 imen)

Fig. 3.3:  The electric potential on a cross section of the solved
capacitor, seen from above.



Since the electrostatic solver calculates the capacitance between all excited nodes,
it also calculates the capacitive coupling coefficient between different
components. The coupling coefficient between two capacitors separated by a
distance of about 7mm (casing to casing) is calculated to k = 5 = 10719, i.e., the
parasitic coupling capacitor is about 0.5pF which will only affect frequencies
above the GHz region. Since the frequency range of interest in this thesis is up to
30MHz the capacitive couplings are neglected. The small coupling capacitance
indicates that the fictional value of the relative permittivity will not introduce an
error in the EMI filter analysis that includes the inductive couplings.

The electrolytic capacitors will not be modeled because of their complex inner
shape and since they are placed far away from the inductor and which makes the
coupling factor negligible, see section 3.2 for further analysis.

3.1.2 Inductor

The inductor consists of copper wires which are wound around a bobbin core with
106 turns, the CAD-model of the inductor is shown in Figure 3.4. The inductor
core is set to ferrite where the winding is set as copper, where the material
properties used is from Maxwell’s material library.

§

!
0 15 3(cm)

Fig. 3.4:  Detailed bobbin core inductor CAD-model.

The detailed CAD-model of the inductor, shown in 3.4, is too complex for
Maxwell to mesh and solve within reasonable a time. A simplified CAD-model is
therefore made, with an identical core as the previous model but the numbers of
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turns are greatly reduced and the cross section of the wiring is changed from
circular to square, see Figure 3.5.

C
0 15 30 (mm)

Fig. 3.5:  Simplified bobbin core inductor CAD-model.

The inductor model is solved using both the magnetostatic solver as well as the
eddy current solver which solves the eddy currents in a structure for different
frequencies. In both solutions, the wiring is excited with a current of 1A4. The
magnetostatic solution shows that magnetic field is not contained within the core
as some field leaves the core; see Figure 3.6 where the magnetic field is depicted
as streamlines in the YZ-plane. As expected, the magnetic field is stronger closer
to the core, where it decreases with distance from the core, i.e., objects close to
the coil will be more affected by the leakage flux.

HLA_per_meter]

7.941224202
7. 445524002
6.9497e4002
6. 453924002
5. 95624002
5. 4B24e+002
4. 966724002

4, 470964002
R oo
3. 479424002
2. 983664002
2.4879e+002
1.9921e+002
1. 4964e+002
1.0006e+002 -
5.ouste+001 | [N
9.1028e-001 |

40 (mm)

Fig. 3.6:  Magnetostatic solution showing the H-field as streamlines.
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The inductance value of the reduced inductor model is found to be much less
compared to the values given in the datasheet. The inductor model cannot be
altered to obtain the correct inductance, as for the plastic film capacitor. Instead a
post-processing option is used which allows the user to alter obtained simulation
results. With the post-processing option, one winding turn in the CAD-model can
be set to represent several winding turns after post-processing, i.e., the number of
winding turns can re-specified once results from the CAD-model are obtained.
This feature is however only available for magnetostatic solutions.

The magnetostatic solver as well as the eddy current solver can be used to
calculate inductive couplings and thus extract the mutual parasitic components
between different components in the EMI filter. At least two current excitations
are required to solve the inductive couplings between the modeled components
since Maxwell calculates the interaction of the magnetic fields generated by each
current.

One drawback of Maxwell is its inability to solve an electrostatic and
magnetostatic model simultaneously, i.e., the capacitive and the inductive
coupling must be solved separately since the interaction of these two coupling
mechanisms cannot be simulated.

3.2 Filter Layout Analysis

It is important to include the self and mutual parasitic components which reside in
an EMI filter in the simulation model since the filter components spread electrical
or magnetic fields in its vicinity to a large extent. The component placement
affects the mutual coupling between the EMI filter components and by extension,
the overall filter performance. The DM noise level can be reduced by optimum
component placement [11].

321 Simulation

The first component configuration layout consists of the simple inductor that was
modeled in section 3.1.2 and the capacitor modeled in section 3.1.1, see Figure
3.7. The inductive coupling between each component is found using the
magnetostatic solver which only accepts current excitations and not voltage
excitations. Since a voltage cannot be applied over the capacitor and the dielectric
is an insulator, the capacitor model is altered so that electrodes on the capacitor
are connected with an additional highly resistive connector pin. This approach
enables a current excitation of 1pA through the capacitor where the inductor
current set to 1A4.
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0 15 30 (mm)

Fig. 3.7:  Component configuration layout of the inductor in proximity
to the plastic film capacitor.

The mutual inductive coupling between these components is calculated to
L,, = 0.423uH. The coupling factor is calculated to k = 53 = 1073 if the self
inductance of the inductor is used as reference. The coupling factor is used
throughout the filter layout analysis to express the magnitude of inductive
coupling where the coupling factor is always expressed as relative to the self
inductance, which makes the post-processing option superfluous.

Figure 3.8 shows the calculated coupling factor for different distances between
two inductors and between an inductor and a capacitor. The distance is defined as
the shortest distance between the capacitor casing and the inductor core or the
core to core to distance. The simulation results indicate that an increase of the
distance between components radically reduces the coupling factor.

120

4

o\
B
A\
I\
N

2 \\\
0 e ——
0 20 40 60 80 100 120
Distance [mm]

Capacitor

Coupling factor [10°3]

Fig. 3.8:  Component configuration layout of the inductor in proximity
to the plastic film capacitor.
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When the eddy current solver is used, the frequency of the exited current is varied
which gives the possibility to study the frequency dependence of both the self
inductance together with the inductive coupling between the inductor and the
capacitor. Table 3.1 shows the simulated results of how the coupling coefficient
changes with current frequency.

Table 3.1:  The inductive coupling factor for different frequencies of
the current.

SEOIEwYAIsVAl 0.1 | 1 | 100 | 1000 | 5000 | 10* | 10° | 10° | 107

k [107] 53.3]53.3|53.0| 47.8 | 44.6 | 44.0 | 44.0 | 45.2 | 45.4

The simulation results show that the inductive coupling is stronger for lower
frequencies and above 5kHz the inductive coupling becomes almost independent
to the frequency. This facilitates the modeling since the coupling can be modeled
as a static coupling.

The inductive coupling does not only depend on the distance and the frequency,
but on the component placement as well. According to [11] the filter performance
can be improved by aligning the filter components in various ways to reduce the
coupling factor. To verify this, two different filter layouts are modeled according
to the filter schematic in Figure 3.1. The simplified inductor from section 3.1.2
and the capacitor modeled in section 3.1.1 are used in the modeling process. The
difference between each filter layout is the alignment of the capacitors. In the first
layout, shown in Figure 3.9, the capacitors are placed in parallel with the inductor
and in the second layout, the capacitors are rotated 90° in comparison to the
capacitors in the first layout, see Figure 3.10.

2

[
0 20 40 (mm)

Fig. 3.9:  First filter layout with the capacitors in parallel with the
inductor.
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Fig. 3.10:  Second filter layout where the capacitors are rotated with 90°.

The magnetostatic solver is used to solve both filter layout models where the
inductor is excited with 1A of current and the capacitors are excited with 1uA of
current. The calculated coupling factor between the inductor and each of the
capacitors for each filter layout model is shown in Table 3.2.

Table 3.2:  Coupling factors between the inductor and the capacitors
for each filter layout model.

k between first capacitor

k between second capacitor
and the inductor [107]

and the inductor [107]

First filter layout

Second filter layout kK¢

The simulation results indicates that the first filter layout where the capacitors are
aligned parallel with the inductor has a lower coupling factor and is thus favorable
from an EMI perspective. The results also verify that the distance between each
filter component may be reduced without an increase in the inductive coupling, as
long as the filter components are aligned optimally. The results also agree with the
conclusions made in [11] where it is stated that the first filter layout gives better
EMI performance compared to the second filter layout.

By adding the mutual coupling to the filter derived in [1] between the main
inductor and a parasitic inductor in the capacitor the filter performance changes.
Figure 3.11 shows the coupling effect on the filter transfer function in comparison
without any coupling.
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Fig. 3.11: Comparison of filter with different coupling factors

The addition of mutual coupling, calculated in Maxwell, has almost no impact on
the filter performance due to the small coupling factor. The only noticeably
difference appears close to 4MHz, see Figure 3.12.
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Fig. 3.12: Effect of Maxwell calculated coupling

This shows that the accurate coupling is difficult to model but the simulation
results are still useful since it verifies the principles of how different layouts
affects component coupling.

3.2.2 Measurements and Validation
To validate the simulation results, each filter layout is constructed and connected

to the inverter one at a time where the EMI on the input stage of the inverter is
measured. The measurement setup consists, of two LISN devices that are
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connected on the positive and negative DC link, between the DC voltage input
and the EMI filter. The ground consists of a grounded copper plate where the
inverter and the LISN devices are placed on the same ground plate. The spectrum
analyzer (Hewlett Packard 8591EM EMC analyzer) that is used during the
measurement is not capable of separating the CM and the DM component from
the measured noise components on the LISN devices. Due to this, a noise
separator is constructed to separate the CM and DM noise [12]. A simplified
schematic of the measurement setup is depicted in Figure 3.13.

icM
—-»
CM/DM Spec Cables and Load
Noise Separator Analyzer
J -
ipm
icM+iDM ff 1f icM-iDM
EMI Filter
Positive\ wn
LISN 4 [ [

k: Ak k[ R
P EA kA

— ut
Switching Legs

Negativa
LISN

Fig. 3.13:  Simplified schematic of the measurement setup.

The separator consists of two high precision 50Q resistors, a wideband
transformer and a ferrite toroid. The primary transformer is the main component
that distinguishes the DM noise from the CM noise since only the DM noise is
transformed to the secondary side. The CM noise is canceled out in the
transformer on the primary side since the CM traveling path has the same
direction, i.e., the noise currents into both the positive and negative LISN device
has the same direction. The DM noise does not travel in the same direction and is
therefore transformed to the secondary side of the transformer, see Figure 3.14.
The resistors on the CM and DM outputs act as measuring terminators where the
CM noise is picked up over the resistor R, and the DM noise is picked up over
the resistance Rp,. It is important that the transformer does not damp the
incoming noise for the frequency range of interest. The power rating on the
transformer can however be low since the noise power levels are low. The ferrite
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toroid on the secondary side of the transformer acts as a CM-choke where it

reduces non-wanted CM noise on the secondary side.

-
(o,
wp
Positive LISN DM
L CM-choke
\AAAN) .
— HEN
YYYN v DM
Or— ]
R = ICM Rpm
Negative LISN M = —>
(o, i
< ReM —=
iDM

Fig. 3.14: The CM and DM noise separator setup.

During the measurement, the inverter operates at a switching frequency of 20kHz
and a fundamental frequency of 70Hz. The inverter is fed with 300V from a DC
power supply (Elektra 300V, 20A4) and the inverter is loaded with an
asynchronous machine. The DC power supply deliver 1.14 i.e., 330W during the
measurement. Figure 3.15 show the measured DM noise for both the filter layout
with the optimal capacitor placement and the unfavorable capacitor placement.

DM |
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80
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Fig. 3.15: The measured DM noise.
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The DM noise is slightly reduced for the layout with the favorable capacitor
placement in comparison to the layout with the unfavorable capacitor placement,
especially for frequencies above 200kHz. The measurement results and the
simulations made in Maxwell agrees with [11] where it is stated that component
placement affect the performance of a filter. Figure 3.16 shows that the CM noise
at frequencies above 200kHz is not affected by component placements.
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Fig. 3.16: The measured CM noise.

By favorable component placement the EMI levels of the inverter can be reduced
but to find the cause of the EMI the simulation model needs to be extended and
include more parts which in [1] was simplified and made ideal.
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4 Improved Drive System Model

4.1 Improved PCB Model

The physical inverter PCB has four-layers where copper material is used as
conductive material and FR4 epoxy as insulation material. The thickness of the
conduction paths are 35um and the thickness of the isolation layers are
approximately 0.4mm. The original design of the PCB is created in OrCad PCB
Layout and the circuit layout is imported into Q3D Extractor. A cut-through
section of the PCB can be seen in Figure 4.1 where the vias that connect each
layer are included. The creation of vias and the positioning of each layer must be
done manually. Via

q
- i i . i irl]]ll Hm—1

el

Fig. 4.1: A cut-through section of the four-layered PCB.

Due to the complex structure of the PCB, specific parts of the PCB model must be
remodeled to reduce solution time. The model is simplified by removing the
conduction paths that are connected to the driver circuit i.e., the only conduction
paths included in the model are those that are connected to the main input voltage
or ground. The conduction paths that have circular segments are simplified to
obtain a coarser geometry. In Figure 4.2, all of the conduction paths of the PCB,
except the ground planes and some vias are depicted.
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T

Output/ Output Output
Second Layer Phase A Phase B Phage C

Fig. 4.2: Semi transparent top view of copper parts in the PCB
constructed in Q3D.
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The upper part the PCB trace in Figure 4.2 is connected to the main voltage input,
filter and each phase leg. Connection points for the IGBTs and diodes are located
at the first layer, which connects to the second layer by vias. The connection point
to each electrolytic capacitor are simplified to one connection point. The
groundplane is modeled as a copper sheet located beneath the PCB. The complete
PCB model is shown in Figure 4.3.

Fig. 4.3:  Semi transparent top view of the complete PCB model.

In the simulation setup of the PCB model, the solution setup consists of a
logarithmic interpolating sweep with four samples per decade from 0 to 30MHz.
The relative error is set to 0.5% and the maximum mesh refinement periods are
24. The results from Q3D Extractor are imported into Simplorer as a state space
model. In Figure 4.4 and Table 4.1 , four parasitic capacitors of significant size
from the solved PCB model are depicted at two frequencies.

Table 4.1:  Four extracted parasitic capacitors from the PCB model.

Parasitic  Between nets [PF]@ 0Hz  [pF] @ 10 MHz
capacitor
C; Ground One and protective | 44 44
earth ground.
C, Phase leg and Ground | 25 25
Two.
Cs Phase leg and Ground One. | 110 99
Cy High voltage input and | 1100 1100
Ground One.
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Fig. 4.4:  View of PCB with significant parasitic capacitors indicated.

The imported model of the inverter is represented as a square shaped component
where all the defined sources and sinks from Q3D Extractor are available as
connection pins in Simplorer, see Figure 4.5.
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Fig. 4.5: Simplorer model with added PCB model
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4.2 Improved Cable Model

The interconnecting cables between the inverter and the asynchronous motor
needs to be more accurately modeled, and is modeled in the same manner as the
PCB with Q3D Extractor. The original cable model is close to ideal since it has no
parasitic components. Q3D Extractor will calculate the self resistance and the self
inductance of each cable as well as the capacitive coupling between the cables to
ground and between each cable. The cable model consists of three parallel isolated
conductors, placed in a triangular manner, see Figure 4.6. The cable bundle is
further placed on a copper sheet which serves as a ground plane. The dimension
of the conductors, isolation and copper sheet used in the model are obtained by
physical measurement. Accordingly, the radius of the conductor is 2.33mm where
the radius of the isolation layer is 0.56mm. The copper sheet is measured to
0.5mm. Each power cable is assigned to a unique net containing a sink and a
source. As with the PCB model, a copper sheet beneath the cables is also modeled
and attached with a source and a sink.

Fig. 4.6: Bundle cable model.

The modeled cables are added as a static space state model in the existing
Simplorer model in series with the motor model. By adding both a PCB model
and a more accurate cable model the simulated EMI levels are increased which
results in that the drive system model behaves more like the physical drive
system, see Figure 4.7 and Figure 4.8.

100 e e e e
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Fig. 4.7: Simulated EMI levels for the drive system model, with
and without the addition of PCB and cables
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Fig. 4.8: EMI levels for model with added PCB and cables as well
as measurements.

The instrument used for measuring the EMI is unable to accurately measure EMI
levels in a large frequency span; it can only accurately measure a span of about
150kHz at a time which makes the measuring from 1MHz to 30MHz difficult.
Because of this the EMI levels are measured just measured from 10kHz to SMHz
but with reduced accuracy above 1MHz. By reducing the accuracy the
measurements becomes “filtered” or averaged and it is therefore impossible to
determine if the measurement results only consists of background noise or if it is
EMI for higher frequencies. To study the content in the higher frequencies an
accurate small range measurement is made from 10MHz to 10.05MHz, i.e. the
measuring span is 50kHz. Figure 4.9 shows the accurate 10MHz measurement
and an accurate measurements from 20kHz to 70kHz.

Voltage [dBuV]

Voltage [dBuV]

T T T T T T T T T
10 10.005 10.01 10.015 10.02 10.025 10.03 10.035 10.04 10.045 10.05
Frequency [MHz]

Fig. 4.9: Accurate EMI measurement. Upper: Low frequency,
Lower: High frequency
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The multiples of the switching frequency in Figure 4.9 should occur at 20kHz,
40kHz and 60kHz which is clearly present. There should also be multiples of the
switching frequency at 10MHz, 10.02MHz and 10.04MHz but as seen in Figure
4.9 it is non existing as the measured EMI remains in the background noise level
during the entire measured range. This shows that the simulation model is not
accurate in the higher frequency range because in the simulated EMI level is high
at 10MHz, see Figure 4.8, which does not agree with the measurements.
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5 Conclusion

To study the effects of inductive coupling, two EMI filter layout configurations
were designed. The results indicate that the EMI levels are reduced if the plastic
film capacitors have the short end facing the inductor core. In addition, the drive
system in [1] has been extended with PCB and cable models. A difficult task in
the modeling process was the simplifications which had to be made in order to
obtain a solvable drive system model. A challenge in this field of work is to
determine which specific components in the drive system that has a noticeable
impact on EMI and which parts that can be neglected. Another difficult task in the
modeling process is the definition of different references and grounds to be used
in the drive system model. It has been shown, that this aspect is important since
the CM noise component, which uses the ground plane as return path, is dominant
in the high frequency range. The final result shows that it is possible to accurately
model and simulate the EMI levels of an entire drive system. The EMI levels
agree particularly well in the lower frequency range but for the higher frequency
range additional improvements of the drive system model is required.
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6 Future Work

More parts of the drive system can be more accurately modeled, for example the
motor or the gate drive circuit. For the motor either a preconfigured template
motor may be used in or a more detailed model of the motor can be designed in
3D where the physical dimensions as well as the material attributes of the motor
are included. The CAD-model can then be implemented in FEM calculations to
more accurately solve quantities such the magnetic flux and the produced torque.
The gate drive circuit can be extended with additional parasitic components and a
behavioral Spice-model provided by the manufacturer.
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