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Abstract

The research presented in this master thesis was performed at the Center of Advanced
Power Systems, a leading electrical power research institute of the Florida State Univer-
sity in 2017. The topic of the research is the modeling and simulation of the common-mode
characteristics of a silicon carbide metal-oxide-semiconductor field-effect transistor (SiC
MOSFET) H-bridge and the verification of the outcome by taking measurements of the

physical switching device by the use of a vector network analyzer.

The main focus of the project lies within the correct replication of the common-mode
behavior of the device under test, so the simulation model represents the SiC MOSFET
H-bridge and its common-mode behavior. Subsequently, it can be used to present the
device in a larger system context, which would lead to a prediction of its effect onto other

system components.

In chapter one, a short introduction of the motivation behind this research and an overview
of previous performed and related works are given. Furthermore, existing standards re-
lated to electromagnetic compatibility are listed. A short introduction of electromagnetic
interference and its sources is given in chapter two. In the following section, different
modeling approaches of a power electronic building block of the Virginia Tech impedance
measurement unit is described, while Chapter 4 presents the measurements of the power
electronic device, which contains the SiC MOSFET H-bridge. All measurement results

and an introduction of scattering parameters can be found in the appendix of the thesis.

Proper modeling of power electronic device common-mode characteristics is an important
step within the design and development of a power system. Since the switching frequency
and power density of these devices are constantly rising, modeling the common-mode char-
acteristics of switching components in power electronic circuits is of increased importance.
The reason is the root cause of electromagnetic interference, which is a fast rate of change
in voltage and current. These rates of changes stimulate oscillations producing current
in undesired conductive paths. First, a differential-mode model is presented. This model
gets expanded by adding all expected parasitic capacitances to ground, which provides
a path for the common-mode currents. After the performance of the mixed-mode model

gives a reasonable output a common-mode equivalent circuit is designed, which is then

v



verified by comparison with the simulation and the performed measurements.

In the last chapter, the conclusions finalize the thesis by presenting the correlation between

the created models and the executed measurements. Scattering parameters
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1 Introduction

1.1 Motivation and Background

The Electric Ship Research and Development Consortium (ESRDC) grounding group has
been working on developing new approaches for modeling common-mode characteristics
of power system components expected to be seen on board of a mega-watt (MW) scale
all-electric ship. A motivation for being concerned about common-mode at any stage of
ship design is that the adoption of a new enabling power system has the risk of increased
electromagnetic interference (EMI). An example of such a power system is one based on

power electronic converters.

Leakage current (common-mode current) through bearings and the ship hull can lead to
unintended operations of components. This current results in a field that can be cou-
pled to other systems, such as sensors and communication equipment, which consequently
can result in disturbances of their signals. Therefore, mitigation is needed. In order
to understand common-mode (CM) behavior and achieve mitigation the characterization
and measurement of the wide-bandwidth frequency behavior of the systems, including
switching-induced electromagnetic fields and the behavior of the system in response to

faults is essential for ship designers.

Currently, no standards or guidelines exist for shipboard power systems that describe in-
terface requirements for CM coupling at a system context. The Center of Advanced Power
Systems (CAPS), Florida State University, is working towards models validated by exper-
imental results, which can help establishing such interface guidelines in the future. It is
known that power electronic switching frequencies are the main source of common-mode
interference, due to the high rate of change in voltage and current caused by switching
events. Therefore, the following research questions have to be considered. How does one
model interference within a power system simulation? Furthermore, how can salient fea-

tures of CM interactions between components be identified?

To answer these questions, the salient common-mode characteristics of one power electronic
building block (PEBB) of the Virginia Tech (VT) impedance measurement unit (IMU) will
be determined via computer modeling and simulation using MATLAB® /Simulink and the
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additional simulation software package for power electronics PLECS® Blockset as well as
PLECS® Standalone. The validation of the model is achieved by taking measurements
of the CM current and voltage of the PEBB in an energized and a de-energized state.

Moreover, the use of the model in a system level simulation can be verified.

This thesis will gather knowledge about CM interference and its salient characteristics, as
well as demonstrate the possibility of modeling the interference caused by power electronic
switching events. Furthermore, this work will deliver a CM model of a PEBB, which

reproduces its CM behavior over a broad frequency range.

1.2 Literature Review

As a consequence of growing costs and military capabilities the U.S. Navy started to re-
consider the design concept of traditional naval ship power distribution systems in the last
few years. Therefore, the approach of an all-electric ship (AES) was created as part of an
ambitious technology plan for the Navy fleet of the future. The Office of Naval Research
(ONR) Electrical Ship Research Development Consortium (ESRDC) is exploring ways to
power this kind of ship [1,2]. The concept behind the AES is an integrated power system,
i.e. a common power distribution system which allows nearly all shipboard power systems
to be driven directly by electric power. This includes propulsion, radar, communication
as well as weaponry. The goal of this power distribution is to enable the powering of
the ship’s loads and the propulsion system from the same electric source, thus avoiding
a separate generation system [3], thus a further milestone to achieve a higher efficiency
with the use of the on-board power while reducing fuel use and crew size [4]. An exam-
ple of this new supplying concept is the USS Zumwalt, the first surface combatant with
integrated power systems (IPS) that supplies electric power for both propulsion and ship
service loads, launched on 29 October 2013 [5,6]. With this IPS, the interest in medium
voltage direct current (MVDC) power systems increased for the use in future naval surface
vessels. This new energy distribution created new concerns with electromagnetic interfer-
ence (EMI), especially with leakage currents through the ground plane (i.e. the ship hull),
CM currents, as well as voltage stress resulting from high-edge-rate switching. This kind

of CM behavior in power systems is related to bearing [7] and insulation failure [8].

The CM phenomena and the effect of parasitic components are observed and analyzed in
numerous different works [9-12]. Because of this phenomena and its unwanted effect on a
power electronic system, techniques to contain, reduce and mitigate EMI noise increased
within the topic of power electronic circuits. These techniques can be associated with
different classes. The first group contains filtering techniques, which includes CM-chokes,
shielding techniques and filters as proposed in [13-15]. The second class is about can-

cellation of EMI sources, by the identification of CM voltage sources and driving them
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to zero. Hence, the CM-current also is reduced to zero. This can be obtained with can-
cellation techniques as presented in [16-18], novel circuit designs [19-22] and switching
techniques [23-25]. The third group includes techniques to disturb the CM current path,
e.g. with different grounding techniques such as grounding of the negative rail or midpoint
grounding. The effects were investigated in [2,26-29]. The last kind of CM mitigation

technique involves balancing techniques of a circuit as proposed in [30,31].

All of these methods involve system penalties. Since CM mitigation also affects the system
performance, and the costs can increase due to additional needed components. Because of
that reason, it is preferred to reduce CM-voltage (CM-current) just as far as needed to en-
sure safety and comply with emission standards. To apply any of the mentioned solutions
to reduce the CM currents, first one has to understand the noise source and CM current
path, i.e. parasitic coupling to ground. One of the main sources of common-mode noise
is power electronic switching devices [32]. Because of new technologies, such as Silicone
Carbide (SiC) IGBTs and SiC MOSFETS, they have the capability of higher switching
frequencies leading to a reduction in size of external components, such as inductors and
capacitors. Consequently, the costs are reduced [33]. Nevertheless, a higher switching
frequency also has drawbacks. The switching losses rise proportional to the switching fre-
quency and furthermore, it causes higher CM noise, due to the increasing rate of change

of voltage over time (4v/at) [34].

From the analytical perspective, modeling showed to support CM design and mitigation.
Two different modeling concepts have received the most attention. The first technique
is to derive a mixed-mode model, which is created by adding parasitic elements to the
differential circuit model. This approach yields a coupled DM/CM behavior [35-40], a
mixed-mode model. This concept is shown to be an effective way for single converter or
drives, but the computational costs are prohibitive for more complex systems, such as
modern ship electrical systems. This is where the second approach becomes preferable.
This technique is to derive the CM equivalent circuit for the purpose of analyzing CM
voltage and current in large complex power systems. As shown in [7,14,18,21,41-51], the
impact of power electronic switching is represented by CM voltage or current sources, cou-
pled to the parameterized domain, parasitic paths. The computational effort to simulate
such equivalent circuits is highly reduced in comparison to the mixed-mode model, due to
the number of components and the complexity reduction of the simulation model. Fur-
thermore, the need to identify switching instants throughout a simulation is eliminated.
The final advantage of a CM equivalent model is the use of techniques for linear circuit
analysis (e.g. Thevenin’s theorem), which can be considered hassle-free to apply for a
prediction of the CM behavior.

Derivation of CM equivalent circuits is proposed in [41] for a DC-based ship power system.
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It defines the CM voltage with respect to an arbitrary reference point, which leads to
a straightforward transformation of the mixed-mode model into its CM equivalent as
the authors outlined first in [52]. Therefore, [41] will serve as an example for the basic
derivation procedure for this thesis, but the focus will lie on modeling the parasitic impact
of the included inverter of the device under test (DUT), since the influence of the parasitic
coupling to ground of the power electronic switching device over its heat sink is of interest.
The impact on the system of the conducted EMI caused by heat sink parasitics are studied
and analyzed in [34, 53, 54].

1.3 Standards

Various government bodies defined several standards correlated to the protection of a
product against susceptibility to other products emissions. Instituted standards specify
limits for the quantities of radiated and conducted noise emission. Compliance is needed
in order to sell a product within a country. In Europe these standards are set by the Euro-
pean Economic Consortium (EEC), while the responsible bodies in the United States are
the Federal Communications Commission (FCC) and the Department of Defense (DoD).
Furthermore there is the International Special Committee on Radio Interference (CISPR),
an international body of the International Electrotechnical Commission (IEC), which pro-
vides methods and guidance on how to generate appropriate limits for the protection of
radio reception, but do not contain any prescribed limits or system related performance
specifications. It has to be mentioned that CISPR has no regulatory authority, but its
standards can be used as benchmark or goal for suppliers which can be adopted by individ-
ual nations in order to achieve facilitation for international trade. In Table 1.1 numerous

common standards for EMI regulations are listed [55].

All of these standards include both, conducted and radiated specifications as well as reg-
ulations regarding electromagnetic compatibility. The most important difference between
the single specifications is the frequency bandwidth which they cover. According to [56]
and [57], for purposes of the FCC’s exposure guidelines, the frequency range of interest
is between 300 kHz and 100 GHz. The most important limits for this thesis occur in the
frequency range of 450 kHz to 30 MHz. Conducted emissions have to be controlled in
this domain in the FCC standards. While the CISPR as well as the IEC regulations ex-
hibits the same end frequency of 30 MHz, both specify the start of the conducted emission
frequency bandwidth at 150 kHz [58].
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Standard Description
Signalling on low voltage electrical installations in the frequency
EN 50065-1 range 3 kHz to 148,5 kHz - Part 1: General requirements, fre-
quency bands and electromagnetic disturbances
EN 55011 \ Industrial, scientific and medical (ISM) radio-frequency equipment
— Electromagnetic disturbance characteristics — Limits and meth-
CISPR 11 ods of measurement.
Sound and television broadcast receivers and associated equip-
EN 55013 ment - Radio disturbance characteristics - Limits and methods of
measurement
EN 55014 Electromagnetic compatibility - Requirements for household ap-
pliances, electric tools and similar apparatus
EN 55015 Limits and methods of measurement of radio disturbance charac-

teristics of electrical lighting and similar equipment

EN 55022:2010 \
CISPR 22

Information technology equipment - Radio sisturbance character-
istics - Limits and methods of measurement

IEC 61000-3-2

Electromagnetic compatibility (EMC) - Part 3-2: Limits - Limits
for harmonic current emissions (equipment input current < 16 A
per phase)

IEC 61000-3-3

Electromagnetic compatibility (EMC) — Part 3-3: Limits — Limi-
tation of voltage changes, voltage fluctuations and flicker in public
low voltage supply systems, for equipment with rated current <
16 A per phase and not subject to conditional connection

IEC 61000-3-11

Electromagnetic compatibility (EMC) - Part 3-11: Limits - Limi-
tation of voltage changes, voltage fluctuations and flicker in public
low voltage supply systems - Equipment with rated current < 75 A
and subject to conditional connection

IEC 61000-3-12

Electromagnetic compatibility (EMC) - Part 3-12: Limits - Limits
for harmonic currents produced by equipment connected to public
low voltage systems with input current > 16 A and < 75 A per
phase

IEC 61000-4-3

Electromagnetic compatibility (EMC) - Part 4-3: Testing and
measurement techniques - Radiated, radio-frequency, electromag-
netic field immunity test

FCC Part 15

Radio Frequency Devices

FCC Part 18

Industrial, scientific and medical equipment

MIL-STD-461G

Department of Defense Interface Standard — Requirements for the
Control of Electromagnetic Interference Characteristics of Subsys-
tems and Equipment

Table 1.1: List of common electromagnetic interference regulations




2 Common-Mode Interference

To provide a basis for deriving of a common-mode equivalent circuit, a short review of

common-mode interference and the methodology is provided [41,52].

2.1 Review and Definition

First of all, one has to define electromagnetic interference (EMI), definitions and sources
in order to understand common-mode interference. EMI is a phenomenon where one elec-
tromagnetic field interferes with another, resulting in a distortion of both fields. This
distortion is an unwanted effect of electromagnetic noise which interferes with other sig-
nals of interest and can yield in an unexpected systems behavior. In other words, it is any
unwanted electric or electronic disturbance, which causes an undesirable response, thus
creating a malfunction or degradation in the performance of electrical or electronic equip-
ment. Generally speaking, the effect of EMI is detrimental and just about any electrical

or electronic device has the potential to generate EMI.

EMI can be distinguished in two types of interference, radiated and conducted. Con-
ducted emissions are electromagnetic emissions propagated along a power or signal con-
ductor, while radiated emission is the electromagnetic energy propagated through space.
Moreover, conducted electromagnetic interference can be broken down into two modes of
circuit operation: differential-mode (DM) and common-mode (CM). The differential-mode
is the desired operation of the circuit, while the common-mode, also called asymmetrical
interference, is an undesired operation of a system. CM is often a result of interference,
imbalances in the switching circuitry, transmission path or load, asymmetrical design or
parasitic coupling. Parasitic coupling will play a major part in this thesis. As a result,
noise appears in all phases with equal amplitudes. The definition of CM voltage v¢,, and

CM current i.,, as well as DM voltage vg,, and DM current 4, is shown in Fig. 2.1.
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Fig. 2.1: Differential and Common-Mode Definition [41]

As described in previous works, the DM and CM currents are defined for the set of wires
by:

) 1, )
idm = 5(11 —i3) (2.1)
tem = 11 + 19 (2.2)

According to this definition, the CM current is zero, if a current [ is flowing through line
one and returning on line two (i; = —i2), while the DM current results in / in this case.
In the same way the DM and CM voltages are defined herein with respect to an arbitrary
point P by:

Vdm = V1P — V2P (2.3)

1
Vem = 5(11113 + v2p) (2.4)

If both voltages v1p and vop are balanced with respect to the chosen point P, the CM
voltage between the two wires is zero while the DM voltage is simply the difference between
v1p and v9,. Equation 2.4 also shows that the voltage with respect to ground is not the
same as the CM voltage, since the reference point P can be chosen arbitrarily. Further
generalizing this definition of CM current and voltage, [52] and [41] propose the following

formula for the CM quantities for a number of K lines,

K
fem = > _(ik) (2.5)
k=1
1 K
Vem = EZ(vkp) with kel...K (2.6)
k=1

where the CM voltage is defined with respect to a fully arbitrary point P. In this way
a piecewise construction of a CM equivalent model for arbitrary large power systems is
possible. The defined CM voltage represents the average voltage looking into or out of a

set of electrical ports [41,52].

Power inverters convert electrical power of one voltage or frequency to another power of

different voltage or frequency. Most inverters employ pulse-width modulation (PWM)
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schemes that rely on frequently switching signals with very fast rise and fall times, espe-
cially with SiC based switching devices. These signals have significant energy at frequencies
far beyond the fundamental switching frequency. Imbalances in the switching circuitry,
transmission path or load drive a portion of the power from the DM currents through CM
current pathways, which can interfere with other electric or electronic devices. The higher
the switching frequency the higher the influence, due to the increasing rate of change of
dv
).

voltage over time (E

2.2 Sources of Electromagnetic Interference

With increasing density of the electromagnetic environment, the concern about the effects
of EMI producing sources is of importance. Since the interference has an impact on
the system performance, one has to consider possible EMI sources within the circuit of
interest and occurring parasitics of the device under test. Under the term parasitics
one understands unavoidable and unwanted parasitic elements such as capacitances and
inductances, which occur between the components of the circuit or between a component
and its environment. The main focus lies in the identification of parasitic capacitances,

since these elements provide a path for the CM current.

2.2.1 Passive Components

Passive components such as resistors, capacitors, inductors and transformers as well as
connection cables with considerable length need to be seen as source of interference, es-
pecially with increasing frequency. While these components behave as expected in the
lower frequency domain, their performance changes with rising frequency, due to parasitic

capacitances and inductances. Therefore, passive components can influence EMI.

2.2.2 Active Components

Active components are one of the sources of noise in a system, due to inherent parasitics
in the device packaging. In the case of the PEBB the parasitic coupling to ground of each
SiC MOSFET over its heat sink has to be taken into consideration. The occurring CM
voltage waveform interacts with the parasitic capacitance between the MOSFET and heat
sink. Hence, it provides a pathway for CM current to ground and it serves as a source of
CM noise. If the heat sink is floating, the noise will be reduced, but in power electronic
applications this parasitic coupling cannot be fully eliminated. This thesis will focus on

the identification and influence of these parasitics.

Besides the parasitic capacitances, the switching devices will also exhibit parasitic induc-

tances from the package leads, which causes high frequency ringing in the voltage waveform
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across the MOSFET. These effects serves in turn as DM noise current source due to the
interaction between the Miller capacitance (gate-to-drain capacitance) of the switching
device and the high frequency voltage component [59,60]. These parasitic impedances and
other additional parasitic effects such as the diode reverse recovery are out of scope of this

research and will not be discussed.



3 Modeling

As a first step, a DM model is created of the electric circuit of the PEBB shown in Fig. 3.1.
In order to simulate the coupled DM/CM circuit, parasitics of the device are considered
and added to the model. This approach causes issues. The most important problem is
the rising number of components, which are necessary to set up the mixed-mode (MM)
simulation model. This results in a numerical expenditure, since the system of interest
becomes more complex and the computation time rises significantly. In order to predict
the CM interference caused by the device, a CM equivalent circuit is modeled. This mod-
eling approach reduces the needed components of the circuit of interest. The decreasing

number of components also reduce the computational burden.

By using the definitions of CM voltage and current shown in Chapter 2, the authors in [52]
and [41] propose a formalized process to create a common-mode equivalent circuit from
the DM model. The procedure is described below:

1. Add parasitic capacitances to the DM component model

2. Transform the DM components into a CM equivalent circuit by using the definitions

of CM voltage and current
3. Characterize the CM voltage source(s)
4. Build the CM system model and
5. Perform circuit analysis by using standard circuit analysis (time or frequency domain)

These steps are governed by two essential assumptions. First, the circuit or system of
interest must be symmetrical with relation to a common potential, e.g. ground. In other
words, all terminals of the DUT must have the same impedance. If the system of in-
terest does not fulfill this assumption and presents unequal impedance at its terminals,
CM/DM coupling will occur and the definitions in Fig. 2.1 become invalid. This includes

line-ground fault scenarios, unbalanced AC phase operation, etc.

The second assumption is a negligible CM /DM coupling. In real systems, common- and
differential-modes exist simultaneously and result in an inherent coupling between both
modes (i.e. an intrinsic mixed-mode operation). In order to separate and understand the
CM impact throughout the system, the coupling between the two modes needs to be neg-

ligible. This assumption may not be valid for all possible operation conditions. Literature

10
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in the field of EMI and radio frequency applications provide insight into simulation and
measurement approaches of the mixed-mode (MM) operation [61-66]. Furthermore, the
parasitic capacitances of the MOSFETSs are dependent on its voltage, which would cause
them to change while switching the semiconductors on or off. It is assumed, that this
change is negligible in comparison with the parasitic capacitances presented by the rest of

the system.

In order to keep the system of interest symmetric, it was decided to use a DC voltage source
to power the device and to use the PEBB as DC/AC converter with a pure resistive load.

Details of the hardware and the operation mode are described in Chapter 4.

3.1 Differential-Mode Model

A differential-mode model of the IMU PEBB was built in MATLAB® /Simulink with the
additional simulation software package for power electronics, PLECS®. An existing model
was used as base, which was provided by the Center for Power Electronics (CPES) at Vir-
ginia Tech (VT).

H-bridge
o OJ OJ'_I}
- } YYY\L_4
capacitors oaed
% 1\ - coupled
\ inductor
snubber
capacitors

Fig. 3.1: Simplified circuit schematic of the PEBB

Fig. 3.1 shows a simplified version of the modeled circuit. The previously built model used
the PEBB as AC/DC converter and comprised a modulation index calculation, which used
a current and voltage control loop to readjust the index in order to stabilize the output.
This calculation was removed and replaced by a fixed modulation index signal, since both
the current and voltage control were disconnected and not used in the performed mea-
surements. The reason lies within the fact that the focus is on common mode quantities.
Therefore, there is no need for an optimized output and a sine-wave with 60 Hz and a
modulation magnitude of 0.9 was applied directly to the input of the sinusoidal pulse width

modulation (SPWM) was used. The value of the amplitude was chosen in a way, to avoid

11
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over-modulation and the PWM used a dead time of 2.5 us. Furthermore, the provided
model used a triangular carrier signal with 10 kHz and 50% duty cycle as carrier signal,
which was maintained in the new model. The resulting pulse generator control diagram is

shown in Fig. 3.2.
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Fig. 3.2: Sinusoidal pulse width modulation

The dead time calculation is included, which is computed over the rise time of the carrier
signal,

Ay=2 At (3.1)

ty

where Ay represents the required shift of the modulation index, in order to achieve a
dead time of At. The amplitude of the carrier is described by y and its rise time by t,.
Since these calculated delay is applied to all four switching signals, Ay has to be halved
to achieve the wanted dead time. It should be mentioned that there is also a preexisting
PLECS block, which can be used to achieve a dead time, but when it was used instead
of the calculation, it caused an error at the start of the simulation and therefore, was not
used. The modeling of the DM equivalent circuit of the PEBB and its MOSFET H-bridge
was a straight forward process, by rebuilding the system in MATLAB® /Simulink/PLECS

Blockset. The simulation model circuit is shown in Fig. 3.3.

gates
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TIGXO MOSFET

Full Bridge1
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Fig. 3.3: DM model of the PEBB
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The model provided by CPES did not include the snubber capacitors in parallel to each
MOSFET. These were added to the model in PLECS in order to represent the power
electronic switching devices behavior as accurate as possible. The circuit of the H-bridge

can be seen in Fig. 3.4.
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Fig. 3.4: DM model of the H-bridge

The values of all components included in the simulation model are listed in Table 3.1. It
should be noted that the DC-link capacitor includes its parasitic serial inductance and
resistance. This is to recreate the real frequency behavior of the component within the
simulation and details are given in Section 3.4.2. The effect of the DC-link capacitor on
the system is expected to be rather low, since the simulation is performed with an ideal

power source.

The parameters for the non-ideal MOSFETSs were estimated as data sheets were not avail-
able. The blocking voltage is the rated voltage of the device. For a first assessment of
the continuous drain current, rise time and fall time, the requirements for SiC switching
devices used in a dual half-bridge power MOSFET module mentioned in [67] were used.
It was decided to use the maximum rise time of 100 ns, due to snubber capacitors effect.
The fall time was set to 80 ns, since it is common for MOSFETSs to show a lower fall than
rise time as described in [68]. The on-resistance from the original CPES model of 30m2
is used. The off-resistance was set to 1 MS). The stray inductance of the device was set
to a value of 1 uH, based on simulation assessment. A 1 € resistor was added into the
snubber capacitor path to damp unreasonably large ripples observed within the H-bridge
output when no resistor is present. In the real circuit, other damping mechanism must be

present as no such large ripples were observed by measurements.

The tolerance of the snubber capacitors is +10%. This was neglected in the simulation,
but this possible deviation from the nominal value can cause a disruption of the sys-

tems symmetry. A measurement of each snubber capacitor was not possible, since they
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Sys. comp. Description Symbol Value
DC voltage source Vie max. 160 V
Capacitance Cc 635 pF
Source side | DC-link capacitor Parasitic resistance R, 8.3 mf?
Parasitic inductance L, 1.6 uH
Low inductive plate Ly, 100 nH
Blocking voltage Vis 10 kV
Continuous drain current 1 100 A
Rise time t, 100 ns
SiC MOSFET Fall time ty 80 ns
Stray inductance L 1 uH
Inverter On-resistance Ron 30 m{?
Off-resistance Rory 1 MQ
Free wheeling diode Diode voltage Va 2V
On-resistance Ry 30 m$)
Snubber capacitor Capacitance Conub 700 nF
Resistance Renup 1Q
Inductance per coil Ly 440 pH
Load side Coupled inductor Mutual inductance L, 330 uH
Resistance Ry 150 m$2
Load resistor R, 100 ©

Table 3.1: Values of components included in the DM model simulation

were connected directly between the low inductive plate and the inverter, which is why a

disconnection of the system was not possible.

3.2 Mixed-Mode Model

The DM model represents the PEBB and its supposed behavior, but it does not properly

represent the real system. To correctly model the physical aspects the occurring parasitics

must be added. In this manner a model is created, which includes both, the differential-

and common-mode behavior of the system. To accomplish a correct expansion of the DM

model to MM model, knowledge of possible sources of parasitic coupling needs to be de-

fined.
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3.2.1 Parasitic Capacitances

Previously performed measurements and analysis of PEBB components are presented
in [69]. These measurements were performed in 2015. In the report the capacitive parasitic
coupling to ground of the DC-link capacitors, the IGBT-module! and the coupled inductor
are estimated by using a method with least square error (LSE) and multiple measurement
setups of each component. Therefore, the document gives a first look into the expected
parasitic capacitances to ground, which will have an impact on the CM behavior of the
PEBB. To verify or correct the outcome all measurements were repeated with the same

configuration.

3.2.1.1 DC-link Capacitor

To determine the parasitics of one disconnected and de-energized pair of the DC-link
capacitors, three different measurement locations, all in respect to ground were chosen:

positive rail, negative rail, and midpoint connection point. This is shown in Fig. 3.5a.

C, G, ¢ C,
+ midpoint - I I I I
O O
| ‘ l ‘ | |
m; m, ms Port 1 Port 2

O——° o——3—

(a) (b)

Fig. 3.5: Various performed measurements of one pair of the DC-link capacitors to estimate
the parasitic capacitance to ground: (a) Measurement of three different points
against ground, (b) S-parameter measurement of the DC-link capacitors

The described measurements as depicted in Fig. 3.5a were repeated in order to verify the
values of the parasitic capacitances. The outcome of both measurement configurations
and an estimation of the caused parasitic capacitances to ground are shown in Fig. 3.6
and Fig. 3.7.

!The IGBT-module was removed for the performed tests. Therefore, its parasitics are irrelevant and are
not discussed herein.
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Fig. 3.6: Measurement of the DC-link capacitor performed in configuration as shown in
Fig. 3.5a and comparison with an estimation of the parasitic capacitance to
ground caused by the DC-link capacitor: (a) Measurement point m;: positive
rail to ground, (b) Measurement point mso: midpoint to ground, (c) Measure-
ment point m3: negative rail to ground
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Fig. 3.7: Two-port S-parameter measurement of the DC-link capacitor performed in con-
figuration as shown in Fig. 3.5b
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It can be seen that the performed measurements provide good insight into the parasitic
coupling to ground, in order to determine its size. Furthermore, an accurate estimation
of its value is possible since to the DC-link capacitor shows a linear behavior over a wide
frequency range. Therefore, a good match was achieved for frequencies up to 2 MHz. The
estimated parasitic capacitances based on these measurements of the DC-link capacitor of
Fig. 3.6 are listed in Table 3.2.

Parasitic capacitance
Measurement point

previous [pF] | new [pF]
positive rail (my) 723 615
midpoint (mz2) 861 613
negative rail (mg) 983 615

Table 3.2: Comparison of previous and actual estimated parasitic capacitances of the DC-
link capacitor against ground for three different measurement points shown in
Fig. 3.5a

As can be seen, the latest measurements differ from the previous. Furthermore, the new
estimated parasitics show only little deviation in comparison to each other, while the pre-
vious measurements show more than 25% difference between measurements. This could
have been caused by the grounding conditions of the system or the chosen connection point
to ground for the measurement. Thus it is assumed that the newly performed measure-
ment results to be more accurate. This is due to the fact that the low differences between
all three examined points meet the expectation that each of them shows the same parasitic
capacitance. These values serve as the parasitic capacitances of the DC-link capacitor in

the mixed-mode simulation model.

As a second approach to identify the parasitic coupling of the component, a 2-port S-
parameter measurement was performed as shown in Fig. 3.5b. This was not executed
before. The captured data shown in Fig. 3.7 defines the DC-link capacitors frequency
behavior in great detail and represents the parasitic coupling seen from both ports of the
device. The resulting estimated parasitic capacitances are 1.48 nF seen at port 1 and
1.47 nF seen at port 2. In comparison with the prior results, the values are significantly
higher. Therefore, they specify the upper limit of the added parasitics in the mixed-mode
model, while the first measurement provides the lower limits. A simulation showed that a
change within a range of 1.8 nF to 3 nF in the overall parasitic capacitance of the DC-link
capacitor has a very little effect on the CM behavior. In fact, the average amplitude of
the resulting CM voltage evinced a change between 0.0022% and 0.16% depending on the
supply voltage, which was varied between 10 V and 160 V. For this reason, the effect is
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considered as negligible and the value for the parasitic capacitance is set to 2 nF for the
DC-link capacitor in the MM model.

3.2.1.2 Coupled Inductor

For the measurements of the parasitic capacitances presented by the coupled inductor
different configurations of the hardware were used, shown in Fig. 3.8. All measurements

were performed under disconnected and de-energized conditions.

O L L, Ly (L)
l _rY'YZ-Y'\_O Portll o— YY Y L_, O—er—O

1 1

(a) Shorted (b) Open (c) Separated

Fig. 3.8: Various performed measurements of the coupled inductor: (a) One terminal of
both inductors were tied together and a one-port measurement against ground
was performed. (b) The inductors were separated from each other by discon-
necting the short added for measurement (a) and a two-port measurement was
performed. (¢) Each inductor was individually measured against ground.

The measurement configuration shown in Fig. 3.8a was taken from the switch side in re-
spect to ground, which demonstrates the total capacitance seen from the filter side. The
second setup depicted in Fig. 3.8b describes a 2-port S-parameter measurement. It re-
sults in an S-parameter matrix, which contains all data of the device of interest and has
to be processed. The details can be read in Chapter 11. This measurement was per-
formed to represent the interactions between the two windings of the coupled inductor. It
also includes the same data as obtained by the third measurement structure of Fig. 3.8c.
The last measurement configuration represents an impedance measurement of each coil
against ground. In sum, four measurements were taken. The tied configuration, the two-
port S-parameter measurement and an impedance measurement for each coil. To validate
the values of the previously estimated parasitic capacitances of the coupled inductor, the
measurements as in [69] were repeated in the same three presented configurations. The

impedance behavior for each setup can be seen in Fig. 3.9.
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Fig. 3.9: Measurement of the coupled inductor performed in configuration as shown in
Fig. 3.8 and comparison with the estimation of the parasitic capacitance to
ground: (a) Measurement configuration shown in Fig. 3.8a, (b) Measurement con-
figuration shown in Fig. 3.8b, (c) Measurement configuration shown in Fig. 3.8¢c
for the first inductor, (d) Measurement configuration shown in Fig. 3.8¢ for the

Frequency [Hz]

(d) Impedance measurement of second inductor

second inductor

21



3.2. MIXED-MODE MODEL CHAPTER 3.

The outcome for the estimated parasitic capacitance to ground of the presented mea-
surement setups are given in Table 3.3 for the execution performed in 2015 and the new

performed measurements.

Parasitic capacitance
Measurement method
previous [pF] | actual [pF]

Configuration 3.8a 426 403
Configuration 3.8b, first coil 282 240
Configuration 3.8b, second coil 253 249
Configuration 3.8c, first coil 311 585
Configuration 3.8c, second coil 336 529

Table 3.3: Comparison of previous and actual estimated parasitic capacitances of the
coupled inductor against ground for the different measurement configurations
shown in Fig. 3.8

In comparison, it can be seen that the outcome of the first two measurement setups show
similar values. The deviation of a maximum of 42 pF which can be caused by differently
chosen ground points. It is assumed that the divergences between the measurements of
the third configuration are caused by the system setup, since grounding of the frame can

have a significant impact.

3.2.1.3 Connection Cable

The connection cable between the coupled inductor and the load was also considered to
have a parasitic coupling to ground. The cable is of the type XLPE with three phases (two
in use) and a length of ten meters. Its parasitics can be modeled in different ways, but the
most common simulation model of a cable is a [I-section model as shown in Fig. 3.10. It
also represents the most accurate model of the high frequency response of a cable, where
the number of Il-sections can be adjusted. The greater the number of Il-sections, the
better the match. The parasitic elements (i.e. parasitic capacitance to ground, series
inductance and series resistance), have to be specified per unit of length and calculated

based on number of Il-sections used.
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il b e
[ e

Fig. 3.10: Representative II-section model of a cable

Copper has a conductivity of kK = 56 G-, which mainly defines the induced parasitic
serial resistance of the cable without considering its connection points. For the first esti-

mation of the serial resistance for low frequencies follows:

L
QA_

11 1 1
= 0m 56 8mo (3.2)

2 m__ 2.
T 56Qmm2 1 mm~ -7

R, =

This does not include the additional resistance of the connections. The parasitic capaci-
tance to ground was determined by an impedance measurement similar to the configuration
of the coupled inductor as shown in 3.8b. The outcome for the impedance measurement

can be seen in Fig. 3.11.
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Fig. 3.11: Parasitic capacitive coupling to ground of the cable

The measurement shows that both wires show a similar behavior as expected. The first
wire exhibits a parasitic capacitance of 1.11 nF to ground while the second wires shows

a value of 1.25 nF. To determine the serial resistance and provided serial inductance of
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the connection cable an impedance measurement was performed. As measurement points

both terminals (i.e. ends) of the cable were used. The result is shown in Fig. 3.12
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Fig. 3.12: Bode-plot of the connection cable to evaluate the induced serial resistance and
inductance

The induced serial resistance is approximately 80 m{2, which is a valid value considering
the additional resistance induced by the connections of the cable and deviation caused by
the measurement itself. The estimated parasitic inductance is 9.11 nH. Since the serial
resistance of the cable is much smaller than the load resistance of 100 2 and its inductance
is also far lower than the impedance provided by the coupled inductor (1.1 mH) the effect
of both parasitic elements can be neglected. Furthermore, the impact of the parasitic
capacitance of the cable on the CM behavior of the PEBB is considered negligible since
the CM currents circulate within the shortest provided path back to its source, which is
the inverter. This hypothesis proved to be correct since the outcome of the simulation of
the CM quantities were only slightly affected by the additional parasitic coupling of the

cable to ground.

3.2.1.4 Inverter

In [41] the authors extended the DM model to the MM model and determined the switch-
ing elements as source of the CM voltage of the investigated system, without considering
any parasitic coupling effects of the inverter or rectifier. In comparison to that approach,

this thesis includes the parasitic coupling of each MOSFET from its heat sink to ground,
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which was studied in [34,53,54]. To determine the parasitic coupling to ground of the
switching devices, impedance measurements or S-parameter measurements would have to
be performed of each MOSFET to ground. This was not possible due to the hardware
setup, since the MOSFETSs are included in a half-bridge module without the possibility
of access to a single device. Therefore, the information of a former analysis of the half-
bridges [70] was used to estimate the expected inherent parasitic capacitances. In this
analysis it is mentioned that a comparison of different modules illustrates that the module
baseplate capacitance appears to be more closely correlated to the module current rating
than to the module voltage rating. Values between 0.26 nF and 1 nF are listed for different
SiC MOSFET modules. For the mixed-mode model the measured maximum of 1 nF was

used.

The included snubber capacitors parallel to each SiC MOSFET were also considered to
have an additional impact on the parasitics. Measurements to achieve an insight into their
frequency behavior and parasitic properties as performed for the DC-link capacitors or the
coupled inductor could not be performed, since those capacitors are directly between two
half-bridge modules and the low inductive plate, which connects the DC-link capacitors

with the H-bridge. Therefore, a disconnection of these circuit elements was not possible.

3.2.1.5 Power Source

A last source of parasitics is the DC power supply. In this case, it was barely possible to
find any sources, which mention the impact of the power source on parasitic coupling to
ground. Furthermore, parasitic coupling to ground strongly depends on the type of power
source used.. Based on previous knowledge and practical experience of workers at CAPS,

a value of 10 nF for the parasitic capacitance was used.

The resulting MM circuit can be seen in detail in Fig. 3.13 and Fig. 3.14. In this simulation

model all previously discussed and considered parasitics are included.
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Fig. 3.13: Detailed MM model of the PEBB which includes parasitic capacitances to
ground
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Fig. 3.14: H-bridge model of the mixed-mode model

During the simulation process, the impact of the low inductive plate is not negligible, since
the linear inductance of the plate has a direct impact on the occurring CM current peaks.
Therefore, an additional serial inductance was added between the DC-link capacitor and
the input of the H-bridge for both rails as shown in Fig. 3.13 with Ly,.

All used values of the components for the simulation of the MM model are the same as for
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the DM model and are shown in Table 3.1. The values of the added parasitic capacitances

to ground are listed in Table 3.4.

System component Description Indication | Value
DC voltage source Cs 10 nF
Source side
DC-link capacitor Code 2 nF
Inverter SiC MOSFET Cys 1 nF
Load side Coupled inductor Cry 400 pF

Table 3.4: Values of the components parasitic capacitance to ground of the MM model

3.2.2 Solver Settings

In order to obtain correct simulation data, one has to consider the solver settings. The
underlying computation engine of MATLAB® /Simulink/PLECS Blockset is a variable
step ordinary differential equation (ode) solver. The numerical accuracy of the performed
simulations showed a strong dependency on the solver settings. Furthermore, they also
affect the simulation time. The most important options are: type, minimum and max-
imum time step size, solver reset type and tolerance. An improper adjustment of these
settings can lead to a wrong signal output or can significantly slow down the speed of
the simulation. An optimal adjustment of the solver is correlated to advanced skills and
experience using MATLAB®. It can take several trials to find a suitable configuration,
since it is often a trade-off between simulation speed and accuracy. For the performed sim-
ulations the odelbs variable step stiff solver showed the best results and was used in [27]
with success, but the minimum time step size had to be set to a value of 0.1 ps in order
to solve the simulation, because of the values of the parasitic capacitances. An increase of
this value lead to numerical problems and a termination of the simulation as the nonlinear
iteration would not converge. Hence, this limitation substantially increased the duration
of the simulation. However, PLECS® Standalone offers other solvers, like the RADAU
solver, which is also a variable-step solver for stiff systems using a fifth-order accurate
fully-implicit three-stage Runge-Kutta formula [71], which results in higher values of the

minimum time step. The used settings are listed in Table 3.5.
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MATLAB® /Simulink/

Setting option PLECS Standalone
PLECS Blockset

Type variable step variable step
Solver odel5s (stiff/NDF) RADAU (stiff)
Min. step size le-13 -
Max. step size auto le-3
Initial step size auto 200e-9
Relative tolerance le-4 le-4
Solver reset method Fast N

Table 3.5: Solver settings for performed simulations in MATLAB®/Simulink/PLECS
Blockset and PLECS® Standalone

It has to be mentioned that both solvers resulted in different outcomes, due to the lower
time steps used by the ode solver. The further data processing was more efficient by the
use of MATLAB® /Simulink in combination with PLECS® Blockset, due to the possibility
of saving the data directly into the workspace after the simulation. This resulted in an
increased speed of the simulation, since the data had not to be written into a file after
each time step. Therefore, is was decided to use MATLAB® /Simulink/PLECS Blockset

software configuration and the odel5s solver.

3.3 Common-Mode Model

As described in [41], the first step to model a CM equivalent circuit is to split the model
into different parts, generate its CM equivalent circuit and attach them together to form
the CM equivalent system model. Therefore, the DM model gets split into three sections:
the source side, the inverter and the load side. The source side includes the power source
and the DC-link capacitor. It is known that the inverter is a source of CM voltage. There-
fore, it will be replaced by a controlled voltage source in the CM equivalent model, which
will provide the circuit with the inherent CM voltage. The parasitic capacitances of the
MOSFETS heat sink to ground are split into two equal parts and symmetrically placed on
both sides of the CM voltage source. The load side includes all elements on the AC side of

the circuit. This comprises the coupled inductor and its parasitics along with the resistor.
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3.3.1 Common-Mode Circuit

In order to transform the DM model into its CM equivalent, one must determine the phase

voltage with respect to an arbitrary reference point P as shown in Fig. 3.15a.
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Fig. 3.15: Source model with parasitic capacitances to ground: (a) detailed, (b) remodeled
and simplified

In this figures p and n represent the positive and negative rail of the DC side of the system.
The application of Kirchhoff’s voltage law (KVL) results in the following loop equation

for each of the two phases:

1 o di

Upp + Vpg = c. / (ip — z;)dt + Lyjp - d—: (3.3)
1 dip,

Unp + VPg = & / (in — ip)dt + Liip - i (3.4)

Starting from connection p the first loop goes from P to ground over the parasitic capac-
itance Cs and over the inductance L;;, back to its origin. In the same manner the second
loop is formed for the negative rail with its start point at connection n. The two loop

equations are summed up and the equation can be rewritten.

i d
20p + (o -+ t0p) = - [ Ui+ i) = (G + 81+ Lip G4 i) (3)

dt
1 1 . . ./ ./ 1 d . .
Upg = —§(vpp + vpp) + 2C. [(ip +in) — (i) + ip,)]dt + §L”p : %(zp +in) (3.6)
By applying Kirchhoff’s current law (KCL) it follows that
iy + iy, = 0 (3.7)
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Furthermore, the CM definition provides

oM = ip +in (3.8)
1
VOM = i(vpp + Unp) (3.9)

One obtains a suggestion for a CM equivalent model for the circuit part shown in Fig. 3.15b,
by implementing the three resulting Equations 3.7, 3.8 and 3.9 into equation 3.6. This

yields in
1 dicym

Z L . M
27 g
where voy s is the CM voltage produced by the source. The DC power supply CM voltage

1 )
Vpg = —UCM,s + 27615 /ZCMdt + (310)

is neglected in this thesis, because the CM influence on the system is unknown. Therefore
it is removed from the equation and the resulting CM equivalent model of the source can
be seen in Fig. 3.20 circled in blue. To derive the CM equivalent model of the load side
the same procedure is used. The load side is depicted in Fig. 3.16.

Lf
4 Y e
P; _ Van +C
. Vppr s .- YY Y ] Ry
, b
VpgI |__‘l C T
p— pL e |
7 Clel_,T 2 —i_l_JCpL1

Fig. 3.16: Load model with parasitic capacitances to ground

For an easier understanding the circuit can be split in two different parts as shown in
Fig. 3.17.

a I iy

e N = Lg '
o~ + _ _ ' aPr +
o E i; i:b ° Do Vpr TN — Re
Vp'g Vp'g b' b v,
C;T1T T C _— =
i L L _I_ Cy CL

(a) Parasitics in front of the coupled induc- (b) Coupled inductor, following parasitics and load resis-

tor tance

Fig. 3.17: Load model with parasitic capacitances to ground
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For each circuit shown in Fig. 3.17 two different loops exist to apply KVL. The two loops
for the circuit depicted in Fig. 3.17a results in

1

Vprg + Vapr = / (iq — i;)dt (3.11)
Cr
1

Uplg + vppr = CfL / (ib — Z/b)dt (3.12)

The following two equations describe the two loops over the parasitic grounding in Fig. 3.17b.

dig 1

Vprg + Vapr = L ;Z C—L / (lg — i;)dt (3.13)
diy 1

Uplg + vppr = L CZZ + CiL / (ib’ — ZZ;)dt (314)

The summation and transformation of Equation 3.11 and 3.12 in the same manner as for

the previous calculation yields

1 . .
Uprg = —VOM,, T A / (icm — igpy)dt (3.15)
207,

while the same procedure for Equation 3.13 and 3.14 results in

di! 1 ,
Vprg = —VCoM,l, + L (ZM + 2C; / (igpy)dt (3.16)

where vopry, and veoar,, are the CM voltages produced by each part of the load side. Both
are equal to zero and can be removed from the equation. The voltage from point a to
ground and the voltage from point a’ to ground are equal. Same goes for the voltages of
point b and b’ to ground. Since there is no change of voltage between the connection parts
of the two parts, the suggested CM equivalent models can be connected in series. The

resulting circuit is shown in Fig. 3.20 circled in orange.

The last remaining part to discuss is the inverter itself shown in Fig. 3.18. This part of
the system contains the CM voltage source. Therefore, it will induce CM current for the

whole CM equivalent model.
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Fig. 3.18: Inverter model with included parasitics to ground

The parasitic capacitances can be seen in a different way. Both parasitics from the positive
rail to ground (one part of Cyg7, and Cygr,) an the negative rail to ground (one part of
Crst, and CggsT,) can be fused into one capacitor, respectively. In the same manner this
can be done for the parasitics from each wire (a and b) of the AC side to ground. This

configuration yields the circuit shown in Fig. 3.19.

p ©
Cen ub:= r(I::]_| % Csnub== r(f‘3_| E% . .
bl 2oy
o in, in P
VPgI - 1 —L‘_"J b Vp’g
in T 2 T,
n -~ > - -

Fig. 3.19: Inverter model with reordered and fused parasitic coupling

All parasitic capacitors of the heat sink to ground are assumed to show an equal value

and therefore labeled with the same name Cgg. By applying KVL for the DC side the
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following two equations are derived:

1 . .

'UPg + 'UpP = THS« /Zp — Z;) (317)
o,

'UPg + vpp = 071{5 in — 1y (318)

As in the calculations before, the equations can be summed up and rewritten to yield in:

1 ) .
Vpg = —VCM,DC + 2Cos | oM oM (3.19)

For the AC side the same procedure yields

R
’L)P/g + ’UaP/ = — g — ’La (320)
Cus
1 .
Uprg + vppr = 071{5 /Zb - Zg) (321)

By repeating the above process, the result is similar to the DC side

vprg = —VoM,AC t % 1CM — ilCM (3.22)
These equations suggest a CM equivalent model of the inverter with two different CM
voltage sources: one for the DC side and one for the AC side. These two sources can be
combined into one, but it has to be considered, where the source is placed and how the
inverter model is constructed. For the simulation it was decided to place the CM voltage
source between the occurring parasitics of the inverter, in order to keep the circuit simple
and symmetric. The polarity of the source was chosen, due to the CM voltage as calculated
by the simulation results with the negative rail of the DC side between the inductance of
the low inductive plate and the inverter as arbitrary point. This means, all other con-
nection points of the inverter (both rails of the AC side and the positive rail of the DC

side) were measured against this point. The result can be seen in Fig. 3.20 circled in green.

e ™ V \

1 1
> Lip | p 7Lt

%

ST
IR

Source side Inverter

Fig. 3.20: Simplified circuit of the CM equivalent model

Fig. 3.20 shows all derived and built CM subsystems parts (source, inverter and load)
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connected together.

3.3.2 Common-Mode Voltage Source

The CM voltage can be obtained in several different ways. It can be derived analytically,
it can be calculated with captured simulation data and it can be measured. The analytical
approach is only possible, if there is great knowledge of the switching pattern and switching
control a priori. In the case of the PEBB, a PWM was used with a sinusoidal modulation
index m = m; - sin(27 f) with an amplitude m; = 0.9 and its frequency fac = 60 Hz. The
switching frequency of the inverter was 10 kHz and measurements of the master control
output showed a dead time of 2.5 us for each switch. One carrier signal is used for each
half-bridge to generate the gate signals. With this knowledge it would be possible to derive
the CM voltage analytically, but this method was not used in extent of this work. In order
to keep any occurring oscillation and noise within the captured CM voltage signal by using
a simulation model, it was decided to use a controlled voltage source within the CM model
and transfer the saved data of the a previous performed simulations directly by the use
of a lookup table. As mentioned before, the CM voltage of the simulation is derived by
measuring the positive rail of the DC side and both rails of the AC side in reference to
the negative rail of the DC side. Afterwards, both captured voltages get summed and
averaged. This represents the CM voltage on the AC side.

Van + Vin

Vem,ac = 5 (3.23)
The CM voltage of the DC side is half of the supply voltage.
Vbc
Vem,pC = 5 (3.24)

The overall CM voltage for the controlled source in the CM equivalent is the difference

between both voltages.

Vem = cm,AC — ‘/cm,DC (325)

A simulation of the DM model and the MM model showed that the resulting CM voltages
of both models are congruent. This can be seen in Fig. 3.21a for a supply voltage of 80 V.
Therefore, both datasets can be used as source for the lookup table in the CM model.
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Fig. 3.21: CM voltage with ideal and non-ideal MOSFETSs for 80 V supply voltage

The peaks and waves of the signal have several causes. The use of non-ideal MOSFETsSs,
free-wheeling diodes and the inductances provided by the low inductive plate have a major
influence of CM voltage behavior. The result of a simulation with ideal switching devices

and neglection of the low inductive plate can be seen in Fig. 3.21b.

By using the outcome of the simulations directly in a lookup table within the CM equivalent
circuit, it is ensured that any effect on the CM voltage of the whole system represented
with the MM model is also included in the CM model. These effects would be lost if the
analytical approach would have been used, since it does not take the influences of other
system components into account. Furthermore, a measurement was performed of the CM

voltage on the physical device. This is described in detail in Section 4.4.3.

3.4 Frequency Dependent Simulation Components

To reproduce the behavior of the DUT as accurate as possible, it is important to take the
frequency behavior of each included component of the device into consideration. It is well
known that all passive devices behavior changes with rising frequency.. Real components
have many parasitic circuit elements (i.e parasitic inductance, capacitance and resistance),
which become relevant at high frequencies. For example, real inductors and capacitors
always will show a self-resonance at a certain frequency, because of their non-ideal behavior.
Also resistors can exhibit a self-resonance, but for this component it depends on its physical
structure and material. Therefore, equivalent models for real resistors, capacitors and
inductors are created, which possess the capability to match the frequency response of
their real complement in the range of 1 kHz to 5 MHz, the focused frequency range of

interest. Subsequently, this leads to a more detailed and precise modeling approach of
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the PEBB. All components of the equivalent circuits with the suffix p represent parasitic

elements of the actual device.

3.4.1 Resistor

To reproduce the frequency response of a component, first one has to understand which
parasitics occur and in which frequency band they will dominate. An equivalent circuit
for a resistor is depicted in Fig. 3.22 as presented in [72]. L, represents the parasitic
inductance induced by the external connection of the resistor and its physical structure
(e.g. number of windings), which has typical values in the range of tenth of nH, while
C), represents the parasitic capacitance between the windings or end-to-end of the resistor

with typical values of several pF.

R
o—r il 1l o

Fig. 3.22: Equivalent model of a real resistor

For low frequencies the impedance of the series parasitic inductance is rather low and
the impedance of the parasitic capacitance is significantly larger in comparison to the
resistor. Therefore, the resistor will dominate the magnitude of the impedance. With
rising frequency the impedance associated with the parasitic capacitance decreases and
the model shows a capacitive behavior. At a certain frequency its impedance is equal to

the value of the intrinsic resistor, which means

_ 1
- JwCp

(3.26)

When the frequency exceeds that point, more current will start to flow through the con-
ducting path provided by the parasitic capacitance. The parasitic inductance still exhibits
only a very low impact on the overall impedance, which subsequently will further decrease
until it reaches its minimum at the self resonant frequency of the replication of the physical
resistor .

1
Wo = —— (3.27)

vV LpCh
with wy = 27 fy. After surpassing this frequency the impedance gets dominated by the
parasitic inductance and the frequency response of the model equals the behavior of an

inductor. An example of the described frequency behavior of a resistors impedance Z is

shown in Fig. 3.23. For the simulation a resistor with 1 k{2, a parasitic capacitance of 1 pF
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and a parasitic inductance of 10 nF was used.
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Fig. 3.23: Frequency response of the equivalent model of a resistor

The frequency behavior of a resistor strongly depends on its material and physical struc-
ture. An impedance measurement of a 100 {2 power resistor which is used as load for the
energized measurements showed a capacitive behavior for higher frequencies, which does
not correlate with the proposed wide frequency bandwidth model. Its behavior is depicted

in Fig. 3.24.

10*
10° ¢ 7
= P - \\,
N \\\_
102 — ]
10
10° 10* 10° 108 107

Frequnecy [Hz]

Fig. 3.24: Frequency response of a 100 {2 power resistor

As it can be seen, its frequency response shows an inductive behavior at first and after the
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resonance frequency the resistors behavior is similar to a capacitor. Therefore, the model
should not be used as a component for the power resistor in the simulation model, because
it would cause higher deviations than a standard provided resistor model. This is the
reason, why it is not used in the detailed model for the frequency domain representation
of the DUT.

3.4.2 Capacitor

The parasitics of a capacitor are a combination of parasitic inductance (L), capacitance
(Cp) and resistance R,,. L, is induced by the components leads and/or by a magnetic
field generated by the capacitor, which in turn leads to inductance in the structure. This
parasitic component is seen as serial inductance to the main capacitance C. On the one
hand, a parasitic resistance is introduced by the resistance of the dielectric layer between
the capacitor plates in parallel to the ideal capacitor, which is also known as an effect
of dielectric absorption. On the other hand an additional resistance R, is caused by the
capacitors plates itself, due to their finite conductivity. In literature and data sheets this
parasitic resistance is often referred to as effective series resistance (ESR) [73]. The para-
sitic shunt resistance between the plates is very large and since it is seen in parallel to C,
it can be modeled as open circuit and is neglected. Furthermore, a parasitic capacitance
(Cp)is present, which is also induced by the leads, but in comparison to the device’s ideal
bulk capacitance, this parasitic effect can be also neglected. As proposed in [72], the re-

sulting equivalent circuit is a serial oscillation circuit as shown in Fig. 3.25.

Fig. 3.25: Equivalent model of a real capacitor

L,, exhibits typical values in the range of several nH, while R, contributes a resistance of
tenth of m). The capacitor’s nominal value is represented by C. As for the resistor, the

capacitors structure has an impact on the components parasitics.

For low frequencies the capacitor of the equivalent circuit dominates the inductance. Con-
sequently, it will decrease like an ideal capacitor with increasing frequency up to the
resonance frequency of

1

- 3.98
= LLe (3:28)

which is inevitable for any real capacitor. At this frequency the equivalent circuit is in
self-resonance and its impedance reaches the minimum, which is purely real and defines
the parasitic resistance I, of the capacitor. When the frequency exceeds the components

resonance, the parasitic inductance will dominate the impedance. Hence, it will increase
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with rising frequency and the frequency response of the equivalent model will evince +

inductive behavior.

The described behavior with rising frequency is shown in Fig. 3.26. It can be seen that
a good correlation was accomplished between the measured and the simulated frequency

response in the frequency range of interest.
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-100
10° 10* 10° 108 107
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Fig. 3.26: Bode diagram of a real capacitor and the equivalent simulation model

The simulation model was fed with values derived by the impedance measurement of the
DC-link capacitor of the PEBB. The parasitic serial resistance is equal to the minimum
value of the impedance. This resulted in a value of R, = 8.4 m{2. The capacitance of the
measured component was calculated by the mean of three points within the linear behavior
for frequencies below 4 kHz. This lead to a value of C' = 634.97 uF. In the same manner
the value of the inductance was determined. The inductance was calculated for five points
between 20 kHz and 2 MHz and the results were averaged which lead to a total parasitic
inductance of L, = 1.61 pH. This values result in a resonance frequency of fy, = 4.98 kHz.

The reached accuracy is shown in Fig. 3.27.
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Fig. 3.27: Derivation between the simulation of the equivalent capacitor model and the
measurement

The smallest deviation was reached in a frequency range around the resonance frequency.
For higher frequencies the deviation rises, until the measured impedance starts to fluctuate
at 5 MHz. At the one hand, this could be caused by additional parasitics, which are
not taken into account with the simulation model, but on the other hand, this could
be a result of the fixture, which was used for the measurement, since its impact on the
resulting impedance increases with higher frequencies. Its frequency behavior is described
in Section 3.4.4 in more detail. The precision of the equivalent circuit to the performed real

life measurement is considered as good enough to implement to reproduce the behavior of
the PEBB in greater detail.

3.4.3 Inductor
For a equivalent model of an inductor, parasitics not only have to be taken into account,

but also the magnetic saturation. The windings contribute a serial resistance R, (R);) as

well as a parasitic capacitance between each winding as depicted in Fig. 3.28.
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Fig. 3.28: High frequency inductor geometry

For inductors with small magnetic losses, the mentioned parasitics yield in the equivalent
model shown in Fig. 3.29 [72,74]. However, as soon as the magnetic losses reach consider-

able dimensions, an additional parasitic component has be added to the model.

Fig. 3.29: Equivalent model of a real inductor with small magnetic losses

The magnetic losses can be modeled as a parallel resistor R, across the nominal induc-
tance L and its serial resistance I?,s. The extended equivalent circuit, which takes the

magnetic losses into consideration is shown in Fig. 3.30 [74].

Cp
[
|
Rpp
o——f }+—+—o
L Rps

Fig. 3.30: Equivalent model of a real inductor with large magnetic losses

The value of this additional parasitic element can be calculated by using the quality factor
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@, which can be mostly gained from the data sheet of the corresponding inductor [74].

_ By

- 3.29
oL (3.29)

Both presented models are dominated by the serial resistance R, for very low frequencies.
With rising frequency the impedance is specified by the inductance and shows a linear

behavior up that point, where the device’s self-resonance occurs

1
LC,

wo = (3.30)
and the impedance of the inductor reaches its maximum. For frequencies beyond the
resonance, the parasitic capacitance €}, dominates the overall impedance, which in turn
decreases with increasing frequency. The result of the measurement and both simulation

models can be seen in Fig. 3.31.
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Fig. 3.31: Bode diagram of a real inductor and the equivalent simulation model

In the case of the PEBB, the inductor does not have a data sheet. Therefore, the value
of Ry, was progressively determined empirically. This resulted in a value of 12 k(2. The
serial parasitic resistance R,s was estimated by the offset between the measurement and
simulation at the lowest captured frequency points, 148 m¢). The inductance L and the
parasitic capacitance C), were calculated in the same way as for the capacitor before. The
averaged value of different points in the linear sections gave a value of 2.1 mH for the

inductance L and a value of 404.2 pF for the inductor’s parasitic capacitance C,. These
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values result in a resonance frequency of 170.85 kHz, which shows a deviation of 1.1 kHz

in comparison to the measurement.

As it can be seen in Fig. 3.31, the equivalent inductor model for negligible magnetic losses
results in a sharp transition from inductive to capacitive behavior in comparison to the
extended model and the impedance measurement of the real component itself. It can also
be gathered that the magnetic losses have only a significant impact on the impedance for
frequencies near the resonance point. Therefore, both models achieve similar results for
low and high frequencies relating to the impedance and accuracy. The deviation of both

models in relation to the measured outcome is depicted in Fig. 3.32
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Fig. 3.32: Derivation between the simulation of the equivalent inductor model and the
measurement

It can be seen that accuracy was achieve, especially for frequencies below the self-resonance
of the inductor. For higher frequencies the deviation rises again, similar to the result of
the capacitor. Again, this could be caused by additional parasitics, which are not taken

into account with the simulation model or by the fixture used during measurement.

3.4.4 Fixture

The effect of the fixture used for the performed measurements had a major influence on the
resulting impedance at higher frequencies. Its impact limits the accuracy of the presented

equivalent circuits, since the fixture exhibits additional parasitics and shows an inductive
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behavior for high frequencies as shown by Fig. 3.33. This can cause additive resonance for

frequencies above 3 MHz.
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Fig. 3.33: Dependency of the impedance of the fixture on its position

Each measurement was performed for both wires separately as shown in Fig. 3.34. The
first wire is measured from connection 1 to clamp 1 and the second one is measured from
connection 2 to clamp 2. The orange line is the result of the impedance measurement for
the fixture configured as depicted in Fig. 3.35a for one wire and the blue line represents
the outcome for the position shown in Fig. 3.35b for the same wire. Both cables show the

same behavior. Therefore, only one of them is shown in Fig. 3.33.

Clamp 1

<
™

Clamp 2

.| B—— Connection1

Connection2

Fig. 3.34: Representation of the fixure hardware and its measurement points
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(b)

Fig. 3.35: Two extreme positions of the fixture [75]: (a) Clamps of the fixture distant as
far as possible, (b) Clamps of the fixture located as close as possible

The resulting impedance changes for both depict physical positions of the connection
clamps as proposed in [75]. The author of [69] describes the impact of the fixture on
the impedance of a DUT as a root cause of the occurring resonance frequencies above
5 MHz. This is one feature of the presented bode plots of the coupled inductor and the
capacitor in Chapter 4. In other words, this feature is due to the inductance exhibited by
the fixture that was used to connect the VNA to the measurement points of the exam-
ined power system components. The measurements of the fixture leads to the additional
serial inductance of the fixture, which is between 630 nH and 1.2 pH depending on the
configuration of its wires. The rising deviation between the equivalent circuits of included
components and the performed measurements at frequencies over 1 MHz is also likely to
be caused by the increasing impact of the fixtures inductance and consequently no effect

of the examined components characteristics.

A further reason, why the fixtures influence is significant in a high frequency spectrum
is that its impedance increases considerably. At 1 MHz the fixture shows an impedance
between 4 2 and 7.6 €2 depending on its position, while it increased to 40 2 or 80 2 at
a frequency of 10 MHz respectively. Furthermore, its effect can not be predicted in an

accurate way, because it depends on the physical setup of the fixture as described in [76].
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4 Measurements of the Power Electronic
Building Block

4.1 Power Electronic Building Block

The PEBB is one of three parts of a medium voltage impedance measurement unit (IMU)
designed by the Center for Power Electronics (CPES) at Virginia Tech (VT). The concept
enables great scalability and modularity, which allows numerous power conversion topolo-
gies. The unit is shown in Fig. 4.1 and its topology with the rated nominal input and
output voltage is depicted in Fig. 4.2. The PEBB used in the IMU includes two 10 kV,
120 A SiC MOSFET phase-leg modules in H-bridge configuration [77,78], gate drives, four
times two DC-link capacitors in parallel rated for 5 kV with a value of 900 uF each, 700 nF
snubber capacitors parallel to each SiC MOSFET and a 2.4 mH coupled inductor. The
unit comprises a high-speed digital controller, an uninterruptible power supply and liquid
cooling for the H-bridge and a protection IGBT. Each leg of the SiC H-bridge operates at
a switching frequency of 10 kHz.

FEEB
Digital
Controller
UPs
Qutput
Inductors
PEBE
SicC Liguid
H-Bridge Cooling
aSystem
DC-link

Capacitors

Fig. 4.1: Hardware Implementation of the PEBB [79]

For the performed measurements the IGBT was removed from the system, due to the
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voltage range of the tests was considered safe for all implied devices. Apart from that, all
but two DC-link capacitors were disconnected, which resulted in a capacitance of 450 pF
at the input side. The removal of these parts served to reduce the involved components of

the circuit, to gain a more accurate idea of how the inverter impacts the CM behavior.

0.5kV 10KV 51C
IGBT EE MOSFET Module
e
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C=% El;m—n ]
5KV CaF o 16KV

Fig. 4.2: Structure and Topology of the PEBB [79]

The physical structure of the H-bridge can be seen in Fig. 4.3.

- / Vi i AN N \ImEm |
Gate driver 3 | Gate driver 4

Fig. 4.3: H-bridge hardware setting

In the following sections, the given parameters of the components are validated by impedance
and scattering-parameter (S-parameter) measurements. Both were performed with a vec-
tor network analyzer (VNA), an Agilent E5061B.
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4.2 Circuit and Components

The device of interest involves two DC-link capacitors at the DC side and a serial parasitic
inductance caused by the low inductive plate, which connects the capacitors with the H-
bridge. The tested inverter includes two SiC MOSFET half bridge modules and a parallel
snubber capacitor to each switching device. The inverter includes a free wheeling diode
for each MOSFET. The AC side of the circuit contains a coupled inductor, shown in
Fig. 4.2. For active measurements of the PEBB, a pure resistive load with 100 €2 was
connected to the AC side. A DC power source, two BK Precision (power source brand) in
series connection in master-slave configuration, was connected to the DC side. The series
connection of the two sources was necessary, due to one of these devices is limited to a
maximum voltage output of 80 V. The values of each of these components are the same

as used for the simulation as shown in Table 3.1.

4.2.1 Preparation of the Circuit

For the de-energized measurements, all components had to be separated form each other.
Therefore, the DC-link capacitors were disconnected and shortened. The connection cables
between the SiC MOSFET half bridges and the coupled inductor were removed. When it
comes to energized measurements, the PEBB will be powered with low voltage between 10
V and 160 V. For this voltage domain, which is considered save for all involved components,
the IGBT was also removed, which was used as protection for the transistors, plus it would
represent an additional source of CM noise and would add parasitic elements to the circuit.
Its connection points on the low inductive glass plate were shortened with a copper strip.
Moreover, each MOSFET receives its switching signal directly from the master control
unit in order to prevent any influence of the included control unit of the PEBB. The whole
hardware setup can be seen in Fig. 4.4, which shows the energized measurement of the
CM voltage of the PEBB, described in detail in Section 4.4.3.
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Fig. 4.4: Hardware setting

4.3 De-Energized Measurements

Most of the de-energized measurements were already presented earlier in this thesis in
Section 3.2.1 and Section 3.4. Only a few more details will be discussed in this section,
such as the mutual inductance of the coupled inductor, the snubber capacitors and the
SiC MOSFETsS.

4.3.1 Coupled Inductor

The measurements of the parasitic capacitance to ground of the coupled inductor (Section
3.2.1) and an impedance measurement if its overall inductance (Section 3.4) was already
presented. A further measurement with was performed to gain more information of the
component, an impedance measurement of each coil. In combination with the impedance
measurement of the coupled inductor with tied ends, it is also possible to calculate the

mutual inductance. The measurement can be seen in Fig. 4.5.
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Fig. 4.5: Impedance measurement for each coil of the coupled inductor and estimated
inductance

The resulting inductances for each coil and included mutual inductance are L, = 768.3 yH
and Ly = 768.2 pH. The estimated total inductance of the device is 2201.5 pH. With the
following equation for couped inductors, it is possible to calculate the mutual inductance
[80].

Liot = L1 + Lo + 4L, (4.1)

This equation is valid for two coupled inductances measured in series. Furthermore, to
calculate the inductance of each coil (i.e. L1 and Lg) and the mutual inductance L,,, the

following equations are needed.

L,=11+L, (4.2)

Ly=Lo+ Ly, (43)
From Equation 4.2 follows

Ly =Ly — Ly (4.4)

By inserting this result into Equation 4.3 one obtains for Lo
Lb:L2+(La—L1)—)LQZLb—La+L1 (45)

but since the measurement result for L, is roughly the same as for L, the approximation
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Lo = Ly is used. For Equation 4.1 follows:
Liot = L1+ L1 + 4(La — Ll) =4L, — 2L, (46)
By rearranging this formula, the inductance L; can be calculated.

Ly == (4Lq — Liot) = %(4 - 768 pH — 2201 pH) = 435 pH (4.7)

N | —

The impedance Ly also results in 435 yH and the mutual inductance L,, = 332 pH. This
values for Lq, Lo and L,, were used in the simulation. The equivalent circuit is shown in
Fig. 4.6.

\AAAN o
Y Y Y\

.

[e, O

Fig. 4.6: Equivalent circuit of the coupled inductor

The two coils in the middle of the circuit represents the 1:1 coupling between both induc-

tors.

4.3.2 Snubber Capacitors

The value of each snubber capacitor of 700 nF is known due to available information of the
PEBB. To confirm their size, take any deviations into consideration and to determine any
parasitic coupling to ground, measurements of these capacitors would have been necessary.
This was not possible, due to the hardware setup, since the snubber capacitors are directly
connected between the low inductive plate and the two half-bridges. It was assumed that
the impact of these devices can be neglected, because of the much larger DC-link capacitor

values.

4.3.3 Silicon Carbide MOSFETs

A measurement of the impedance or an S-parameter measurement could not be performed
on the SiC MOSFETs, because of the hardware setup. Therefore, the determined parasitic

capacitances of the switching devices over its heat sink to ground of previous performed
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measurements was used as described in Section 3.2.1.

For an S-parameter measurement of the H-bridge one would have to disconnect the low
inductive plate at the DC-side of the system and the XPLE connection cables to the
coupled inductor. By doing so each half-bridge would be separated from the PEBB and
an two-port S-parameter measurement against ground could be performed for the input
and for the output side. To avoid any influence of the system one should also disconnect the
gate drivers. This measurement could provide a better insight into the inverters parasitic

coupling effects.

4.4 Energized Measurements

For the energized measurements the following voltages were used as DC supply voltage:
10 V, 50 V, 80 V, 120 V and 160 V. For each of these voltages the CM voltage and the
CM current was measured. The input and output voltage and current was measured up

to a supply voltage of 80 V.

4.4.1 Power Source

For the first scrutiny measurements the AE Techron TEC3622 was used and directly con-
nected to the H-bridge. The four gates of the inverter were powered by the PEBB power
supply. The activation of the switching pattern was controlled by the master controller
through fiber, operated over an Ethernet connection and the provisioned control software
of the IMU. The output of the two half-bridges was captured with the Tektronix DPO
2014B oscilloscope and a voltage probe. During these measurements there was nothing

connected to the load side of the inverter (i.e. coupled inductor and resistive load).

When the gates of the MOSFETSs were powered, the switching algorithm was turned off
and the power source was in standby (i.e. no voltage output), a 200 mV noise signal
was observed at the AC side of the bridge with two dominant frequencies 28.5 kHz and
at 35 kHz. Different grounding methods of the source were tested, in order to reduce or
eliminate this noise, e.g grounding of the negative rail and grounding the chassis of the
source, but the noise persisted. It was assumed that the source itself was the cause of this
disturbance, possibly creating a resonance within the circuit. Therefore, another power
supply of the same type was tested with the same result. The captured noise measurement

and its frequency analysis are shown in Fig. 4.7a and Fig. 4.7b.
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(a) Noise signal on the AC side of the inverter (b) Frequency analysis of the noise signal

Fig. 4.7: Noise signal cause by the power source AE Techron TEC3622

After this test the power source was switched to a BK Precision. Using this device the
noise signal was eliminated and therefore this change confirmed the assumption that the
AE Techron TEC3622 itself causes the observed noise signal. For this purpose all further
studies were performed using a BK Precision for voltages below 80 V and two BK Preci-
sion power sources in series in master-slave configuration for higher voltages. The series

connection was needed, due to one of these devices has a output limitation of 80 V.

It is assumed, that the observed signal outcome while using the AE Techron is a cause
of the capacitive load (i.e. DC-link capacitor) of the power supply. This is because the
possibility that the implemented control circuit of the source cannot handle the high

capacitance, especially during open circuit operations.

4.4.2 Input and Output Quantities

Both, the input and output quantities were measured for a supply voltage of 10 V, 50 V
and 80 V, but the focus lies on the measurement and identification of the CM behavior.
Therefore, only one example of these quantities for an input voltage of 80 V will be shown.
For this supply an input current of I;;, = 350 mA was measured. The output quantities
are shown in Fig. 4.8.
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Fig. 4.8: Output quantities for 80 V supply voltage

As can be seen, both, the output voltage and output current exhibit multiple higher order
frequencies. An FFT of the captured signals shows that the main intensity is at 60 Hz,

which is the wanted output frequency and further low intensity peaks at 20 kHz and its

multiples. This can be seen in Fig. 4.9.
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Fig. 4.9: Frequency analysis of the output quantities for 80 V supply voltage

The peaks at 20 kHz are seen since each half bridge is controlled by its own carrier. The two
carrier signals are shifted by 180 degrees. In earlier measurements which were performed
before this project, it was already observed that 20 kHz occur in the output signal of the
PEBB. This measurement was only performed as a control measure and optimal output
quantities are not required in order to measure and characterize the CM behavior of the

inverter. Therefore, no further investigations or optimizations were performed.
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4.4.3 Common-Mode Voltage

The CM voltage was identified by capturing the voltage of the positive and the negative
rail of the DC side (point p and n in Fig. 4.10) in front of the inverter against rail b of the
AC side between the inverter and the coupled inductor. Moreover, the voltage between
both rails (point a and b in Fig. 4.10) of the AC side was measured. In other words, rail b
was chosen as the arbitrary reference point to obtain all needed voltages to calculate the

resulting CM voltage of the switching device.

H.EB

CHE

Fig. 4.10: Voltage measurement points of the inverter

p©

n

The following equation was used to calculate the CM voltage of the system with the

captured voltages:

Voo + Vi V.
Ver = prb — Tb (4.8)

This conforms to the definition of the CM voltage given in Chapter 2. As an example,
each of the captured voltages can be seen in Fig. 4.11 for a supply voltage of 80 V. The
resulting CM voltage is shown in Fig. 4.12.
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Fig. 4.11: Measurements of all voltages included in the CM voltage calculation: (a) Voltage
between the positive rail and rail b, (b) Voltage between the negative rail and
rail b, (c) Voltage between the rail a and rail b
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Fig. 4.12: CM voltage for 80 V supply voltage: (a) time domain plot of the CM voltage,
(b) frequency analysis of the CM voltage
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It was assumed that the resulting time domain maxima of the CM voltage will be in the
range of half the applied voltage. As can be seen, this conjecture is valid for the outcome
of the processed measurements and also confirms the correctness of the calculation. Fur-
thermore, the frequency analysis illustrated in Fig. 4.12b shows the CM voltage intensity
peaks at the switching frequency of the MOSFET's of 10 kHz and its odd harmonics. There
are also very small peaks at 20 kHz and its multiples. This is caused, due to each half
bridge controlled by its own carrier signal shifted by 180 degrees. The measurements taken

at other supply voltages are shown in Chapter 12.

An FFT of the normalized CM voltage for all five different supply voltages can be seen in

Fig. 4.13. All measurements were compared to the outcome with 80 V.
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Fig. 4.13: Comparison of the frequency analysis of the measured and normalized CM volt-
age for different supply voltages with the result of 80 V supply voltage as refer-
ence: (a) Comparison of 10 V against 80 V with voltage, (b) Comparison of 50 V
with 80 V supply voltage, (¢) Comparison of 120 V with 80 V supply voltage,
(d) Comparison of 160 V with 80 V supply voltage

By analyzing these five measurements, one characteristic of the CM voltage could be con-

firmed. It is linear dependent on the supply voltage. This can be seen in Fig. 4.14.
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Fig. 4.14: Dependency of the CM voltage on the supply voltage

Two different methods were used to analyze the CM voltage for its linearity. The first
one was to calculate the mean of all occurring maxima in the time domain signal for each
measurement (blue line). The second method was to compare the intensity peak at 10 kHz
(amplitude of the 10 kHz component) of the frequency analysis (red line). As can be seen,
in both cases the dependency of the CM voltage on the applied voltage can be considered

linear.

4.5 Common-Mode Current

It is possible to measure the CM current of the inverter directly, by measuring both, the
current of the positive and the negative rail of the DC side to the bridge and both rails of
the AC side in front of the coupled inductor, which follows the definition of CM current
from Chapter 2. The measurement on the DC side in front of the two half-bridges of the
PEBB could not be performed, due to the hardware structure. A current measurement at
that side was not possible, because of the low inductive plate, which directly connects the
DC-link capacitors to the input of the H-bridge. Therefore, a correct measurement of the
common-mode current on the DC side could not be performed and the CM current of the
H-bridge could not be measured directly. If the current measurements could have been
performed on both sides of the inverter, a combination of the currents would have lead to
the parasitic current, which uses the parasitic capacitance of the MOSFETSs heat sink to

ground as path.
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However, the measurement of at the AC side could be performed. Two different measure-
ment setups were used. First of all, the original XPLE connection cables between each
half-bridge and the coupled inductor were used. In this case, two separate high current
bandwidth probes had to be used to measure the current of each rail, since the combina-
tion of the two wires exceeded the gauge limitation of the current probe. Both probes were
Tektronix TCP303 AC/DC high bandwidth current probes, and the Tektronix TCPA300
probe amplifier. The hardware is shown in Fig. 4.15. If the CM currents are measured with
two separate probes, one has to take care that both are measured in the same direction,
because the resulting signal data requires an additional processing, since the CM current

is the sum of all currents through the connected wires as shown in the definition in Fig. 2.1.

Fig. 4.15: Tektronix high current bandwidth probe

For the second setup the XPLE cables were replaced with a common copper wire with two
mm in diameter. In this way, it was possible to measure the CM current directly with one

current probe. An extract of both time domain signal results can be seen in Fig. 4.16.
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Fig. 4.16: Time domain comparison of the measured CM current: (a) Measurements with
copper cable, (b) Measurement with XPLE cable

For a better analysis and a direct comparison the frequency domain plot of both, the mea-
surement setup with the XPLE cables and with the copper cables, can be seen in Fig. 4.17.
The for the FFT used time domain signals had a length of 40 ms and a time resolution of
10 ns.
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Fig. 4.17: Comparison of the CM current of both cable setups for 80 V supply voltage
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As can be seen, the measurement with the XPLE cables shows higher intensity peaks at
20 kHz and its harmonics in comparison with the measurement with the common copper
wires, which also results in a divergence in the intensity peaks. It is assumed that this
was caused by the process of data saving and processing, since this can result in numerical
differences. This effect can be seen, when the time domain plots in Fig. 4.16 are com-
pared. While the CM current for the measurement with the copper cable setup shows a
clear waveform, the result of the measurement with the XPLE cable setup presents more
harmonic content. If the CM voltage is taken into consideration, it suggests that the mea-
surement with the thin copper cables is more accurate, because the captured CM voltage
shows only very low intensity peaks at 20 kHz and its multiples. However, both measure-
ments show similar peaks at the switching frequency of 10 kHz and its odd harmonics and
both exhibit the main intensity peak at a frequency of 191 kHz. Everything above 320

kHz is considered as noise.

The resulting CM current for all five applied supply voltages between 10 V and 160 V for
the measurements under use of the copper cables can be seen in Fig. 4.18, while Fig. 4.19
depicts the captured CM current for the measurement configuration with XPLE cables.
All currents are normalized. For the normalization the measured input current was used.

These values are listed in table 77

Supply voltage [V] | 10 | 50 | 80 | 120 | 160

Input current [mA] | 45 | 220 | 350 | 500 | 700

Table 4.1: Measured input currents for each supply voltage
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(d) Comparison of 160 V with 80 V supply voltage

Fig. 4.18: Comparison of the frequency analysis of the measured and normalized CM cur-
rent with copper cable setup for different supply voltages with the result of 80 V
supply voltage as reference: (a) Comparison of 10 V against 80 V with voltage,
(b) Comparison of 50 V with 80 V supply voltage, (¢c) Comparison of 120 V
with 80 V supply voltage, (d) Comparison of 160 V with 80 V supply voltage
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(d) Comparison of 160 V with 80 V supply voltage

Fig. 4.19: Comparison of the frequency analysis of the measured and normalized CM cur-
rent with XPLE cable setup for different supply voltages with the result of 80 V
supply voltage as reference: (a) Comparison of 10 V against 80 V with voltage,
(b) Comparison of 50 V with 80 V supply voltage, (¢c) Comparison of 120 V
with 80 V supply voltage, (d) Comparison of 160 V with 80 V supply voltage
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To investigate the dependency of the parasitic current on the applied voltage, the main
intensity peak at 191 kHz was captured for each performed measurement. The result for
both measurement setups can be seen in Fig. 4.20. For the proof of linearity of the two
configurations, which is shown in that figure, the intensity peak at 10 kHz of each mea-

surement (amplitude of the 10 kHz component) was used.
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Fig. 4.20: Dependency of the CM current for different supply voltages

The reason that the measurements for setup with XPLE cables exhibit a lower intensity
has already been explained. As can be seen, the CM current can be seen as linear similar
to the dependency of the CM voltage. It is not clear why there is an outlier for the
measurement with XPLE cables at a supply voltage of 120 V, but it is assumed that a
repetition of the measurement would result in a better match and less deviation to the

expected linear increasing value.
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5 Validation

The following chapter provides validation of both, the MM and the CM model, comparing

the simulation and measurement results.

5.1 Mixed-Mode Model

First of all the MM model is evaluated, since its CM voltage was used as source for the
CM model. Thus, the CM behavior of the simulation model is compared to the outcome of
the measurements. A direct comparison of the resulting CM voltage for a supply voltage
of 80 V is shown in Fig. 5.1.
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Fig. 5.1: Comparison of the frequency analysis of the CM voltage of simulation and mea-
surement

As can be seen, the simulation model shows the same behavior as the physical device and
a good match was achieved. The peak at 10 kHz is 29.24 V for the measurement and 28.53
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V for the simulation, which is a difference of 2.43 %. The deviation between the 10 kHz

peaks for each supply voltage can be seen in Fig. 5.2
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Fig. 5.2: Deviation of the CM voltage between simulation and measurement for the 10 kHz
peak

For applied voltages below 80 V only one BK Precision was used as source and for a supply
voltage of 120 V and 160 V two of them in master-slave configuration powered the system.
As Fig. 5.2 shows, the highest accuracy was achieved at a supply voltage of 50 V. Further-
more, it can be seen that the result of the MM simulation model exhibit an overall better
compliance with the measurements performed with just one voltage source. Therefore, it
can be assumed that the two voltage sources in series result in a possible change of the
parasitic coupling effect on the source side. Consequently, the variance increased with the
change of the circuit setup. This could be proofed, by repeating the measurements for
10 V, 50 V and 80 V with the serial connection of the two power sources as used for the
two performed measurements with higher voltages, but this test was not executed. It also
was observed that the deviation of 2.93% for a supply voltage of 10 V was caused by the
free wheeling diodes, which resulted in a voltage jump of approximately 1 V, as it can be

seen in Fig. 5.3 circled in red.
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Fig. 5.3: Measured common-mode voltage for 10 V supply voltage

A comparison of the mean peaks occurred within the time domain signal as it was per-
formed in Chapter 4 for the CM voltage and CM current can be seen in Fig. 5.4. It was
surprising that the highest deviation occurred at the same supply voltage, where the com-
parison of the FFT showed the best match and the measurement setup with two serial
voltage sources show a very low deviation of 0.24%. The comparison of the mean time

domain peak shows an overall accuracy of over 99%.
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Fig. 5.4: Deviation of the CM voltage between simulation and measurement for mean peaks
in time domain signal

Both, the comparison of the 10 kHz peak of the FFT and the comparison of the mean
peak in the time domain, leads to the conclusion that the simulation of mixed-mode model

results in an accurate replication of the physical devices common-mode voltage.

As a further step to validate the model, the result of the measured CM current is compared

with the outcome of the simulation. This comparison can be seen in Fig. 5.5.
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Fig. 5.5: Comparison of the frequency analysis of the CM current of the mixed mode
simulation model and the measurement for 80 V supply voltage

The comparison of the two signals shows that the main intensity peak is shifted to a
higher frequency from 191 kHz in the measurement to 301 kHz in the simulation. These
root of these high frequency peaks is the resonance caused by the presented parasitic
elements of the system (capacitances and inductances). The intensity peaks for frequencies
below that peak are lower. In contrast to the CM voltage the currents exhibit bigger
differences. This could be caused by several different reasons. For example, the values
of the parasitic coupling of the MOSFETSs to ground is based on earlier measurements.
Therefore, the exact capacitive coupling is unknown, since an evaluation by own performed
measurements was not possible. The values of the properties of the non-ideal switching
devices were estimated based on literature and simulation experiments, which represents
another possible failure source. Both of these possible error sources could have an impact
on the outcome. The result of the CM current under neglection of the parasitic path
through the MOSFETS heat sink to ground can be seen in Fig. 5.6.

It can be seen that a complete neglection of the heat sinks parasitics results in a better
match of the simulation with the performed measurement. This leads to the assumption
that the chosen parasitics are to high. Moreover, it could be possible that the CM current
flowing over the heat sink is so small that it could be neglected without bigger affects
on the simulation accuracy. This could be one reason how the authors of [41] were able

achieve such a high accuracy with the CM model approach.
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Fig. 5.6: Comparison of the frequency analysis of the CM current of the mixed mode
simulation model and the measurement for 80 V supply voltage under neglection
of the parasitic grounding path over the heat sink

A further source of deviation is the coupled inductor, since it is not known whether the
coupled inductance has a considerable impact on its real behavior. It is possible that a
simulation with two individual coils could represent the frequency response in a better way,
as it was achieved with the coupled inductor model provided by the PLECS® component
library. Another source of the deviation is the estimated value of the low inductive plate.
Also here a measurement could not be performed, but its value showed a big importance
for the resulting CM current, since it causes a damping of occurring peaks. The neglection
of the parasitics caused by the connection cable between the coupled inductors could have

served as an additional source for the difference.

However, the simulation matches the measurement for the occurring peaks caused by the
switching frequency and with a further configuration of the parasitics it could be possible

to reach a better agreement.

5.2 Common-Mode Model

Now, the MM model is evaluated an validated the same can be done for the CM model.
Since this simulation uses the CM voltage of the MM model, only the CM current will be

evaluated in this section. In Fig. 5.7 the simulation result is compared to the measurement.
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Fig. 5.7: Comparison of the frequency analysis of the CM current of the CM simulation
model and the measurement for 80 V supply voltage

Also here the same differences as for the MM model can be observed, but the main in-
tensity peak of the simulation occurs at a frequency of 347 kHz. The difference to the
MM simulation can be explained by the additional parasitic inductance of the non-ideal
MOSFETSs and the mutual inductance, since this is not included in the CM model and
replaced by one single coil. The intensity peaks of the CM model are lower than those
resulting with the mixed mode model. This could be caused by an overestimated value of
the inductance at the load side. This model represents a better match with the measure-
ment when neglecting the parasitics of the heat sink to ground. The simulation result is

shown in Fig. 5.8.
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Fig. 5.8: Comparison of the frequency analysis of the CM current of the CM simulation
model and the measurement for 80 V supply voltage under neglection of the
parasitic grounding path over the heat sink

It can be seen that the form of the overall frequency behavior comes close to the measure-
ment result, especially for the peaks caused by the switching frequency of 10 kHz. Since
the CM model is directly dependent on the MM model CM voltage measurement, the root

causes of the difference are the same as previously described in Section 5.1.

The comparison of the linearity of the CM current can be seen in Fig. 5.9. In this figure
the peaks at 10 kHz for both simulations (MM and CM-model) are compared.
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Fig. 5.9: Comparison of the CM current peak at 10 kHz of both simulation models and
the measurement for different supply voltages

The deviation of each simulation to the measured value of the physical device is shown in
Fig. 5.10.
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Fig. 5.10: Deviation of the CM current of both simulation models from the measurement

As can be seen, both, the MM simulation and the CM simulation, show a similar deviation

7



5.2. COMMON-MODE MODEL CHAPTER 5. VALIDATION

for a supply voltage higher than 50 V. Furthermore, the deviation of the CM model stays
below 20% at all points. The high variance of the MM model for a supply voltage of 10
V could be an effect of the non-ideal switching devices and the free wheeling diodes, since
both are not included in the CM model, which only consists of the parasitic capacitances

to ground and inductances.
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6 Conclusion

Because of costs and military capabilities of the U.S. Navy, the design concept of tra-
ditional naval ship power distribution systems was reconsidered and the approach of an
all-electric ship was created. This new kind of future naval surface vessels uses a medium
voltage DC power distribution system, but with the new distribution system new problems
were discovered, caused by the effects of EMI. Especially the common-mode of conducted
EMI causes undesired behavior of system components such as sensors and communication
and is mainly caused by switching converters. Therefore, the understanding of the occur-
ring common-mode phenomena and its effect on system components of an electrical ship
is of great importance. In order to predict the possible CM behavior of single system com-
ponents and to determine its affect on the overall system, an accurate simulation of the
system is needed, capable of reproducing the CM behavior. A simulation model, which in-
cludes all parasitics and CM current pathways in great detail, is called MM model, since it
represents the differential-mode (intended) and common-mode (unintended) of the system.
A MM simulation yields a high computational effort. The model can be reconstructed into
a CM model, which only emulates the CM behavior of the system. This approach and its
capability to replicate the CM current of the device of interest was shown in [41]. This
reference served as basis for this thesis. The goal was to replicate the CM behavior of a
device under test within a simulation and to investigate the effect of parasitics occurring

in switching elements.

In this work a basic DM simulation model was created of a PEBB with SiC MOSFET H-
bridge of a medium voltage IMU designed by the Center for Power Electronics at Virginia
Tech. The parasitic capacitive coupling effects of the physical device and the parasitic
elements each individual component exhibits were identified by performing scattering pa-
rameter measurements and impedance measurements with a vector network analyzer. The
DM model was extended to a MM model by adding the determined parasitic grounding
paths of the source, the DC-link capacitor, the inverters heat sink and the coupled induc-
tors considering symmetry way. To achieve a better match of the devices frequency be-
havior, frequency dependent components were constructed and implemented in the model.
Based on the resulting model, a CM equivalent circuit was derived, which is capable of
representing the PEBB’s CM current. Both, the CM voltage and the CM current of the
PEBB were measured, identified and analyzed. The CM voltage was compared to the sim-
ulation result of the MM model and the CM current was compared to both, the MM and

79



CHAPTER 6. CONCLUSION

the CM model. The comparison of the CM voltages showed a good agreement, while the
simulated CM current exhibits differences in comparison with the measurement results.
However, the CM behavior of the device under test was reconstructed successfully with a
simulation and an overall deviation off less than 8% for the CM voltage and 20% for the
CM current. Moreover, it was shown that a neglection of the parasitic grounding of the
MOSFETS over their heat sink lead to more accurate simulation results than if they were

taken into account.

To achieve a higher accuracy of the replication of the PEBBs CM behavior, a more detailed
investigation of the parasitics needs to be performed, especially for the low inductive plate,
which connects the DC-link capacitors directly with the inverter. Furthermore, non-ideal
MOSFETSs were used in the MM simulation. These components required detailed values of
the device, which had to be estimated or determined by a trial and error procedure, since
no data sheet was available. In a next step, these values will be discussed with Virginia
Tech. A further improvement can be achieved by performing a fitting of impedances by
the use of evolutionary computing as performed in [41]. This would minimize the deviation

between the measurement and simulation.

A further improvement could be reached, by implementing the diversification of the snub-
ber capacitors, since this would effect the symmetry of the system and consequently the
CM behavior of the device. Therefore, the true capacitance of each snubber capacitor
should be determined. With the two connection points on the DC side and the two con-
nection points on the AC side of the inverter one can perform up to six different measure-
ments, which represent various parallel and series circuits of the capacitive components.
Per measurement one obtains one equation. By performing four out of these six possible
measurements one would be able to recalculate the capacitance of each snubber capacitor.
Since it is not possible to separate the inverter from the low inductive plate and subse-
quently from the DC-link capacitor, the resulting capacitances could be influenced by the
connected system parts. It still would represent a good estimation and grant insight into

the scattering of the value of the snubber capacitors.
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7 List of abbreviations

Abbreviation Explanation

AES All-electrical ship

CAPS Center of Advanced Power Systems
CISPR International Special Committee on Radio Interference
CM Common-mode

CPES Center for Power Electronics

DM Differential-mode

DoD Department of Defense

DUT Device under test

EEC European Economic Consortium

EMC Electromagnetic compatibility

EMI Electromagnetic interference

ESRDC Electric Ship Research and Development Consortium
FCC Federal Communications Commission
FSU Florida State University

IEC International Electrotechnical Commission
IMU Impedance measurement unit

IPS Integrated power systems

KCL Kirchhoff’s current law

KVL Kirchhoff’s voltage law

LSE Least square error

MM Mixed-mode

MVDC Medium-voltage direct-current

ODE Ordinary differential equation

ONR Office of Naval Research

PEBB Power electronic building block

PWM Pulse-width modulation
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Abbreviation Explanation
RF Radio frequency
SiC MOSFET Silicon Carbide metal-oxide-semiconductor field-effect transistor

S-parameter

Scattering-parameter

SPWM Sinusoidal pulse width modulation
VNA Vector network analyzer
VT Virginia Tech
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11 Appendix A: Scattering Parameters

Scattering-parameters (S-parameters) describe the electrical behavior of linear electrical
networks when experiencing various steady state stimuli induced by electrical signals.
S-parameters represent the linear electrical behavior of any linear time-invariant (LTI)
system and are mostly used for the characterization of networks operating at radio fre-
quencies (RF) and microwave frequencies, due to the fact, that currents and voltages are
harder to quantify at high frequencies than signal power and energy. Therefore, their
main application is in microwave engineering. A characterization of power electronic de-
vices (PED) with this kind of measurement is not common, because PEDs are strongly
not linear, since semiconductors and control circuits are included in almost any power
electronic circuit. Nevertheless, the use of S-parameter measurements found their way

into the characterization of MVDC systems.

The reason for this lies within the simplicity of the measurement itself, since there is no
need for short or open circuits, as needed for the system characterization with impedance
measurements, which could possibly hard to realize dependent on the hardware setup.
Unlike an impedance analyzer scattering parameters use matched loads instead of open or
short circuit conditions to characterize a linear electrical network, due to these termina-
tions are much easier to use at high signal frequencies. This is the reason, why S-parameter
measurements are helpful for the characterization of complex power electronic circuits. The
quantities of the scattering matrix are measured in terms of power. In order to apply this
measurement one assumption has to be made. Since there are hardly changes within the
system for one specific frequency, the system can be seen as a LTI system approximation

the S-parameter measurement is valid.

In the context of S-parameters, scattering refers to the way the traveling injected currents
and voltages are affected, when they meet a discontinuity caused by the insertion of power
signals into the circuit. In the S-parameter approach, an electrical network is regarded
as a “black box”containing various interconnected electrical circuit components or lumped
elements such as resistors, capacitors, inductors and transistors. The network is charac-
terized by a square matrix of complex numbers called S-parameter matrix, which can be

used to calculate its response to signals applied to the ports.
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As mentioned before the system under test has to be a LTI system. For the S-parameter
definition, that the entire network, which may contain any component, behaves linearly
with incident small signals. It may also include many typical communication system com-
ponents or blocks such as amplifiers, attenuators, filters, couplers and equalizers provided

they are also operating under linear and defined conditions.

An electrical network described by S-parameters may have any number of ports, which are
the points of the network at which electrical signals either enter or exit. A port describes a
pairs of terminals. S-parameters are used at frequencies where the ports are often coaxial
or wave-guide connections. The following information must be defined when specifying a

set of S-parameters:
1. the frequency
2. the nominal characteristic impedance (in most cases 50 )

3. the allocation of port numbers

W

. conditions which may affect the network, such as temperature, control voltage and

bias current, where applicable.

S-parameters are needed, when one is attempting to characterize or measure the wide-
bandwidth behavior of power electronic systems, including switching-induced electromag-
netic fields, and the behavior of a system in response to faults. The measurement of the

single ended S-parameters of a 2-port system is depict in Fig. 11.1.

Fig. 11.1: S-Parameter measurement of a 2-port system

S11 represents the forward reflection and S9 the reverse reflection respectively. Both
entries are also referred to as reflection coefficients. S and Sio are referred to as trans-
mission coefficients and define the forward and reverse transmission. For S-parameter
measurements, the first indicator represents the receiving port, while the second one spec-

ifies the transmitting port. For example S21 refers to the signal transmitted to port two
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for the signal incident at port one. The generalized formalization can be written as

received wave at port i

S;i = 11.1
Y sent wave of port j ( )
The result of the measurement is the S-matrix as follows
S Sz
S = (11.2)
So1 Sao

Each of the entries is calculated by the ratio of the incident wave power (a1, az) and the

transmitted wave power (b1, be). These wave powers are defined by:

i + Zol;

o = Vit %ok (11.3)
2/ Zo

b; = w (11.4)

217

where V; represents the voltage across port i (e.g. the voltage across terminal a; and b;
in Fig. 11.1), Zy the reference impedance, which exhibits a typical value of 50 2 and I;
describes the current flowing into port i. A linear network can be characterized by a set of
simultaneous equations describing the existing waves form each port in terms of incident

waves. The following equations describe the derivation of each S-parameter [81]

b b
Sy = — (11.5) Sy = — (11.7)
ai a2=0 az a1=0
by by
Spp = = (11.6) Sy = = (11.8)
ai as=0 az a1=0
This can be rewritten in matrix form as
b=S-a (11.9)
b1 s11 S12| |M1
= (11.10)
bo S21 S22 |a2

In the same manner as the 2-port network an n-port measurement can be defined and

results in [82]

by S511 812 -t Sin| |1
bo S21 S22t Sop| |G2
- (11.11)
. . N . 834 .
bn Snl Sn2 " Snn a4

S-parameters can be determined by using a VNA | but also can be derived with analytically

calculations by numerical methods such as finite element analysis [39], which is used, if an
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s-parameter measurement is not suitable or the system of interest is not available.

11.1 Mixed-Mode Scattering Parameters

Since the single-ended S-parameter matrix does not provide any information about the

DM and CM matching and transmission, mixed-mode S-parameter matrices are needed.

While a two-port single-ended network can be described by a 2x2 S-parameter matrix, a

two-port differential-network as depict in Fig. 11.2 requires a 4x4 matrix to get character-

ized.

Differential-mode

Physical ports Physical
Port1l Port 2
Fd1 e N B2

b. QMWW L WWh
d1 Mixed-Mode d2
2-Port
a4 o— —0 ay
ANV AW
VWY ANV
b o———— ——o b,

Common-mode

ports

Fig. 11.2: Definition of a differential two-port network [61]

As presented in [61], generalized mixed-mode S-parameters can be written as

byive = Smn - v

ba1
baz|  |Saa Sac
bet B Sed See
bea

adl

Qad2

Acl

Ac2

(11.12)
Sdldl Sd1d2 Sdlcl Sdlc2 ad1
8d2d1  Sd2d2 Sd2cl  Sd2¢2 aq2

(11.13)
Scldl  Scld2  Sclel  Scle2 acl
Se2dl  Sc2d2  Sc2cl  Sc2c2 Qc2

where the subscripts d and ¢ denote DM and CM entries and 1 and 2 denote the ports

1 and 2, respectively. Each entry of the 2x2 S-parameter matrix on the right of equation
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11.12 represents a sub-matrix. While Sy refers to the four purely differential-mode S-
parameters sgiq1 t0 Sgoq2, Sce corresponds to the four purely common-mode S-parameters
Sclel tO Scaco. The other two terms Sy, and S.4 represent the mode-conversion between
differential and common-mode, which describe the cross talk between these two modes.
Therefore these parameters are also called cross-mode S-parameters [61]. In the further

process, Sy will refer to the 4x4 mixed-mode S-parameter matrix in equation 11.12.

The matrix equation can be read as an expression of the output wave by or b in terms

of the four input waves aq1, aqe, a1 and ac.o. This leads to the four following equations

ba1 = 84141041 + 84142042 + Sd1c1Gel + Sd1c20c2 (11.14)
ba2 = S42d10d1 + Sd2d20d2 + Sd2c10c1 + Sd2c20c2 (11.15)
bel = Sc1d10d1 + Sc1d20d2 + SclelGel + Sc1c20c2 (11.16)
bea = Sc2d10d1 + Sc2d20d2 + Sc2c1el + 5¢2620¢2 (11.17)

The relationship between the incident waves of the single-ended S-parameter and incident

waves of the the mixed-mode S-parameters can be written as

aq1 = \}i (a1 — ag) (11.18) Al = (a1 + a2) (11.20)
1

1
V2
1

age = — (a3 — ayq) (11.19) Aoy = (as + ayq) (11.21)

S
S

for the differential incident wave ag and common-mode incident wave ac;, respectively.
The factor is used for normalization in order to keep the power level constant between the
two S-parameter systems. The relationship of the reflected waves can be written in the

same way.

1

1
ba1 = 7 (b1 — b2) ber = —= (b1 + b2)

bas = \}5 (bs — ba) (11.23) bea = 5 (b + )

(11.22) (11.24)

-5

(11.25)

It can be seen, that the choice of the signs are related to the definition of differential- and
common-mode. The above cited relation of the incident waves a; with ¢ = {1,2,3,4} and

agj (acj) with j = {1,2} can be rewritten in matrix form.

aqd1

aqz

Gcl

Ac2

Sl

1

-1 0 0
0 1 -1
1 0 0
0 1 1
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The resulted 4x4 matrix including the normalization factor is the so called mode conversion

matrix M and leads to a compact form of

iy =M@ (11.27)
with
1 -1 0 0
Mo L0 (11.28)
V211 1 0 o

0 0 1 1

The same matrix also arise out of the relation of the response waves b; and bg; (b.j) and

the correlation can be written as

byy =M-b (11.29)

The conversion matrix is used for an easy conversion of the single-ended S-parameter

matrix to a mixed-mode S-parameter matrix.

Sy=M-S - M! (11.30)

By using equation 11.30 the four-port single-ended S-parameter matrix gets transferred

into its representative mixed-mode version. The equation results in

Sy =

S$11—821—S12+S22
2

5$13—523—S514+524
2

S$11—821+812—S22
2

S$13—S23+S14—S24
2

831 —841—832+542
2

533—543—534+544
2

833 —8543+8534—S44
2

S11+8S21—S12—S22
2

$13+823—S14—S24
2

S$13+823+S14+524
2

5311541 —832—542
2

5331543 —534—S44
2

$33+543+534+544
2

(11.31)

This is also presented in [63,83]. It can be seen, that each of the mixed-mode S-parameter
terms is a summation of four single-ended S-parameters. This applies one limitation to the
transformation. The accuracy can be significantly declined, if the summation consists of
two large approximately equal values and two small values of opposite signs [62]. Equation

11.31 can be written separately for each quadrant of the matrix in four different terms.
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The four entries on the upper left are the differential-to-differential terms

Sdldl =

Sd1d2 =

Sd2d1 =

Sd2d2 =

(s11 — s21 — S12 + S22)
(s13 — 523 — S14 + S24)

(s31 — Sa1 — S32 + S42)

NN RN RN

(533 — 543 — 534 + S44)

(11.32)
(11.33)
(11.34)

(11.35)

and the entries of the quarter on the bottom right are the common-mode-to-common-mode

terms

Sclel =

Scle2 =

Sc2cl =

Sc2c2 =

(311 + s91 + S12 + S22)
(813 + S23 + S14 + S24)

(831 + S41 + S32 + S42)

NI RN RN RN

(533 + S43 + S34 + S44)

(11.36)
(11.37)
(11.38)

(11.39)

The upper right entries represent the common-mode-to-differential terms

Sdlcl =

Sdlc2 =

Sd2cl =

Sd2c2 =

1
(s11 — s21 + S12 — S922)

(s13 — S23 + S14 — S24)

(531 — 841 + 832 — 542)

NI~ N RN~

— (533 — 543 + S34 — S44)

(11.40)
(11.41)
(11.42)

(11.43)

and the last four entries at the bottom left are the differential-to-common-mode terms,

respectively.

Scldl =

Scld2 =

Se2dl =

Sc2d2 =

1
—(s11 + S21 — s12 — 822)

(s13 + S23 — S14 — S24)

(s31 + Sa1 — S32 — S42)

= (833 + 543 — 534 — 544)

(11.44)
(11.45)
(11.46)

(11.47)

The detailed calculations and derivations can be read in [84]. If the differential channels

would be in perfect balance, all entries of the sub-matrices Sy, and S.4 would be zero.

Consequently no mode conversion between DM and CM signals would occur. This case is

impracticable for measurements of real physical devices, but if the cross-mode terms are

small in comparison to the DM and CM terms, they may be negligible.
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12 Appendix B: Common-Mode
Measurement and Simulation Results

In this appendix all simulation and measurement results for the CM voltage and CM
current are shown for each applied supply voltage. Five different voltages were used to
gain information of the CM behavior of the device: 10 V, 50 V, 80 V, 120 V and 160 V.

12.1 Common-Mode Behavior at 10 V Supply Voltage

In the following figures the frequency analysis of the CM voltage and current can be seen.
Fig. 12.1 shows the comparison of the CM voltage determined by a measurement of the

PEBB powered by 10 V supply voltage with the simulation result.

4 T
| | Measurement
ar X: 1e+04 — Simulation
Y: 3.464
5L
i 1
E D I 1 H+
>
RS
2r
X: 1e+04
3 Y:-3.565
[ ]
4 .
108 10* 10% 108 107

f[Hz]

Fig. 12.1: Frequency analysis of the measured and simulated CM voltage for 10 V supply
voltage

For the measurement of th CM current two different setups were used. The first hardware
setup was under the use of the original XPLE connection cables between each half-bridge

and the coupled inductor, which required two separate high current bandwidth probes in
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order to measure the current of each rail, due to both cables did not fit into one probe. In
this case the resulting signal data requires an additional processing, since the CM current
is the sum of all currents through the connected wires. For the second hardware setup
common copper wire with two mm in diameter were used instead of the XPLE cable. In
this way, it was possible to measure the CM current directly with one current probe. The

comparison of the frequency plot can be seen in Fig. 12.2.

%107

10

ol —|cm10VDDDDBI'
——1__ 10V XPLE
om

8
108 10* 10° 108 107
f[Hz]

Fig. 12.2: Frequency analysis of the measured CM current for 10 V supply voltage

In Fig. 12.3 the CM current of the measurement is compared to the outcome of the mixed-
mode simulation. In Fig. 12.3a the parasitic coupling to ground of each MOSFET over its
heat sink is taken into account, while Fig. 12.3b shows the comparison under neglection

of the parasitic effects of the H-bridge.
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Fig. 12.3: Comparison of the measurement and MM simulation of the CM current for 10
V supply voltage

The same comparison was performed for the CM simulation model and can be seen in
Fig. 12.4.

%1074 1074

—— | gy Measurement —— Iy Measurement

at —— |y Simulation

—— |y Simulation

I om [A]
! )

Fig. 12.4: Comparison of the measurement and CM simulation of the CM current for 10
V supply voltage

As can be seen these measurements exhibit a peak at exactly 3 kHz. Since it is shows
up at exact 3 kHz it is assumed that it is not caused by parasitics. Furthermore, it was
observed, that its intensity is hardly effected by the supply voltage, which can be seen in
the following sections. This is the reason why the integrated control circuits of the power

source and the high current bandwidth probe are under suspicion.

In the following sections the same comparisons were performed for another four different
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supply voltages. Therefore, it wont be explained anymore.

12.2 Common-Mode Behavior at 560 V Supply Voltage

20 .
u Measurement
15 X le+04 — Simulation
Y: 17.61
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Fig. 12.5: Frequency analysis of measured CM voltage for 50 V supply voltage
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Fig. 12.6: Frequency analysis of the measured CM current for 50 V supply voltage

104



12.2. COMMON-MODE BEHAVIOR AT 50 V SUPPLY VOLTAGE CHAPTER 12.
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Fig. 12.7: Comparison of the measurement and MM simulation of the CM current for 50
V supply voltage
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Fig. 12.8: Comparison of the measurement and CM simulation of the CM current for 50
V supply voltage
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Fig. 12.9: Frequency analysis of measured CM voltage for 80 V supply voltage
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Fig. 12.10: Frequency analysis of the measured CM current for 80 V supply voltage
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Fig. 12.11: Comparison of the measurement and MM simulation of the CM current for 80
V supply voltage
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Fig. 12.12: Comparison of the measurement and CM simulation of the CM current for 80
V supply voltage
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12.4 Common-Mode Behavior at 120 V Supply Voltage
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Fig. 12.13: Frequency analysis of measured CM voltage for 120 V supply voltage
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Fig. 12.14: Frequency analysis of the measured CM current for 120 V supply voltage
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Fig. 12.15: Comparison of the measurement and MM simulation of the CM current for 120
V supply voltage
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Fig. 12.16: Comparison of the measurement and CM simulation of the CM current for 120
V supply voltage
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Fig. 12.17: Frequency analysis of measured CM voltage for 160 V supply voltage
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Fig. 12.18: Frequency analysis of the measured CM current for 160 V supply voltage
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Fig. 12.19: Comparison of the measurement and MM simulation of the CM current for 160
V supply voltage
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Fig. 12.20: Comparison of the measurement and CM simulation of the CM current for 160
V supply voltage
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