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Abstract

Electromagnetic interference (EMI) issues are associated with high-speed switching
of power converters. EMI modeling is an essential tool to study and control the EMI
emission, enabling more efficient solutions. A comprehensive review and comparison
of different modeling approaches for conducted emissions are provided in this paper,
which can be used as a design guideline for engineers. Electromagnetic compatibil-
ity (EMC) measurement devices and testing procedures are also reviewed for power
converter applications. This overview would help the reader to obtain a better un-
derstanding of the EMC testing procedure, requirements, and the EMC measurement
devices. Afterwards, conducted emissions in a three-phase inverter fed motor drive is
studied. A physics-based model is derived for each part of the system using a device
characterization tool, a finite element analysis tool, and impedance curve fitting tools.
An improved universal equivalent circuit is proposed to model the induction motor in
the entire frequency range. A balanced approach regarding the accuracy and simplic-
ity of the model is considered through the model extraction. Furthermore, common
mode and differential mode emissions are studied, and two equivalent circuits are
extracted.

Spread spectrum modulation techniques have been proven to be an effective solu-

tion to suppress the conducted electromagnetic emissions of power converters. Various
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modulation methods are investigated for an active neutral point clamped (ANPC) in-
verter. The effect of EMI receiver and intermediate filter bandwidth is also considered
in the modeling. Furthermore, a new unified model is proposed for an active neutral
point clamped inverter based on the existing equivalent circuit models for common
mode (CM) EMI and the developed DM model. In another approach to reduce the
EMI emissions, a new hybrid CBPWM strategy is proposed that not only eliminates
the neutral point voltage oscillations but also reduces the common mode voltage
(CMV) by half. Furthermore, the harmonic content of the output voltage is reduced
by adjusting the modulation waves based on the location of the reference vector in the
space vector diagram. An active neutral point voltage controller is also presented and
applied in order to maintain the performance of the modulation strategy under the
NPV perturbations. Modeling and simulation results are validated by experimental

results.
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Notation and Abbreviations

Abbreviations

ANPC

CBPWM

CM

CMV

CSFPWM

DM

EMC

EMI

EUT

FD

FFT

Active neutral point clamped

Carrier-based pulse width modulation

Common mode

Common mode voltage

Constant switching frequency PWM

Differential mode

Electromagnetic compatibility

Electromagnetic interference

Equipment under test

Frequency domain

Fast Fourier transform
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IGBT

LISN

NP

NPV

NPC

PCFM

PWM

RCMV-CBPWM

RMS

RCFM

RBW

SA

SVM

TEFSM

TD

Insulated gate bipolar transistor

Line impedance stabilizer network

Neutral point

Neutral point voltage

Neutral point clamped

Periodic carrier frequency modulation

Pulse width modulation

Reduced common mode voltage CBPWM

Root mean square

Random carrier frequency modulation

Resolution band width

Spectrum analyzer

Space vector modulation

Thevenin equivalent frequency domain source model

Time domain

Viil



Contents

Abstract 1ii
Acknowledgements vi
Notation and Abbreviations vii
1 Introduction 1
1.1 Background and motivations . . . . . . ... ... ... 1
1.2 Contributions and thesis outline . . . . . . . . . . .. . ... .. ... 3

2 Modeling of Conducted Emissions for Electromagnetic Interference

(EMI) Analysis of Power Converters: State-of-the-Art Review 6
2.1 Introduction . . . . . . .. ... 7
2.2  EMC measurement and standards . . . . . ... ... ... ... 9
2.3 Overview of EMI modeling . . . . .. ... ... ... .. .... ... 13
2.3.1 Signal integrity and cross-talk . . . . .. .. ... L. 14
2.3.2 Conducted emissions . . . . . . ... ... 15
2.4 Parasitic components . . . . .. ..o 22
24.1 Bulk capacitor. . . . .. ..o o 23

1X



2.4.2 Switching devices . . . . . . ... Lo 24

243 Busbars . . . .. .. 26
244 Motors . . . ... 28
245 Cables . . . . o 30
2.5 Simulation methodologies . . . . . . . ... ... L. 31
2.6 SUMMArY . . ... 37

Modeling of Conducted Electromagnetic Emissions for a Three-Phase

Inverter Fed Motor Drive 38
3.1 Imtroduction . . . . . . . ..o 39
3.2 Time domain model . . . . . . ... ..o L 40
3.2.1 Switching module . . . . .. ... ..o 41
3.22 Busbars . . ... o 47
3.2.3 Electric machine . . . . ... ..o 50
3.24 Capacitor and LISN . . . . ... ... ... ... ... ... 56
3.3 Conducted emissions . . . . . . .. ... 58
3.3.1 Common mode . . . .. ... ... ... 60
3.3.2 Differential mode . . . . ... ... 0oL 61
3.4 Summary ... ..o 66

On the Electromagnetic Compatibility (EMC) Measurement and

Testing Procedures for Power Converters 67
4.1 Introduction . . . . . . . . ... 67
4.2 EMC test procedures . . . . . . . .. ... 70

421 Testplan . . . . . . .o 71



4.3
4.4

4.5
4.6

4.2.2 EMC tests . . . . . . ., 73

EMI receivers and analyzers . . . . . . . ... ... ... ... ... 79
Measurement devices . . . . . .. ..o 83
4.4.1 Conducted emissions . . . . . . . ... ... ... L. 84
4.4.2 Radiated emissions . . . . ... ..o 86
Test equipment on the market . . . . . . . ... .. ... ... ... 86
SUMMATY . . . . o o v o 87

Analytical EMI Modeling of an Active Neutral Point Clamped In-

verter 89
5.1 Introduction . . . . . . . . ... 90
5.2 Time domain model . . . . . . . . . . ... 92
5.3 Frequency domain model . . . . . . .. ..o 94

5.3.1 EMI noise source modeling . . . . . . ... ... ... ... .. 95

5.3.2 Unified equivalent circuit model . . . . . . . ... .. ... .. 97
5.4 Conducted emissions . . . . . . .. ... 98
5.5 SUummary . o.o.o. ..o 100

Mitigating Conducted Electromagnetic Interference of an Active

Neutral Point Clamped Inverter by Spread Spectrum Modulation 103

6.1
6.2

6.3

Introduction . . . . . .. ..o 104
Analysis of spread spectrum modulation techniques . . . . . . . . .. 108
6.2.1 Periodic CEM . . . . . .. ... ... 110
6.2.2 Random PWM . . . ... ... ... ... ... ... 113
EMI receiver model . . . . . . . . ... 116

x1



6.4 Evaluation of spread spectrum modulations . . . .. ... ... ... 121

6.4.1 Conducted EMI emissions . . . . .. .. .. .. ... ..... 123
6.4.2 Overall evaluation. . . . . . ... ... ... ... ... 125
6.5 Experimental evaluation . . .. .. .. ... ... ... 127
6.5.1 Experimental setup . . . . ... ... 127
6.5.2 EMI receiver model verification . . . . .. ... ... ... .. 127
6.5.3 Detailed model verification . . . . . ... ... 128
6.5.4 Experimental results . . . .. ... ..o 129
6.6 Summary . . ... 131

An Improved Carrier Based PWM Strategy with Reduced Common

Mode Voltage for a Three Level NPC Inverter 134
7.1 Introduction . . . . . . ... 135
7.2 NP current and CMV of the three-level NPC . . . . . . . .. ... .. 137
7.2.1 Neutral point current . . . . . . . .. ... .. ... ... 139
7.2.2  Common mode voltage . . . . . . .. ... ... ... ... 142
7.3 Derivation of the proposed HCBPWM . . . . . ... .. ... .. .. 143
7.3.1 Principle of the operation . . . . .. ... ... ... ..... 145
7.3.2 CMV reduction . . . . . .. .. ... 149
7.3.3 Harmonic content . . . . . . . ... 152
7.3.4 Neutral point voltage deviation . . . . . . ... ... ... .. 154
7.4 Active NPV controller . . . . . . . . .. ... ... 156
7.5 Experimental results . . . . . ... .. L 159
7.6 Summary ... ... 163

xii



8 Conclusions and Future Work
8.1 Conclusions . . . . . . . .

8.2 Future work . . . . . .

Xlil



List of Figures

1.1

2.1
2.2

2.3

2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11

2.12
2.13

As the equipment develops, the number of available EMI solutions are
limited and more expensive. . . . . . . . ... ... ... 2
Different aspects of EMC problem. . . . ... ... ... ....... 8
CISPR32 class B conducted emission limits (QP and AVG denote
quasi-peak and average measurement techniques, respectively). . . . . 11

Line impedance stabilization network(LISN), (a) Schematics (b) Impedance

looking into LISN seen by EUT. . . . . . ... ... .. .. ... ... 13
Common mode and differential mode currents. . . . . . . . .. .. .. 14
Classification of conducted EMI modeling techniques. . . . . . . . .. 16
Thevenin equivalent EMI noise emission model for a single IGBT . . 18
Norton equivalent EMI noise emission model of an IGBT phase leg . 19
Generalized three-terminal equivalent circuit . . . . . . . . . . . . .. 21
Motor drive system including dominant stray components. . . . . . . 23
Equivalent circuit of a bulk capacitor. . . . . . . . ... ... ... .. 24

Equivalent circuit of an IGBT phase leg with stray capacitances and

inductances . . . . . . ... 26
Piece-wise linear IGBT model . . . . . . . . . . .. ... ... ... 27
A simple laminated bus bar. . . . . .. ... ... 27

X1v



2.14
2.15
2.16
2.17

2.18
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8

3.9

3.10

3.11

3.12
3.13

High frequency per phase model for an induction motor . . . . . . . . 29
Per section equivalent circuit for modeling a long cable . . . . . . .. 31
(a) Trapezoidal waveform and (b) the bounds on its harmonic spectrum. 33

Discreet harmonic spectrum and the spectral bounds for a trapezoidal

signal with D = 0.1, A =200, fy, = 10kHz, t, =200ns. . . .. ... 33
CM current paths in a buck converter. . . . . .. ... ... .. ... 36
Motor drive system including main parasitic elements. . . . . . . . . . 41
Test circuit for IGBT characteristics. . . . . . . .. .. .. ... ... 43
Switching transients of Case 1 a)turn off b)turnon. . . . . . . . . .. 43
Internal construction layers of the IGBT module. . . . . . ... ... 45
3D simplified model of the IGBT module. . . . .. ... ... .... 46
Stray capacitances of the power module. . . . . . ... ... ... .. 46
AC current density distribution in the dc busbar. . . . . . . .. . .. 49

high frequency equivalent circuit of the induction motor a) per-phase
equivalent circuit b) three-phase differential model ¢) three-phase com-
mon mode model. . . . . ..o 51
Measurement setup for motor impedance measurement a) differential
mode b) common mode . . . . . ... 51

Universal per-phase equivalent circuit a) previous model b) proposed

model . ... 52
Measured CM and DM characteristics. . . . . . ... ... ... ... 53
Measured and simulated impedance magnitude a) DM b) CM. . . .. 55

Differential mode impedance of the motor for different operating points

represented by rotor slip (s). . . . . . ... Lo 55

XV



3.14
3.15
3.16
3.17
3.18
3.19
3.20
3.21
3.22
3.23
3.24
3.25
4.1

4.2
4.3
4.4
5.1
5.2

5.3

Equivalent circuit of the dc link capacitor. . . . . . .. ... ... .. 56

Line impedance stabilization network. . . . . . . . . .. .. ... ... o7
Inverter output a) motor phase current and b) output line voltage. . . 58
Motor drive system where switches are replaced by noise sources. . . 59
CM equivalent circuit of the three-phase motor drive. . . . . . . . .. 61
CM path g-parameter (G¢oyy) characteristics. . . . . . . . . . . .. .. 61
CM conducted emissions of the three-phase motor drive. . . . . . . . 62
DM equivalent circuit of the three-phase motor drive. . . . . . . . .. 62
DM path impedance characteristics. . . . . . . . .. .. ... ... .. 63
DM conducted emissions of the three-phase motor drive. . . . . . . . 63
Unified equivalent circuit of the motor drive system. . . . . . . . . .. 64

DM conducted emissions considering the coupling between CM and DM. 65

Block diagram of operating principle of frequency domain EMI mea-

surement. . . o. ... L e e e e 80
Time domain measurement process. . . . . . . . . . . . . . ... ... 82
Coupling capacitors in an immunity test setup. . . . . ... ... .. 85
Common antennas for radiated emissions measurement. . . . . . . . . 86

The detailed model of the ANPC considering main parasitic elements. 92
Common mode modeling of the ANPC a) Phase A leg, b) Substituting
MOSFETSs with voltage and current sources, ¢) Short circuiting the dec
link capacitors and sources are merged, d) Three phase CM model of
the inverter. . . . . . . . . .. 94
Differential mode modeling of the ANPC, a) substituting MOSFETSs

with current and voltage sources, b) DM model of the inverter. . . . . 97

xXvi



5.4

5.9
5.6

5.7
6.1
6.2

6.3
6.4
6.5
6.6

6.7
6.8
6.9
6.10
6.11

6.12
6.13

Asymmetric impedance paths of CM currents leading to MM emissions
(state P in phase A). Red arrows: CM currents, blue arrows: DM
Currents. . . . . ...
Unified equivalent circuit of the system. . . . . . . ... .. ... ...
Comparison between the prediction of unified equivalent circuit and
the detailed model a) Vour, b) Vopre - o o o oo o000 oo
Prediction error of Vj;p in different models. . . . . . . . . ... ...
EMI suppression methods. . . . . . . .. .. ... ...
Harmonic spectrum of the CM voltage of a three phase conventional
inverter using two IGBTs. . . . . . .. ... ... L.
A classification of spread spectrum modulation techniques. . . . . . .
A typical PWM waveform. . . . . . .. ... ... ... ...
Relationship between the current and the switching frequency. . . . .
Carrier frequency functions of distribution-based PCFM a) uniform b)
normal and c)exponential. . . . . ...
Harmonic spectrum of EMI conducted emissions of the ANPC. . . . .
The calculation process to model a swept-tuned spectrum analyzer.

The Gaussian intermediate filter gain. . . . . . . . . . . .. ... ...
The calculation process of time domain EMI measurement. . . . . . .

Comparison between the FFT output, swept-tuned spectrum analyzer,

and TDEMI. . . . ... 0o o

The detailed model of the ANPC considering main parasitic elements.

Common mode emissions of the ANPC applying different modulation

methods. . . . . . ..

XVvil

105

107

113



6.14
6.15

6.16

6.17

6.18

7.1
7.2

7.3
7.4

7.5

7.6

7.7

7.8

7.9

The experimental setup of the 3-L ANPC. . . .. ... ... ..... 128
Comparison between the measurement results of the SA and the Os-
cilloscope. . . . . .. 129
Conducted emissions of the inverter, measurement and simulation re-
sults a) DM, b) CM. . . . . . . ... . 130
Measured line-to-line voltages with harmonic spectrum a) CCFM, b)
PCFM, ¢) RCFM. . . . . ... . . . 131
Conducted emissions of the inverter, measurement results a) DM, b)
CM. . 132
Topology of the ANPC and its space vector diagram. . . . .. .. .. 138
a) Virtual space vector diagram in sector I, b) switching sequence of
Vies, resultant NP current, the NPV variations, and the generated Vi 141
Conventional CBPWM with two carriers. . . . . . ... .. ... ... 144
Construction of the phase leg state using positive and negative modu-
lation waves. . . . . . ..o 145
Positive and negative modulation waves of phase A, m =0.8. . . . . . 149
The reversed switching patterns using two carriers with opposite phases.150
Different combination of switching sequences to reduce CMV when
only a) Umid, b) Umaz, €) Umin has different switching pattern. . . . . . 151
Harmonic flux trajectories of a) conventional CBPWM in Sector I, b)
double modulation RCMV-CBPWM when u,,;, is reversed in all Sectors.153
RMS value of the HFT in a fundamental cycle for three different mod-

ulation. . . .. oL, 153

xviil



7.10

7.11

7.12

7.13
7.14

7.15

7.16
7.17

7.18

Neutral point current (rms) in the first Sector for unity power factor
when a) Uy, is reversed, b) wp, is reversed. . . . ...
Neutral point current (rms) of the proposed hybrid modulation for
unity power factor in the first Sector. . . . . . . ...
Space vector diagram of the proposed hybrid CBPWM with reduced
CMV. e
Adjusting the duty ratio of the median phase, w,,;4, for NPV control.

Positive and negative compensating currents in Sector I when a) ¢ = 0,

Average positive and negative compensating currents under different
power factors and modulation indices. . . . . . .. ... ... ...
The experimental setup of the 3-L ANPC. . . . ... ... .. ....
Measured line-to-line voltages, dc-link capacitor voltages, output cur-
rent 44, Uy, and harmonic content of Uy,; a) conventional CBPWM, b)
RCMV-CBPWM when only phase a is reversed, ¢) proposed CBPWM
with CMV reductions. . . . . . . ... ... oL

Experimental waveforms for voltage balancing control. . . . . . . ..

Xix

155



List of Tables

3.1

3.2
3.3
3.4
3.5

3.6
4.1
4.2
4.3
4.4
5.1
5.2

6.1
6.2

Switching characteristics of the IGBT (Sim: simulation result, Data:

datasheet value) . . . . . . . . .. o 43
Power loss of the single-phase full bridge inverter . . . . . . .. ... 44
Stray capacitances of the power module . . . . . . ... ... ... .. 46
Stray components of the busbar . . . . . .. ... 000000 50

Improved universal model parameters and the induction motor speci-

fications . . . . ... 55
Natural frequencies of each conduction mode . . . . . . . . ... ... 65
A sample EMC test plan . . . . . .. . ... ... ... ... 72
List of EMC certificates of a three-phase solar inverter . . . . . . .. 72
Harmonic limits for class A equipment EN61000-3-2 . . . . . . . .. 76
EMC equipment manufacturers . . . . .. .. ... ... ....... 88

The Design Parameters of the Active Neutral Point Clamped Converter 93

Switching characteristics of the SiC Mosfet (sim: simulation result,

data: datasheet value) . . . . .. ... ... 93
FCC minimum 6 dB resolution bandwidth (RBWs) . . . . . . . . .. 118
ANPC parameters . . . . . . ... 122

XX



6.3

6.4

6.5

6.6
7.1
7.2
7.3
7.4

Switching characteristics of the SiC Mosfet (sim: simulation result,
data: datasheet value) . . . . . . ... ... 122
Maximum suppression of CM EMI emissions for different SS modula-
tion methods . . . . . . ..o 126

Current THD and power loss of the ANPC for different SS modulation

methods . . . . . . 127
Experimental parameters . . . . . ... ..o 0L 129
Switching states of a 3L-ANPC . . . . . ... .. ... ... ... .. 138
The effect of medium and small vectors on the NP . . . . . . . .. .. 139
Generated CMV by different space vectors . . . . .. ... ... ... 143
Experimental parameters . . . . . .. ..o 160

poel



Chapter 1

Introduction

1.1 Background and motivations

Electromagnetic interference (EMI) can be regarded as environmental pollution, sim-
ilar to air pollution. Over the past hundred years, humankind has been using the
electromagnetic spectrum extensively. Thanks to the advent of modern semiconduc-
tor technologies, the number of electronic devices has grown vastly during the recent
decades. So, more electronic systems are now supposed to work near each other and
share the EM spectrum. EMI is the inevitable economic and social threat of such a
chaotic system that may result in various types of malfunction or even detrimental
injuries.

Unfortunately, there is a tendency to overlook the EMI issues by both the manu-
facturers and the consumers especially when the EMC certificates are not mandatory.
One of the contributing factors might be that EMC issues are sometimes hard to rec-
ognize and pricey to overcome. On the other hand, EMC failures are way more

expensive. Every year, numerous EMC failure stories are reported across the globe
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concerning different threat levels. It can be a harmless TV glitch while using the
microwave, or it could be a dreadful train crash [1]. As an example, let us look at
the “defect information report” submitted to the National Highway Traffic Safety
Administration (NHTSA) by TOYOTA in 2013. Following 18 confirmed U.S. cases
of abrasion-type injuries from the faulty airbag deployment, TOYOTA had to recall
more than one million Corolla, Corolla Matrix, and Pontiac Vibe models across the
globe. According to the report, a short circuit in the control module of the airbags
occurs when they are exposed to high inductive electrical noise from various vehicle
electrical components. In order to solve the problem, additional filters were added to
the control module [2].

Design phase . Testing phase + Production phase

Number of \
available EMI / Cost
solutions
>

Equipment development, time scale

Figure 1.1: As the equipment develops, the number of available EMI solutions are
limited and more expensive.

An electromagnetic compatible system happily functions without interfering with
itself or the nearby devices. An interference is generated by nature or man-made
devices. The EM energy is then transferred to the victim through conduction and
radiation. It is more cost effective to deal with the EMI problems in the early stage

of the design. As the electronic device develops, fewer EMI solutions are available
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at a higher price, as depicted in Fig. 1.1 [3]. Keeping in mind that EMI should be
considered during the design, this thesis aims to provide a road map of EMC studying

for power electronic inverters.

1.2 Contributions and thesis outline

This thesis studies the conducted emissions in power inverters. After reviewing the
basic concepts of EMI in power converters, the first step is to develop an EMI model
that suits the research goals. In this regard, Chapter 2 presents a comprehensive
literature review of available modeling strategies along with the definition of EMI
basics. Moreover, EMC measurement devices and testing procedures are reviewed for
power converter applications in Chapter 4. The topics discussed here help the reader
obtain an overview of the EMC testing and develop a comprehensive understanding
of the EMC measurement device.

In Chapter 3, the modeling process is studied in detail for a three-phase motor
drive system. A physics-based model is derived for each part of the system using
a device characterization tool, a finite element analysis tool, and impedance curve
fitting tools. An improved universal equivalent circuit is proposed to model the
induction motor in the entire frequency range. A balanced approach regarding the
accuracy and simplicity of the model is considered through the model extraction.
Furthermore, common mode and differential mode emissions are studied, and two
equivalent circuits are extracted.

Equivalent circuits are a more robust analysis tool during the design process.
Hence, equivalent circuit modeling is extensively studied for a three-level neutral

point clamped inverter in Chapter 5. Compared with the conventional differential
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mode (DM) EMI modeling of power inverters that use only one current source, it
is shown that two current sources are required for more precise modeling. A new
unified model is proposed for an active neutral point clamped inverter based on the
existing equivalent circuit models for common-mode (CM) EMI and the developed
DM model. The proposed model predicted both CM and DM EMI emissions and
compared them with the time-domain results. Simulation results indicate that the
modeling precision is improved by 56%.

In order to mitigate the EMI issues, various approaches are recommended in the
literature. Software-based methods that generally suppress the emissions at the source
are more cost-effective than hardware-based solutions such as EMI filters. In the
last two chapters, two means of EMI noise suppression are explored. In Chapter 6,
spread-spectrum modulation techniques are studied and implemented. These meth-
ods spread the power spectrum in the frequency range, thus reducing the harmonic
spikes. Different spread-spectrum modulations are investigated for an active neutral
point clamped (ANPC) inverter. The effect of EMI receiver and intermediate fil-
ter bandwidth is considered in the modeling. The validity of simulation results and
calculations is confirmed by experimental results.

In another software-based EMI suppression method, a new hybrid CBPWM strat-
egy is proposed in Chapter 7 that not only eliminates the neutral point voltage os-
cillations but also reduces the common-mode voltage (CMV) by half. Furthermore,
the harmonic content of the output voltage is reduced by adjusting the modulation
waves based on the location of the reference vector in the space vector diagram. An
active neutral point voltage controller is also presented and applied in order to main-

tain the performance of the modulation strategy under the NPV perturbations. The
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performance of the proposed algorithm is compared to the conventional CBPWM
and another CBPWM with reduced CMV that is already available in the literature.
Finally, experimental results are presented to evaluate the proposed modulation strat-
egy.

Chapter 8 concludes the thesis by summarising the chapters and providing sug-

gestions for future works.



Chapter 2

Modeling of Conducted Emissions

for Electromagnetic Interference

(EMI) Analysis of Power
Converters: State-of-the-Art

Review

Electromagnetic interference issues are associated with high-speed switching of power
converters. EMI modeling is an essential tool to study and control the EMI emis-
sion, enabling more efficient solutions. A comprehensive review and comparison of
different modeling approaches for conducted emissions are provided in this chapter,
which can be used as a design guideline for engineers. For a motor drive application,

common mode and differential mode conducted emissions are studied, and dominant
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noise production mechanisms are identified. Moreover, a review of various modeling
techniques is presented for the main parasitic components of the system. Finally, time
domain and frequency domain analysis approaches are explored along with the equiv-
alent circuits which enable fast prediction of EMI emissions. This chapter intends to
help the reader develop an organized understanding of conducted emission modeling

to assist them with a more efficient and electromagnetically-compatible design.

2.1 Introduction

With the recent advancements in power electronic technologies, designers and manu-
facturers tend to go for higher switching frequencies which allows to reduce the size of
the converter. Therefore, the operation of electronic devices in close proximity within
a power converter is inevitable in modern days. These circuits often adversely affect
each other, which may cause malfunction. This has brought an important concern
into attention: electromagnetic compatibility (EMC). A system is electromagnetically

compatible if it
e functions properly in the intended environment,
e is not a major source of electromagnetic pollution to the environment,
e does not interfere with itself.

EMC is associated with generation, transmission and reception of electromagnetic
energy, as shown in Fig. 2.1. A source generates the emission that is transmitted to
the receiver through a transfer or coupling path in forms of radiation or conduction.

The received signal is processed in the receptor which may or may not cause undesired
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behavior. Note that the processing is important in the receptor. In some cases, the

received energy has no effect on the function of the receptor and is not specified as

interference.
Coupling path
Radiation
Noise source %9}% e
Conduction

Figure 2.1: Different aspects of EMC problem.

In terms of cost and time, it is more effective to consider EMI issues at the design
stage that would minimize post-processing solutions, including additional mitigation
components, and testing time and cost. An EMI-integrated design requires compre-
hensive system modeling capable of predicting EMI emissions. Although there are
many papers on EMI modeling of power converters, the absence of a comprehensive
review is noticeable. This chapter intends to assist the reader in expanding a thor-
ough knowledge of EMI modeling methods which can be used as a general guideline
for engineers to determine the most appropriate modeling methods for the given ap-
plication. In this chapter, available modeling methods in the literature for conducted
EMI emissions of power converters are presented. Next, dominant noise production
mechanisms are identified in an inverter-fed motor drive system, and different mod-
eling techniques for the main parasitic components of such systems are also studied.

Time domain and frequency domain analysis approaches are also investigated.
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2.2 EMC measurement and standards

Electromagnetic compatibility is not only an important index of performance but
also a legal requirement for any electronic device before marketing. Employing stan-
dards, governments ensure that EMC is controlled in the design and use of electronic
equipment. EMC standards usually have a section explaining the technical terms and
other sections to define the test equipment, test methods, acceptable measurement
receivers and the specific limits that must be met [4].

In the United States, the Federal Communications Commission (FCC) regulates
the EMI requirements. Under Title 47 of the Code of Federal Regulations, the FCC
Rules and Regulations have several parts concerning the control of interference. Part
15 contains the requirements for radio frequency devices defined as any device ca-
pable of emitting radio-frequency energy from 9 kHz to 3000 GHz by conduction
or radiation. FCC part 15 has six subparts, which Subpart B is more relevant due
to its applicability to digital electronics [5]. Outside of the U.S., the regulations of
the International Special Committee on Radio Interference (CISPR, from its French
title), which is a part of the International Electrotechnical Committee (IEC), are
widely accepted. The requirements of CISPR 32 or the equivalent European Union
EN55032 apply to multimedia equipment in order to protect radio frequency band
from 9 kHz to 400 GHz[6]. Based on the end-consumer, FCC and CISPR define two
types of products: class A products intended for business and industrial environment,
and class B equipment marketed for residential setting. The requirements of class B
products have more restrictive limits, as the possibility of EMI problems is higher
due to the close proximity of electronic devices. Another important EMC standard is

published by the U.S. Department of Defense that apply to the military and aerospace
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industry. Many military organizations outside of the U.S. have adopted the limits
specified by the standard MIL-STD-461G[7].

CISPR 32 or FCC part 15 are the main standards considered in here. Either
class B or class A limits can be applied based on the end-user. Fig. 2.2 shows the
FCC and CISPR limits for conducted emission of class B products. QP and AVG in
Fig. 2.2 denote quasi-peak and average measurement techniques, respectively. Peak
detectors normally measure the highest value of the signal regardless of the energy
they carry or duration of their existence. However, studies have shown that the level
of noise disturbance is also related to the repetition rate of the signal. Therefore,
a quasi-peak detector measures the weighted signal according to the repetition rate.
For a continuous waveform, peak and quasi-peak would be the same. The quasi-peak
measurement is proportional to the amplitude and the repetition rate. A quasi-peak
test is required in case the peak values marginally pass the limits. If the measured

noise is below the quasi-peak limits, the product is likely to pass the compliance tests.

In addition to setting the limits, every standard defines how to measure the data.
The limits set for conducted emissions regulate the emitted noise conducted through
the power cord as it is connected to the distribution system and capable of interfering
with other subsystems. The conducted emission that needs to be measured is the
noise current conducted back to the ac power cord. CISPR and FCC use a standard
Line Impedance Stabilizer Network (LISN) placed between the equipment under test
(EUT) and the power cord. A common 50pH LISN is shown in Fig. 2.3(a). The
first function of LISN is to prevent the outside noises from contaminating the mea-

surement. L; and Cj in Fig. 2.3(a) block and divert noises coming from the power

10
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Figure 2.2: CISPR32 class B conducted emission limits (QP and AVG denote
quasi-peak and average measurement techniques, respectively).

system within the conducted emission frequency range. The second function of LISN
is to present a constant impedance to the product terminals at the frequency range
of measurement (150 kHz to 30 MHz). The impedance of the power line can vary at
different locations for different power ratings. It can be seen in Fig. 2.3(b) that the
impedance is seen by the equipment looking into LISN (between phase/neutral and
ground wire, denoted by Z;sn in Fig. 2.3(b)) is almost constant in the frequency
range of interest. This helps us to make sure that the measured data at one site
correlates with the measurement at the other sites.

The noise currents are decomposed into common-mode and differential-mode cur-
rents. Differential mode currents flow between neutral and phase conductors whereas
common mode currents flow through the phase and neutral conductors, and take

ground wire as the return path (see Fig. 2.4). Measured phase and neutral noise

11
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currents can be rewritten as:

Ip = L + Lim (2.1)

In =1 — Lim (2.2)

where 1., and I, denote for common mode and differential mode currents respec-
tively, depicted by the dashed and solid lines in Fig. 2.4. Ip and Iy represent the

current flowing in phase and neutral lines respectively. That gives:

1
I = 5(Ip + 1) (2.3)

Lim = %(Ip —Iy) (2.4)

Differential mode currents are generated by the normal operation of the converter.
In ideal conditions, no differential mode noise should exist. However, in the real
world where components function differently, some differential mode noise current
flow between the phase and neutral lines of the power cord. Common mode currents
are produced due to parasitic capacitors of the system that induce current on the
ground wire.

Electromagnetic quantities are voltage and current (in volts and amperes) for
conducted emission, and electric and magnetic field (in volts per meter and amperes
per meter) for radiated emission. One common issue is the wide range of measured
data. For example, measured conducted noise emission can range between 1 V" and
10 V, that gives a range of 107 volts. EMC limits are normally expressed in decibels
as shown in Fig. 2.2. Decibels are capable of compressing the data range. So the

range of 107 is equal to 140 dB. Decibels are the ratio of two quantities. Conducted

12
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Figure 2.3: Line impedance stabilization network(LISN), (a) Schematics (b)
Impedance looking into LISN seen by EUT.

emission voltage is expressed relative to 1uV as below:

v
dBuV = 201og10(m) = 20logl, —20logih” = 20logl,+120 (2.5)

2.3 Overview of EMI modeling

A comprehensive model is required for EMI analysis and prediction. The available
modeling techniques of different EMI aspects, with more emphasis on conducted
emission, are presented in the following. Readers can refer to textbooks [8] and [3]
where EMC fundamentals are well explained. A more mathematical approach is taken

in [8], whereas a more application-based approach is adopted in [3].

13
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Figure 2.4: Common mode and differential mode currents.

2.3.1 Signal integrity and cross-talk

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

L
Tp==
(%

(2.6)
where L is the length of the transmission line. For example, the time delay of trans-
mitted data in a pair of conductors in free space is equal to % = /lo€o = 3.33ns/m.
That means it takes 3.33 ns to transmit data from one end to another in a one-meter
length conductor in free space. Although this time may seem insignificant, rise/fall
times of digital signals are very short (in the range of few hundred pico seconds)
in modern digital boards. Signal integrity issues are negligible for a short transmis-
sion line where the wavelength is comparable to the length of the transmission line.

Ringing, ground bounce, impedance mismatch and signal attenuation are main issues

14
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associated with signal integrity.

Crosstalk refers to the electromagnetic coupling between wires and nearby traces
of a printed circuit board (PCB). Crosstalk and signal integrity issues are among
the most difficult problems to address. They should be considered in a PCB design
where traces are in close proximity, and high-speed switching is common. EMC
issues related to PCB design are reviewed in [9]. EMI topics in PCB’s are classified
as: traces, cables, grounding tips and circuit configuration. Susceptibility, emission
and crosstalk issues are studied for each category, and many references are provided
[10, 11, 12]. Under circuit configuration category, switched mode power supplies
and electromagnetically compatible components are studied. PCB simulation and
modeling techniques are reviewed in [10, 11, 12] where more recent structures are
studied in terms of electromagnetic compatibility and signal integrity.

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

emissions.

2.3.2 Conducted emissions

Conducted emission modeling techniques can be divided into two categories: (i) be-
havioral modeling and (ii) detailed modeling. Behavioral modeling is a black box
technique that uses multi-port networks with independent sources to model power

converters. Derived equivalent circuit is then employed for the prediction of CM

15
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and DM noise current. Once the equivalent network is determined, one can obtain
predetermined parameters through a set of measurements. CM and DM noises can
be modeled either separately or together considering the mixed mode noises. They
mostly rely on experimental measurements to identify model parameters (impedance
and sources). The behavioral modeling techniques are more suitable for system level
studies. On the other hand, detailed modeling approach considers the features of the
circuit elements. The detailed modeling, more elaborated in the section 2.3.2, applies
a device-based approach. Equivalent circuit approach is a more simplified form of
detailed modeling. Engineers may also combine the behavioral and detailed model-

ing techniques. Fig. 2.5 summarizes how the conducted EMI modeling methods are

classified.
Conducted EMI
modeling
I
[ | ]

Behavioral . . Combined

modeling Detailed modeling methods
o Separated modes e Device-based
e Mixed mode e Equivalent circuits

Figure 2.5: Classification of conducted EMI modeling techniques.

Behavioral modeling

An equivalent Thevenin source was first proposed in [13] to model the behavior of
a single IGBT switch for EMI prediction. A Thevenin source is implemented to
model the IGBT package as the noise source and a two port impedance network
to separately model the propagation path as shown in Fig. 2.6. Propagation paths

are usually different for DM and CM. The propagation path impedance matrix is
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measured by an impedance analyzer. Current and voltage are measured at the LISN

port (V4, I;) and using (2.7), V5 and I, are calculated.

Vi(jw) _ Zu(jw) Zi(w)| [L(jw) @7
Va(jw) Zn(jw) Zaa(jw) I(jw)
Va(jw) = Vi(jw) — Zs(jw) L (jw) (2.8)

Using (2.8), Vi and Z; of the noise source in Fig. 2.6 can be calculated. However,
two sets of equations are required to solve for the desired parameters. The second set
of equations is obtained by changing the impedance network. Finally, the obtained
equations are solved for the voltage source (V;) and the source impedance (Z,). This
method is called Thevenin Equivalent Frequency Domain Source Model (TEFSM)
and it is expected to provide higher accuracy as compared to other frequency domain
source models such as trapezoidal source modeling [14] where the switching waveforms
are approximated by a trapezoidal waveform. Identifying impedances in TEFSM is
challenging especially at higher frequencies and the accuracy of predicted results is
not very high. Moreover, this model is only valid for fixed operating and switching
conditions, i.e. one switching event that is assumed to be repeated in every switching
period. Therefore, this method is not suitable for dc-ac converters where the pulse
width can change in different switching periods.

Based on the TEFSM, a new approach is proposed in [15] to study a dc-ac half-
bridge inverter. In a dc-ac converter, the load current changes during a line cycle. In
this method, the line cycle is divided into operating zones based on the load currents.

Each zone is characterized by the TEFSM of one representative switching event and

17
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the number of switchings in the zone. The conducted EMI noise for the entire oper-
ating cycle is obtained by superimposing the TEFSM models of all operating zones.
The accuracy of this method depends on how representative the chosen pulse is for

the rest of the pulses in the zone.

LISN L 1 Propagation path Noise source
r ______ [}
! ! . .
ER ! v, | Zulw)  Z(w)
hoad i Zn(w) Zzp(w)
|
L, | 1

Figure 2.6: Thevenin equivalent EMI noise emission model for a single IGBT [13].

In TEFSM as shown in Fig. 2.6, DM and CM are separately analyzed. In other
words, such modeling approach assumes that CM and DM noises are decoupled.
This assumption is not necessarily true for power converters and mode decoupling
needs to be investigated. Mode decoupling criterion should be studied particularly
in EMI modeling approaches that separately models DM and CM. Due to converter
asymmetries, CM noise currents contribute to DM voltage. In order to investigate
mode decoupling condition in power converters, analytical expressions are derived for
input DM and CM impedances [16] based on the Thevenin/Norton equivalent circuit
theory. This method is implemented for EMI filter design in a buck converter [17].

In order to tackle the mode decoupling problem, the terminal model of a single
IGBT is extended to phase-leg-based converters which facilitate the analysis of many
common converters [18]. An IGBT phase leg is modeled by a three terminal Norton
model, as shown in Fig. 2.7. Propagation path is replaced by a muti-port impedance
network and the size of impedance matrix depends on the number of phase legs.
For a full bridge converter with two phase legs, the impedance network size is 6x6

(excluding ground). This modeling approach is capable of studying CM and DM

18
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emissions together where mixed mode emission is also considered.

P

|

Figure 2.7: Norton equivalent EMI noise emission model of an IGBT phase leg [18].

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

A more general form of MTB, known as General Terminal Modeling (GTM) is
developed in [19]. GTM is an improved version of MTB applicable to multi-port
systems. It is more of a black box approach and it has higher accuracy especially
at high frequencies. Compared to MTB, only voltage measurements at the converter
terminals are required in GTM to identify the equivalent network parameters. Hence,
the challenges with the impedance network measurements (e.g. measurement noise,
high frequency parasitic capacitors) are eliminated. In GTM, a pre-determined net-
work of three impedances along with two current sources is employed to model any
three-terminal system (including ground wire) as shown in Fig. 2.8. Compared to the
Thevenin and Norton equivalent circuits with two unknowns in Fig. 2.6 and Fig. 2.7,

respectively, five parameters should be identified in the generalized three-terminal
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equivalent circuit in Fig. 2.8. This equivalent circuit is the simplest network that
uniquely defines a three-terminal system. For this purpose, three sets of measure-
ments are conducted: one for the nominal case and two for the attenuated cases
which are obtained by manipulating the system impedances. These measurements
provide six equations that are solved for five unknowns. GTM has been applied to
buck type converters in [20] and [21] for dc load currents. Current sources of GTM
model can be replaced by voltage sources as well [22].

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

For common-mode current prediction, un-terminated behavioral modeling has
been applied to address the aforementioned limitations[23, 24, 25, 26]. This method is
capable of predicting CM emission for changes in the load side. A 7 equivalent circuit
is derived to model the motor drive only for CM. However, terminated modeling is
still implemented for DM modeling [27],[28] where the converter is modeled at the
input side. The terminated behavioral modeling can be applied to mixed mode EMI
analysis [29],[30]. The three terminal behavior model of the inverter is derived from
the detailed model of the system in [30].

Behavioral methods benefit from simplicity, fast derivation and they are indepen-
dent of the system configurations. However, they have certain disadvantages. For
instance, behavioral modeling methods require standard measurement setup for each

operating point. They provide no information about the behavior of the internal
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Figure 2.8: Generalized three-terminal equivalent circuit [19].

components. Parameter identification is required in behavioral modeling methods,

which can be challenging especially at high frequencies.

Detailed modeling

Detailed modeling techniques employ a device-based approach. Models of circuit
components are obtained with physics-based modeling and all the parasitic compo-
nents are considered [31, 32, 33, 34, 35, 36, 37, 38]. Detailed modeling technique is
the most versatile solution to EMI analysis. The main advantage of this method is
scalability and adaptability. Once the lumped circuit model of each component is
obtained, one can apply each of them in any configuration. Furthermore, parametric
analysis is more accessible in this method. One major drawback of detailed modeling
is that physics-based model of the components is required which is not always avail-
able. The lumped circuit models can get complex as the number of elements increase,
and a powerful computer system is required for simulations. This approach seems
more suitable to mitigate possible EMI issues at the design stage.

In order to tackle the model extraction limitations, some simplifications are ap-

plied to develop more robust models and reduce the complexity. In the equivalent
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circuit approach, switching devices, as the main sources of EMI noises, are usually
modeled as square- or trapezoidal-shape voltage sources [39, 40, 41, 42, 43, 44]. Al-
though this assumption is reasonable in many EMI studies, the actual physics-based
models are required for higher accuracy. State variable approach is implemented in
[45] for faster calculation of steady state conducted emission of a buck converter at
the expense of losing accuracy.

More analytical approaches have also been presented in the literature. A combined
approach is taken based on experimental measurements and modeling of CM circuit
in [46] and [47]. Different parts of a variable speed drive are represented by a chain of
two port impedance matrices in series. Although this approach enables CM current
measurement in various points of the system, the prediction results is not accurate
enough at high frequencies due to impedance measurement limitations and also the
mode coupling effects.

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

are discussed in more detail.

2.4 Parasitic components

In a power converter, high dv/dt induced by fast switching of switching devices initiate
common mode and differential mode conducted emissions through parasitic elements

of the system. Identifying the main mechanism of CM and DM noise production

22



Ph.D. Thesis — F. Abolqasemi McMaster University — Electrical Engineering

and propagation throughout the system is essential for analysis and prediction of
conducted noise. The detailed modeling discussed in Section III requires physics
based modeling of the whole system. The most important parasitic elements in an

inverter-fed motor system are shown in Fig. 2.9.
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Figure 2.9: Motor drive system including dominant stray components.

Switching waveforms with short rising and falling time induce common mode
current in stray capacitors of the system to the ground. The most dominant stray
capacitors conducting CM current are the capacitor between motor enclosure to the
ground (C,,), cable shielding to the ground (C.) and between the switching device
and heat sink which is normally grounded (C,). The stray inductance of the dc bus
bar, connecting wires and leads, and the dc link capacitor impedance are significant
in both DM and CM noise production process. In the following, the most common

modeling techniques for the main components of a motor drive system are discussed.

2.4.1 Bulk capacitor

Capacitors are generally a pair of conducting surfaces separated by an insulating ma-
terial. In Fig. 2.10, equivalent circuit of an actual capacitor is depicted. Capacitance

C' is the ideal capacitor, and R, is the insulation resistance corresponding to the dc
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leakage current. The typical value of R, for low-leakage-current capacitors is more
than 100000 Mega-ohms, so this resistor is usually neglected unless there is high leak-
age current. Heat dissipation within the plates, terminals and all conducting parts
are represented by R, in Fig. 2.10 and it is known as the equivalent series resistance
(ESR). L stands for the total inductance of the leads and plates and it is known as
the equivalent series inductance (ESL).

Although the capacitor impedance seems to be inversely proportional to the fre-
quency, the ESL part dominates at higher frequencies. The series inductance of the
bulk capacitor is one of the essential components contributing to DM current produc-
tion. In the case of an ideal dc-link capacitor, all the transient ac current is provided
by the capacitor. However, in the real system, some part of high-frequency current
is supplied by the input source due to the ESL and ESR. Direct impedance measure-
ment and curve fitting can be used to effectively extract the equivalent circuit model

of a bulk capacitor model[48, 49, 50].

RP
L R, | \
— Y Y YLANANA, [| °
I
C

Figure 2.10: Equivalent circuit of a bulk capacitor.

2.4.2 Switching devices

The switching device is the primary source of noise production in power converters.
At each switching transition, sharp switching pulses induce CM and DM currents
that flow through the propagation path. Therefore, switching device modeling is

crucial in EMI analysis. Commercial circuit simulation tools can be used for detailed
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modeling of switching devices by considering their nonlinear behavior. A physics-
based model developed by Hefner is used in [48] to capture the switching waveform.
Hefner’s physical IGBT model is also available in Saber simulator. Other physics-
based models have been proposed in the literature for IGBT [51, 52, 53, 54, 55]
and power MOSFET [56, 57, 58] as the most common switching devices of power
converters. SPICE-based simulation tools, PSIM and ANSYS Simplorer are among
standard circuit simulation tools. The parameters for these models are extracted from
measurements and/or the device datasheet [59, 60].

Power switching devices are available as modules or discrete devices for different
applications. For a power module, the parastic inductance of the module need to be
considered for more accurate modeling. The stray capacitor between the module and
the heatsink is also crucial for CM conducted noise calculation. The heatsink metal
plate is normally grounded and the insulating material between the base of the power
module and the heatsink is thin enough to provide a good thermal performance. So
the stray capacitor, C), in Fig. 2.9 tend to be relatively large in value. An equivalent
circuit of an IGBT phase leg including the interconnect and lead inductances, and the
stray capacitances is depicted in Fig. 2.11. The parasitic components of the power
module are usually obtained through measurements [48].

Including switching device nonlinearities can increase the complexity of the model
and the simulation time. Analytical solutions and approximations have been im-
plemented to address these issues and yield more adoptable solutions. As a more
analytical approach, the switching period is broken down into finite sets of time in-
tervals to consider the nonlinear behavior of stray capacitors of a power IGBT [61, 62].

For each interval, the equivalent circuit associated with a switching cycle is solved
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for voltage and current equations. The total current and voltage waveforms are built
based on the calculated discrete waveforms. In another approach, piece-wise linear
IGBT model is applied in [50] and [63] to develop a fast IGBT model, as depicted in
Fig. 2.12. The on-state resistance, R,, is obtained from the device datasheet and the
capacitances are measured using a standard measurement setup. In Fig. 2.12, C,
and C,, represent the stray capacitors between the IGBT collector and emitter to the
base plate. The IGBT collector-to-emitter capacitor and the junction capacitance of
the anti parallel diode are lumped into Cj.

In terms of analytical solutions, trapezoidal source modeling is another common
approximation. Trapezoidal switching voltage waveforms have numerically been syn-

thesized in [64] and [65]. This approach can save sufficient amount of time for the

simulations.
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Figure 2.11: Equivalent circuit of an IGBT phase leg with stray capacitances and
inductances [48].

2.4.3 Bus bars

Bus bars are large conductors that establish the connection between the electronic
components. The bulk capacitor, input dc source, and the switching devices are

connected through the bus bar. Usually large currents are transmitted through the
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Figure 2.12: Piece-wise linear IGBT model [50].

bus bars. Different criteria need to be considered during bus bar design that have
been addressed in [66]. Laminated bus bars are commonly used in power converters
for a wide variety of applications. Fig. 2.13 shows a simple two-layer laminated bus
bar. The layers are separated with an insulator. Low stray inductance is desired in a
bus bar design, since this can reduce the voltage overshoot across the switching device
and suppress the conducted EMI. Thin and flat conductors with large surface area
and fewer holes can provide low impedance bus bars. The holes are inevitable because
they are required for fixtures and terminals connecting the components. The distance
between the conductors should also be minimized to increase the capacitance between
the layers and minimize the total stray inductance [67]. A higher stray capacitance

helps filtering the high frequency noise.

v
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Figure 2.13: A simple laminated bus bar.
High frequency equivalent circuit model of a bus bar can be extracted from direct
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measurement or finite element simulation. FEA is generally applied for bus bar pa-
rameter extraction [67]; however, measurement-based methods have also been applied

in the literature [48].

2.4.4 Motors

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

A 3-phase induction motor model is proposed in [68] to model the motor behav-
ior over a wide range of frequencies. In this model, the distribution model of the
stator winding is integrated into the existing standard low-frequency model. In [69]

the parameter extraction methods are discussed and the impacts of magnetic core
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selection, parasitic interturn, and winding-to-frame capacitors are investigated. Dis-
tributed network of impedances is another method for electric motor modeling and it
can be separately used for the high-frequency model in parallel with the low-frequency
model. These models are separated by a resonant circuit [70]. In another approach,
multistage RLC circuits are used to represent the behavior of any three-phase electric
machine. The effect of phase coupling has been taken into account [71] and the model
has been applied to an induction and a synchronous machine.

A Tumped circuit model can also efficiently model the high-frequency behavior of
electrical machines. A simple per-phase lumped-circuit high-frequency model of an
induction motor is shown in Fig. 2.14. The model parameters have physical meanings.
Ry, Cy1, Rye and Cyy represent the parasitic resistance and capacitance between the
stator winding/ stator neutral and the motor frame, L, describes the stator winding
leakage inductance and R. shows the high-frequency iron loss of the stator winding.

There are different high frequency equivalent circuits proposed in the literature [72,

73, 74].
R, L, Ce
R,
. AMA N
Ry § La Ryz
Cor | Cy2
G TG

Figure 2.14: High frequency per phase model for an induction motor [75].
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2.4.5 Cables

Available modeling techniques for cables can be categorized as direct impedance mea-
surements, finite element tools, and analytical calculations. According to the required
level of accuracy and available tools, the most convenient method could be used. Sim-
ilar to motor modeling, both distributed and lumped circuit models can be used for
cable modeling. Distributed parameter model is more suitable for long cables where
a number of series identical RLC' sections are connected together [75]. Based on the
length of the feeding cable, required level of accuracy, and computation capabilities,
appropriate number of sections could be chosen for the modeling of a long cable. In
[76], the long cable is modeled by twenty 7 segments shown in Fig. 2.15. Series R and
L components are associated with the short circuit characteristic and C' component
represents the open circuit impedance characteristics. RL and RC' ladder networks
have been employed to model the distributed impedance of a long cable in [77]. A 7
representation of a four terminal cable, three phase lines and one shield, have been
used in [78] where Laplace elements are used instead of RLC lumped elements. Cable
admittance matrix is first obtained by high frequency measurements. Then, numer-
ical fitting algorithms are applied to identify the analytical rational function. The
extracted rational function can be represented by 7 subcircuits of either RLC lumped
elements or Laplace elements [79]. As the number of computation cells builds up
for longer cables, the computation burden increases. A reduced frequency dependent
model of cable is proposed based on the per-unit-length parameters[80]. Finite ele-
ment simulation tools are also capable of extracting model parameters of a cable over

a wide range of frequencies [81].
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Figure 2.15: Per section equivalent circuit for modeling a long cable [76].

2.5 Simulation methodologies

Regardless of the modeling technique, conducted emissions need to comply with the
legal requirements, which are specified in the frequency domain (see Fig. 2.2). Sim-
ulation methods can be employed under either time domain or frequency domain
analysis [82]. Time domain and frequency domain signals are related by the Fourier
transform. Switching devices, as the main noise sources in power electronic devices,
are simplified as square/trapezoidal shape voltage/current sources. For a trapezoidal
waveform with symmetric rise and fall time (¢, = ), one-sided Fourier expansion

coefficients (representing the magnitude of n'® harmonic) are presented as:

sin n7rD) ‘ ’ sin(nrt,/T)

Gl = QAD‘ nrt, /T

(2.9)

where A, D and T are the amplitude, duty cycle, and the period of the waveform,
respectively. Although the harmonic spectrum exists only at discreet frequencies, the

spectral envelope is obtained by replacing f = n/T":

sin(mr f) H sin(mr, f) ‘

Envelope — 2AD‘
nvelope = o o

(2.10)
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where 7 = DT. The spectral bounds are effectively used to extract more intuitive
information from the harmonic spectra and study the effect of rising/falling time and

pulse width. In order to generate the bounds, logarithm of the envelope is calculated:

sin(mwf) ’)
T f
sin(nr, f) ‘)

7. f

2010g\T ") = 20l0g10(2AD) + 20logo|

(2.11)
+20l0910(‘

Fig. 2.16 shows the harmonic spectrum of a trapezoidal waveform. The first term in
(2.11) has a constant value with 0 dB/decade slope. The next two terms have two
asymptotes with -20 dB/decade slopes. This means that the magnitude drops by 20
dB per each decade of frequency (a ratio of 10 between two frequencies). As shown in
Fig. 2.16, the asymptote for the second term in (2.11) appears at point f; = 1/77 and
the last asymptote appears at fo = 1/77,.. The resultant asymptote is the sum of the
these asymptotes. So, the harmonic spectrum in Fig. 2.16(b) starts with 0 dB/decade
segment with value of 2A7 /T up to the first breakpoint f; = 1/77. The value drops
in the second segment with the slope of -20 dB/decade up to fo = 1/77.. Beyond
this point, the magnitude drops by the slope of -40 dB/decade. Fig. 2.16 describes
how fast the short rise and fall times increase the bandwidth of the noise sources,
which results in higher EMI noises at high frequencies. An example of a trapezoidal
signal with 10 percent duty cycle, a magnitude of 200 volts, switching frequency of
10 kHz, and the rise and fall times of 200 ns is depicted in Fig. 2.17. The solid line is
the calculated asymptote based on the trapezoidal waveform bounds in (2.11). The
first segment has the starting value of £ = 20log(2 x 200 x 0.1) = 32. The break
points are f; = —-— = 31.8kHz and f, =

Txle—5

1 _ .
—500—s — L.0M Hz, respectively. The
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dots indicate the harmonic spectrum of the signal and their values are multiples of
the switching frequency, 10 kHz. The calculated asymptotes shows that they enable
calculating the harmonic spectral bounds.

A

T
E = 20log (24 ;) —20 dB/dec

£

T
T A
l

—40 dB/dec

—— T ——

\ 4

fi=1/nt [ =1/mt,
(a) (b)

Figure 2.16: (a) Trapezoidal waveform and (b) the bounds on its harmonic
spectrum.
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Figure 2.17: Discreet harmonic spectrum and the spectral bounds for a trapezoidal
signal with D = 0.1, A = 200, f,, = 10kHz, t, = 200ns.

Time domain analysis followed by Fourier transform is a promising method for
EMI analysis and prediction. Time domain analysis can consider the non-linearity
of the system if the actual physics-based model of the components, considering the

stray elements, are used. However, a high frequency range should be analyzed for
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conducted emissions and this limits the required time step to small values [83]. The
complexity of the system and the small time step along with the required simulation
time to reach to the steady state make the time domain analysis time consuming.
On the other hand, frequency domain analysis substantially reduces computational
efforts and can be used as a handful design tool. However, this approach requires a
fair knowledge of noise production mechanism and propagation paths.

Most measurement-based behavioral modeling techniques are analyzed in the fre-
quency domain. Many simplifications for detailed modeling, discussed in Section IV
are also applicable to the frequency domain analysis. In the frequency domain, CM
and DM emissions are usually studied separately. Different equivalent circuits are
derived for each mode based on the identified noise sources and propagation paths.
Then, equivalent circuits are analyzed providing more insights about the noise gen-
eration. However, mode decoupling criterion should also be taken into consideration
which is closely related to the balance degree of the converter. The converter balance
is one of the crucial factors to minimize mixed mode noises. In a balanced circuit,
the signal conductors and the circuits connected to them have the same impedance
with respect to the ground. As an example, a conventional buck converter can be
considered as unbalanced since the output inductor usually has a large value. Due
to this asymmetric nature, another factor comes into play: induced currents due
to the heatsink capacitor having different impedance paths. This is referred to as
mixed-mode noises or Quasi-CM and is depicted in Fig. 2.18 for a buck converter. In
Fig. 2.18, R; and R, are the LISN resistors, L, is output inductor of the buck con-
verter, V; is switching device voltage, C), is the stray capacitor between the switching

device and the heatsink, and I; 4+ I, is the total ground current that is supposed to
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be purely CM current. The output inductor, L, has a large value compared to ESL
of the dc capacitor so the I; flows through the capacitor, C' as shown in Fig. 2.18.
Therefore, the currents have different path impedances. This means that they are
not truly common mode and they contain both CM and DM components, according

to (2.12). In other words, mode decoupling is not satisfied.
1
Idm,mm = 5(11 - I2) (212)

Inverter-fed motor drive systems are among the balanced systems that have been
studied in recent decades. High frequency parasitic elements of the drive system,
including the stray capacitor within the motor winding or between two conductors,
the nonlinear capacitance of switching devices, the stray inductance of the dc link
capacitor, busbar impedance and reverse recovery current of diodes all contribute
to DM EMI emission generation during switching transients. On the other hand,
the parasitic capacitors between conducting parts and the system ground form a
coupling path for CM conducted emission and conduct the noise back to the power
mains. The parasitic capacitance between the baseplate of the power module and the
grounded heatsink, stray capacitance of motor winding to the grounded frame, and
the capacitance between the transmission cables and the ground are the dominant CM
coupling paths. In a three-phase motor drive, the switched system is not symmetric
with respect to the input power mains (or LISN) during the switching transitions.
This leads to mixed mode EMI emissions. The mechanisms of conducted emission
generation in a PWM inverter induction motor drive have been investigated in [65]
and [70]. The dominant CM and DM noise generation mechanisms are identified and

modeled in the first part [70] and a detailed modeling approach was implemented. In
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the second part [65], the frequency domain equivalent circuits are proposed based on
the insight from the results from the first part. This two-part research indicates how

time-domain and frequency-domain modeling approaches are related.

Figure 2.18: CM current paths in a buck converter.

The objective of EMI modeling is to develop a good understanding of how con-
ducted emissions are generated, how they propagate within the converter, and how to
predict the level of the disturbance they cause. However, the design may need further
solutions to meet the legal requirements. EMI suppression methods could be applied:
1) at the noise source (the generation stage) and/or 2) along the transmission path

(84, 85]. Solutions related to noise source can be further categorized as:

e switching modulation schemes such as random, chaotic and variable frequency

modulations: switching frequency spectrum is spread over a wide range of fre-

quencies [86, 87, 88|

e snubbers, soft-switching solutions and gate driver modifications [89, 90, 91, 92,

93]: EMI noise level is controlled by shaping the switching voltage and current

e component selection and circuit topology [94, 95, 96]: semiconductor technology
and the circuit topology are optimized for emission reduction considering other

design requirements
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The mitigation techniques along the propagation path can be implemented by external
solutions including shielding, active, passive, and hybrid filters [97, 98, 99] or by

modifying the circuit design and layout.

2.6 Summary

A comprehensive review of conducted emission techniques, along with the fundamen-
tals of electromagnetic compatibility, is presented in this chapter. Generally, modeling
methods are classified as behavioral and detailed techniques. Behavioral modeling is
more suitable for system level analysis, whereas detailed modeling is more efficient at
the design stage. The available modeling techniques and challenges are studied for the
main components of an inverter-fed motor drive system. Based on the application,
the required level of accuracy, and the available time and tools, a designer can select
the most appropriate modeling technique.

Time-domain detailed modeling is a promising approach at the design level for an
EMC-integrated design. Frequency domain modeling approach and approximations
can be implemented to reduce the computational burden and provide more robust
models. As presented in this chapter, the designer needs to identify the main noise

production mechanisms to achieve a more accurate model.
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Chapter 3

Modeling of Conducted
Electromagnetic Emissions for a
Three-Phase Inverter Fed Motor

Drive

In this chapter, conducted emissions in a three-phase inverter fed motor drive is
studied. A physics-based model is derived for each part of the system using a device
characterization tool, a finite element analysis tool, and impedance curve fitting tools.
An improved universal equivalent circuit is proposed to model the induction motor
in the entire frequency range. A balanced approach regarding the accuracy and
simplicity of the model is considered through the model extraction. Furthermore,
common mode and differential mode emissions are studied, and two equivalent circuits

are extracted.
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3.1 Introduction

With recent advancements in power electronics, design engineers tend to go for higher
switching frequencies and more compact designs. The operation of different electronic
systems in close proximity has brought challenges in electromagnetic interference. In
the past, post design solutions were common including additional mitigation compo-
nents and even redesign of the system. In terms of cost and time, it is more effective
to consider EMI issues earlier at the design stage. This requires a comprehensive high
frequency model of the system.

Two different approaches are usually taken for conduction emissions modeling of
power converters: behavioral and detailed modeling. Behavioral modeling techniques
implement multi-port networks with independent sources to model the behavior of
different parts of the system [24, 25, 20, 17, 22, 19]. Although behavioral modeling
approaches often provide simplicity and fast derivation, they mostly rely on stan-
dard setup measurements and provide little information on the noise propagation
mechanisms. This makes them more suitable for system-level analysis. In detailed
modeling methods, system components are individually represented, mainly based on
physics-based models. The main advantage of component-based modeling approach is
scalability. It enables applying the same component model to various circuits. Para-
metric analysis is also more applicable to investigate the effect of each component
independently. Yet, this approach usually requires more details about the design fea-
tures and geometry of the circuit. Those details are not always available or accessible,
and the model extraction could be time-consuming specially for complex systems. So
detailed modeling appears to be a versatile solution to EMI modeling helping the

designers to analyze and mitigate the EMI emissions at the design stage.
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Many studies have been conducted on the conducted emissions modeling of motor
drive systems. Some simplifications have been applied to tackle the model extraction
limitations and develop more robust models. For instance, switching devices, as the
source of EMI noise, are approximated by square- or trapezoidal-shaped voltage or
current sources [39, 43, 40]. However, for more accurate studies, physics-based models
are required to capture the nonlinear behavior of the device [37, 36, 33, 31]. In the
literature, frequency domain analysis has also been employed for fast EMI modeling
[100].

In this study, a three-phase inverter-fed motor drive is modeled by a device-based

approach.

3.2 Time domain model

High values of dv/dt induced by the operation of switching devices introduce the
main sources of conducted and radiated EMI emissions in power converters. To
obtain a detailed model of the intended traction inverter, each component of the
system should be modeled individually. Fig. 3.1 displays the overall view of a typical
inverter-fed motor drive along with the dominant stray elements. The inverter is
directly connected to a dc power supply to focus on the performance of the inverter
only. The line impedance stabilization network (LISN) is then connected to the input
terminal of the inverter. The inverter consists of a bulk capacitor, dc¢ busbar and
the switching modules. A 7.5 hp induction motor is connected to the output of the
inverter through transmission cables. In the following, the modeling process of each

part is explained in detail.
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Figure 3.1: Motor drive system including main parasitic elements.

3.2.1 Switching module

Switched voltage and current waveforms with short rise and fall times are the main
EMI noise sources. The nonlinear behavior of an IGBT should be considered for
more accurate modeling. Circuit simulators such as Saber and SPICE are available
for IGBT modeling. Different models have been proposed in the literature for Si and
SiC IGBTs [101, 102]. Hefner IGBT model is among the most classical mathemati-
cal models implemented in Saber and PSPICE. The model combines a physics-based
model of a high-level injection bipolar transistor and an n-channel VDMOSFET (Ver-
tical double Diffused MOSFET). It also considers the nonlinear capacitances between
terminals and non-quasi-static effects for capturing the dynamic behaviour of an
IGBT [103, 104].
For the drive model analyzed in this chapter, Infineon IGBT power module FF600R06 ME3

is used. A device characterization tool provided by Ansys Simplorer is utilized to de-
rive the dynamic model of the IGBT. The characterization tool accepts inputs for

various quantities provided in the datasheet and fits the numerical model to the data
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and create a dynamic device model over specific range of operating conditions. The
user can choose from different levels of abstraction available in the tool. As the level
of accuracy increases, the complexity of the model and the calculation time increases.
Additionally, convergence problem may arise due to complex calculations.

A double pulse test circuit is used to examine the accuracy of derived dynamic
model of the IGBT. Fig. 3.2 shows the test circuit for IGBT characterization. The
upper side IGBT is off all the time and the current passes through the antiparallel
diode D;. The double pulse circuit is used to derive the switching characteristics of
the lower side transistor 75. During the first pulse, current is built up to the de-
sired nominal value in the inductive load. At this time, turn-off switching losses and
turn-off switching time are measured as the lower side IGBT is turned off. After a
short interval, the lower IGBT is turned on so the turn-on switching loss and time are
obtained. Switching time and energy measurement criteria are defined by the manu-
facturer. Following the nominal values of the current, voltage and temperature from
the datasheet, the switching characteristics of the IGBT is simulated in Simplorer.
The simulation results and the datasheet values are presented in Table 3.1. Three
cases are studied: In Case 1, nominal current, voltage and temperature is used. In
Case 2, same conditions but a lower current value is tested. In Case 3, the junction
temperature of the devices is lower than the nominal case. In Table 3.1, turn-on and
turn-off times and energies, denoted as top, toff, Fon and E, s, respectively are listed.
Some of the information are not available in the datasheet, marked as not applicable
(N/A). The switching transients of the IGBT for Case 1 is shown in Fig. 3.3.

The simulation results of the switching characteristics are in agreement with the

datasheet values. For further evaluation, the extracted IGBT model is applied in a
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Figure 3.3: Switching transients of Case 1 a)turn off b)turn on.

Table 3.1: Switching characteristics of the IGBT (Sim: simulation result, Data:
datasheet value)

casel case2 case3
Stm | Data | Stm | Data | Stm | Data
Ton(ns) 225 220 173 190 191 NA
Torr(ns) 783 785 690 740 727 NA
E,n(mJ) 9.5 10.5 9 8.9 6.88 7.5
E,p¢(mJ) | 26.87 | 26.5 22 21.5 15.9 16
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single-phase half-bridge inverter model. Simplorer simulation results are compared to
those obtained from the Infineon Online Power Simulation Tool (IPOSIM). The topol-
ogy, modulation method, output current, dc link voltage, and the junction tempera-
ture are the same in both cases. IPOSIM is an Excel-based tool powered by PLECS
engine and calculates the conduction and switching power loss of the switches and
the diodes. The simulation results of IPOSIM and Simplorer are in good agreement,
as presented in Table 3.2.

Table 3.2: Power loss of the single-phase full bridge inverter

Pcond,D Psw,D Pcond,T Psw,T
IPOSIM 5.8 6.8 22.10 | 14.00
SIMPLORER 5.9 5.9 24.75 | 14.25

The stray capacitor capacitance between the power module and the heatsink, C,
in Fig. 3.1, has a significant impact on the common mode emissions. Switched voltage
of the IGBTs induce common mode currents in the stray capacitors that flow through
the ground.

3D finite element analysis is carried out to extract the stray capacitance of the
IGBT module. The construction layers of the IGBT module is depicted in Fig. 3.4.
The silicon semiconductor chip is soldered to the direct copper board (DCB) substrate
and bond wires form the electrical connection. DCB consists of two layers of copper
plates with an insulation layer in between. It conducts current through the copper
tracks of the top layer. DCB also provides the electrical insulation between the
power components and the cooling medium. The insulation layer is usually ceramic.
In this case, the insulation material is Aluminum oxide, Al;O3. A copper baseplate

layer with 3mm to 8mm thickness is soldered to the DCB to facilitate the power
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dissipation to the heatsink. A thin layer of thermal grease is used to make a perfect

thermal connection between the module and the heatsink.

Silicon

Bond wires

Solder
Copper

Ceramic

DCB substrate {
Copper

Solder
Copper Baseplate

Thermal
Grease

Heatsink

Figure 3.4: Internal construction layers of the IGBT module.

In order to calculate the stray capacitance of the IGBT module, a simplified 3D
model of the module, as shown in Fig. 3.5, is developed using the internal construction
model of the IGBT model in Fig. 3.4. In this model, bonding wires and silicon
chips are neglected. In Fig. 3.5, three copper tracks of DCB are shown on the top.
(' is connected to the collector of the upper switch and the positive dc input, Fs
is connected to the emitter of the lower switch and the negative dc terminal, and
E,/Cs is the middle point of the phase leg which connects the emitter of the upper
IGBT and the collector of the lower IGBT to the output ac terminal. The bottom
layer of DCB and the baseplate are made of copper and soldered together. They
are shown as one baseplate in Fig. 3.5. The ceramic insulation layer form three
stray capacitances between the top copper tracks and the baseplate. Thermal grease
between the baseplate and heatsink, create another stray capacitance that typically
has a larger value compared to the other layers. This is mainly because the thermal
interface is applied to a larger equivalent surface area and creates a layer and it has
a small thickness. Ansys Q3D is used to calculate the stray capacitances listed in
Table 3.3.

The total capacitance from each of the top copper tracks to the grounded heatsink,
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Figure 3.5: 3D simplified model of the IGBT module.

Table 3.3: Stray capacitances of the power module

Capacitance (pF) | Ey | E1/Cy | Cy | Baseplate | Heatsink
FEs - 0 0.04 255 0.7
Ey/Cy 0 - 0 441 0.39
4 0.04 0 - 292 0.5
Baseplate 255 | 441 | 292 - 14.3 x 103
Heatsink 0.7 | 039 | 0.5 | 14.3 x 10° -
_|
_I
Cpl Cp2 Cp3

Figure 3.6: Stray capacitances of the power module.
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shown as Cp1, Cpe and Cpg in Fig. 3.6, is the equivalent of two stray capacitances in
series: (i) the capacitances between the copper tracks and the baseplate (255 pF, 441
pF, 292 pF), and (ii) the capacitances between the baseplate and the heatsink (14.3
nF). Therefore, the total capacitances between the power module and heatsink, Cyy,
Cpe and Cj3, are equal to 250 pF, 428 pF, and 286 pF respectively.

The stray capacitances could also be estimated by the equation of parallel plate
capacitor given by:
A
d

C = €6 (3.1)

where €,, €y are air permitivity and relative dielectric constant of the insulation mate-
rial (Al;03), A is the surface area of plate overlap and d is the distance between the
conducting layers. Using (3.1), the calculated stray capacitances Cp, Cpo and Cpg
are 267 pF, 422 pF, and 295 pF respectively. The calculation error is less than 7%

proving the validity of (3.1) to get the results faster for this application.

3.2.2 Busbars

The power module, input dc source, and the bulk capacitor are connected through
a dc busbar that is capable of transmitting large amount of currents. The dc link
capacitor requirement, current density limit, and the total impedance are the main
factors for a proper busbar design [66]. Conductor plates are tightly coupled together
in a laminated busbar resulting in a low impedance profile. The resultant inductance
Liotar s related to the self-inductance of the plates, Lge s and Lge e, and the mutual

inductance between the plates, M as shown in (3.2).

Ltotal = Lselfl + LselfQ —2M (32)
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The total stray inductance of the busbar has a proportional impact on the voltage
spike across the switches. Therefore, busbars with lower total inductance are desired
to limit the voltage spikes and protect the switches. In order to minimize the total in-
ductance, we need to design a pair of busbar plates with low self inductance and high
mutual inductance. It has been shown that thin flat plates with large surface areas
that are closely coupled together with fewer holes on them provide a low impedance
busbar [66]. The holes are commonly used to make the fixture and terminals connect-
ing the components. High coupling can be obtained by reducing the distance between
the plates. Moreover, the closer the plates and the coupling between them, the higher
the stray capacitance formed between the plates. A higher stray capacitance is also
beneficial in terms of EMI suppression as it provides a differential mode filter for high
frequency noises.

In this chapter, 3D simulations are conducted in Ansys MAXWELL is used to
extract the equivalent model of the busbars. The current flowing through the dc
busbar can be represented by the summation of the average of the dc input current and
the ac ripple current of the dc link capacitor. At the steady state, the dc component
flows between the input terminals and the capacitors while ac component circulates
between the dc link capacitor and the power module. The dc and ac components can
be calculated using (3.3) and (3.4) where I,,,5 is the rms value of the output phase

current, m and cos¢ are the modulation index and power factor, respectively.

\/gm 2\/§m 9
]rms,ripple = ]rms o + ( T - émg).cos%b (33)
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3V2
Lovgin = %Irms.m.cosqﬁ (3.4)

The ac current density distribution is displayed in Fig. 3.7 for the maximum input
current when the output phase current is equal to 100 Amps. As a rule of thumb for
busbar design, the maximum current density should be less than 54 /mm?. However,
the resulting temperature rise needs to be analyzed, since the thermal limitations is

the main requirement.

J[A/m~2]

Figure 3.7: AC current density distribution in the dc busbar.

In order to obtain parasitic inductance and resistance of the busbar, positive
and negative plates of the busbar are shorted at the capacitor terminals and the
ac current is applied at the switching module terminals. The stray resistance and
inductance of the busbar are frequency dependent. As the frequency increases, the
resistance increases due to skin effect and inductance decreases accordingly. Table 3.4
summarizes the resistance and inductance values of the busbar for different frequencies
obtained from the simulation results. The stray capacitance between the positive and
negative plates is only a function of the geometry and the material properties of the
insulation layer between the plates. In the analyzed case, Amron6 [105] is used as

the insulation and the calculated stray capacitance is 4.5nF.
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Table 3.4: Stray components of the busbar

5kHz | 10kHz | 15kHz | 20kHz
R (mQ) | 0.133 | 0.17 0.2 0.22
L (nH) | 15.31 | 14.59 | 14.21 14
C (nF) 4.5 4.5 4.5 4.5

3.2.3 Electric machine

IEEE standard 112 T-equivalent circuit can be used for low-frequency modeling of a
poly-phase induction machine. However, a high frequency model of motor is required
for EMI studies. At lower frequencies, motor behavior is efficiently represented by
the inductive impedance of the motor winding while the stray capacitors between the
windings and the enclosure dominate at higher frequencies. High frequency equiva-
lent circuit of a motor can be calculated based on the geometry and design details.
However, impedance measurement at the motor terminals is commonly implemented
for faster derivation. Both distributed and lumped parameter equivalent circuits can
be utilized for accurate modeling.

In this thesis, a lumped equivalent circuit approach is employed. The high fre-
quency model shown in Fig. 3.8a is employed to fit the high-frequency measured
impedance. Common mode and differential mode impedances are measured using
the setups shown in Fig. 3.9. For common mode measurement, three phases are
shorted, and the impedance analyzer measures the CM impedance between phases
and the frame. For differential mode, the impedance analyzer is placed between one
phase and the other two phases connected together. In Fig. 3.8a, R, and Cy; rep-
resent the high frequency parasitic impedance between the stator winding and the

motor frame. Similarly, R,, and Cyy show the parasitic between the neutral and the
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Figure 3.8: high frequency equivalent circuit of the induction motor a) per-phase
equivalent circuit b) three-phase differential model ¢) three-phase common mode

model.
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Figure 3.9: Measurement setup for motor impedance measurement a) differential
mode b) common mode [73]
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motor frame. R;, L; and C} capture the second resonance of the impedance charac-
teristics and represent the interwinding parasitic impedance. L. models the stator
leakage inductance, R, represents the iron loss, and L. accounts for the inductance

of stator internal feed conductors [106].

o—rrrr—d n
Lm

Co2

Rg1 ggﬂ

(b)

Figure 3.10: Universal per-phase equivalent circuit a) model defined in [68] b)
proposed model.

The high frequency model of the motor is not suitable for low frequency studies
and should be combined with low frequency models to cover the all frequency ranges.
Fig. 3.10a shows a universal induction machine model that combines the low frequency
IEEE standard equivalent circuit with the high frequency model [68]. In Fig. 3.10a,
R,, L, R,., L., s and L,, denote for stator winding resistance, stator leakage induc-
tance, rotor resistance, rotor leakage inductance, motor slip, and core magnetizing
inductance, respectively. In this model, the parameters u, n and Cy are difficult to
express and the second resonance in the differential mode impedance characteristics
(see point 2 in Fig. 3.11) is not accurately modeled. Based on the universal equiva-
lent circuit defined in [68] in Fig. 3.10a and the high frequency model in Fig. 3.8, a
new improved universal per-phase equivalent is proposed here as shown in Fig. 3.10b.
The proposed universal model enjoys the simplicity of the parameter calculation of

high frequency model and the generality of the universal model. The parameters of
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high frequency model are calculated so that the three-phase DM and CM models (in
Fig. 3.8b and Fig. 3.8¢c) are fit to the measured impedance (see Fig. 3.11) [73]. It is

assumed the motor windings are connected in the Y-configuration.

S,
:

,_.
V
T

Impedance Magnitude (Ohm)

-
L

107 10° 10* 10° 1c° 107
frequency (Hz)

Figure 3.11: Measured CM and DM characteristics.

The measured impedance in Fig. 3.11 are from [73]. Ciyu and Cyp are the
total and high frequency winding to ground capacitances and are measured from the
slopes of the CM impedance. Cy; and Cy, are calculated based on them ((3.5) and
(3.6)). R, and R,o are obtained from the resonant frequencies of points 1 and 3
in Fig. 3.11. The winding leakage inductance L is extracted using both DM and
CM characteristics. The iron resistance R, is calculated from the resonant frequency
point 4. C} is assumed to be one tenth of the total capacitance between single phase
winding to the ground. Then, R; and L; can be obtained based on the resonant

frequency point 2. Finally, L. is obtained from the resonant frequency point 3.
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1

Cq = gCHF (3.5)
1
CgQ - E(Ctotal - C'HF) (36)
2

Rgl = §Z3 (37)
Rgo =32, (3.8)

4
Ly=Lem + §LDM (3.9)

1
Loy=——— 3.10
M 1272C f? (3.10)

2
R. = §Z4 (3.11)
1
Cy = 3.12
"T10(Cyy + Cya) (3.12)
1
Li=——— 1
" an2C, f2 (3.13)
Ry = 7, (3.14)
2 3
L,=-— 1

¢ 387T2091f32 (3 5)

Calculated values are used as the initial values of the Genetic Algorithm optimiza-
tion to minimize the fitting error. Final parameters and motor specifications are listed
in Table 3.5. Measured and modeled differential mode and common mode impedance
are shown in Fig. 3.12. The rotor impedance has a small effect on the high-frequency
performance of the motor. This is demonstrated in Fig. 3.13 where differential mode

impedance is depicted for different operating points at different slips.
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Figure 3.12: Measured and simulated impedance magnitude a) DM b) CM.
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Figure 3.13: Differential mode impedance of the motor for different operating points
represented by rotor slip (s).

Table 3.5: Improved universal model parameters and the induction motor
specifications

Parameter® | Value | Parameter | value
R, 1.2 Q R, 3 kQ
Ly 8mH Coi 492 pF
R, 0.18 Q R, 20 Q
L, 12 mH Cyo 1 nF
L,, 250 mH Ryo 25.57 Q)
C 158 pF L, 500 nH
R, 1.98 k2 Power 7.5 hp
L, 5 mH Poles 2
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3.2.4 Capacitor and LISN

Dc link capacitor can be modeled by a stray resistor and an inductor connected in
series with the main capacitor, as shown in Fig. 3.14. The equivalent series resistance
(ESR), Ry, represents the heat dissipation within the capacitor plates, terminals, and
all other conducting parts. The equivalent series inductance (ESL), L, represents

the total inductance of the leads and conducting parts.

Figure 3.14: Equivalent circuit of the dc link capacitor.

The equivalent circuit of the bulk capacitor can be directly calculated by impedance
measurements at the capacitor terminals. The numbers provided in the datasheet is
used in the analyzed case. A 500pF ring film capacitor by SBE is used in this appli-
cation with part number 700D50796-349. The ESR and ESL values of 0.25m{2 and
5nH are used to model the capacitor.

Line impedance stabilization network or LISN is generally used to measure the
conducted emissions in the frequency range of 150 kHz to 30 MHz. LISN provides
a constant line impedance looking from the inverter into the input ports Zrsn (in
Fig. 3.15). Secondly, it blocks and diverts the noises coming from the power means.

The motor is connected to the output of the inverter via short AWG6 wires which
have low impedance compared to the induction motor impedance. Therefore, the
impedance of the connecting wires is neglected in this study.

[*xAlthough the exact length is unknown to the author, the effect of the wire impedance

is negligible. |
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Figure 3.15: Line impedance stabilization network.
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3.3 Conducted emissions

Detailed model of the three phase inverter-fed motor drive system is derived by
putting together the model of each part, elaborated in the previous section. The
motor is running at the speed of 3500 rpm. Input dc voltage source of 300 volts
is feeding the inverter directly. Sinusoidal PWM with 10 kHz switching frequency
is used. The output frequency is 60 Hz. The output line voltage and motor phase
current are shown in Fig. 3.16. The voltages across the LISN resistors are measured

to calculate the common mode and differential mode voltages.

25 400
20!
. M’ \ 300
. 7 < 7
. / \ /
g, / \ / =)
= / \ / :
T/ \ /
R M
20 W
2515 20 25 30 35 40 40 15 20 25 30 35 40
time (ms) time (ms)
(a) (b)

Figure 3.16: Inverter output a) motor phase current and b) output line voltage.

So far, a time-domain detailed model of the drive system has been derived and
simulated (as shown in Fig. 3.1). One major drawback of this model is the small re-
quired time step that leads to time-consuming simulation. According to the Nyquist-
Shannon sampling theorem, the minimum sampling frequency should be at least twice
the maximum frequency of interest. For conducted emissions simulations, 30 MHz
is the maximum frequency of interest, resulting in the maximum time step of 16 ns.
Frequency domain analysis is a faster approach for EMI modeling. In this approach,
based on substitute theorem, switches are replaced by the voltage or current sources,

and the rest of the circuit remains the same. This model of the motor drive is shown
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in Fig. 3.17. At each phase leg, the upper switch is replaced by a current source
whereas the lower switch is replaced by a voltage source. Different combination of
noise sources can be used but voltage sources in parallel and noise sources in series
should be avoided. The noise sources should have the same time domain waveforms
as the original circuit. The frequency-domain model of the noise sources can be cal-
culated by analytical expressions based on Laplace transform, which gets complex for
switched waveforms. In some papers, noise sources are approximated by trapezoidal
waveforms for simplicity. In the frequency domain model, all noise sources should be
combined together to preserve the phase information [107]. Therefore, an equivalent
circuit for each mode (CM and DM) is derived in the following. It is assumed that
common mode and differential mode noises can be modeled independently i.e. the
coupling between them are negligible. Later, the effect of coupling is briefly studied.
In order to evaluate the equivalent circuits, noise sources are replaced by their time

domain waveforms.

DC link
cap_e}git_or Power module
AvA
j 1T¢ 1T3<JD Its
4 4
Input Z Motor
Source | A Vr2 Vra | vre
= "0
CP Cm
AvAvA'_w I
= =

Figure 3.17: Motor drive system where switches are replaced by noise sources.
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3.3.1 Common mode

Common mode currents are induced in the stray capacitors of the circuit and flow
through the ground. The common mode equivalent circuit of the three-phase motor
drive system is shown in Fig. 3.18. All three phases are assumed to be short circuited
at the inverter output (a,b,c) since the aim is to find the noise current flowing into
the ground wire (g). The common mode equivalent circuit of the motor and cable
is placed on the load side and shown as a box in Fig. 3.18. LISN common mode
equivalent circuit, normally only the resistor, is put on the input side. Z, denotes for
the busbar impedance and noise source is represented by a voltage source V,. The
total stray capacitance between the three phases of the power module and the ground
is summed up together and considered by 3C),. C, is the stray capacitance between
the middle point of each phase leg to the ground (C) in Fig. 3.6). C,; and C)y are
not considered since they are connected to the positive and negative busbars and
their voltages is almost constant. On the contrary, C, is connected to the switching
node. The voltage of this node switches between positive and negative busbars at each
switching transition, which induces major common mode currents in the capacitor
Cpe2. Assuming balanced operation of motor phases, common mode noise source can
be expressed as:

1
V; = g[vao + Upo + Uco] (316)

where v,,, vy, and v., are the phase voltages relative to the dc-link middle point.
The spectrum of the common mode conducted emission is the voltage over the LISN
resistor (Voyr), and is measured at the input side. Based on the derived CM model,

the spectrum of V), is the product of the CM noise source and the propagation path.
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It can be expressed as:

Vou = Vs X Gou (3.17)

where Gy is the g-parameter of the network and related to propagation path
impedance characteristics of the CM equivalent circuit. The characteristics of Geyy
is shown in Fig. 3.19. The CM noise source (V) is replaced by its time domain
waveform to assess the derived CM equivalent circuit. The resultant CM emission is
shown in Fig. 3.20 along with the time domain results. It can be seen that in most

of the frequency range, frequency and time domain results are in good agreement.

Vs ab,c
Zb
Common mode
Common mode . .
. L equivalent circuit
equivalent circuit 3Cp of motor and
of LISN —|_
cable
g

Figure 3.18: CM equivalent circuit of the three-phase motor drive.
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Figure 3.19: CM path g-parameter (Goyr) characteristics.

3.3.2 Differential mode

Differential mode current flows in the direction of main current between phase and

neutral wires. DM conducted noises are mainly generated due to non-ideal operation
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Figure 3.20: CM conducted emissions of the three-phase motor drive.

of components and system unbalances. At high frequencies, ESL of the dc link capac-
itor dominates, and the high frequency current is shared between the bulk capacitor
and the LISN. A general model is displayed in Fig. 3.21 where () represents the
high frequency stray capacitor between the busbar plates and functions as a differ-
ential mode filter. The DM propagation path impedance characteristics is shown in
Fig. 3.22. The DM noise source is the sum of current sources of upper switches. The
DM noise source (1) is replaced by its time domain waveform to assess the derived

DM equivalent circuit. The resultant DM emission is shown in Fig. 3.23 along with

the time domain results.

Dc link cap  ,
F==1 A a
- - Differential
Differential Is .
. Ch - mode equivalent

mode equivalent T A

.. circuit of motor
circuit of LISN

be and cable

Figure 3.21: DM equivalent circuit of the three-phase motor drive.

It can be seen that in most of the frequency range, there is around a 6 dB difference
between the frequency and time domain results for DM emissions. The main reason

is the coupling between CM and DM noises, which is not considered in the separated
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Figure 3.23: DM conducted emissions of the three-phase motor drive.
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equivalent circuits. DM noise is a mixture of intrinsic DM noise and mixed-mode
noise. Without a ground wire, the measured DM noise is purely intrinsic. However, in
the presence of a ground wire, a part of the ground current (or CM noise) contributes
to the mixed-mode DM noise. Unbalanced CM currents flowing through the LISN
resistors cause a mixed-mode noise. A combined equivalent circuit is used to study
the effect of mixed-mode noises, as shown in Fig. 3.24. In this figure, Ry and R,
represent the LISN resistors. In order to obtain the MM current, the DM noise
source is removed, and the currents flowing in LISN resistors are measured. Then,
the DM current is calculated, which is the actual MM current. Next, the calculated
MM current is added to the intrinsic DM current, shown in Fig. 3.23. The resultant
DM emissions are shown in Fig. 3.25. Considering the effect of MM noise, in most of
the frequency range, frequency and time domain results are in good agreement.

LISN resistors

Common mode l 3¢ HE L Differential
equivalent circuit i" R Ch | mode equivalent
i
)
]

circuit of motor

S R =
of motor and T
cable Zn ! \ and cable
Fyapeyep—.

Figure 3.24: Unified equivalent circuit of the motor drive system.

Calculated natural frequencies for each conduction mode, based on the derived
equivalent circuits and the simulation results are listed in Table 3.6. It can be seen
the extracted equivalent circuits are capable of predicting the conducted emissions and
dominant frequencies. Verified equivalent circuits provide an advantageous analysis

tool.

64



Ph.D. Thesis — F. Abolqasemi

McMaster University — Electrical Engineering

(dBpV)

VDM

]
'"‘“lllbl'n ,

I—Frequency domain
— Time domain

Figure 3.25: DM conducted emissions considering the coupling between CM and

Table 3.6: Natural frequencies of each conduction mode

Il
10°
Frequency

DM.

107

Calculated | Simulation
fom1 | 125 kHz 132 kHz
fomz | 200 kHz 198 kHz
foms | 12.5 MHz | 11.5 MHz
fami | 100 kHz 100 kHz
fume | 15.8 MHz | 12.2 MHz
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3.4 Summary

A physics-based approach is employed to model a three-phase motor fed inverter drive.
Each component is individually modeled considering dominant parasitic components.
The IGBT module detailed model is obtained by device characterization tool. The
accuracy of the extracted model is verified by a double pulse test circuit and the
measured characteristics are in good agreement with datasheet and IPOSIM. Parasitic
components of the power module and busbars are extracted by finite element analysis
tool. A new universal equivalent circuit is proposed for induction motor modeling.
The parameters of the model are easy to calculate and are further optimized by
GA. Putting together the detailed model of each part, the conducted emissions of
the system is simulated in time domain. Frequency domain is also investigated and
common mode and differential mode equivalent circuits are derived. The effect of

mixed-mode noise is studied and modeled.
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Chapter 4

On the Electromagnetic
Compatibility (EMC)
Measurement and Testing

Procedures for Power Converters

In this chapter, EMC measurement devices and testing procedures are reviewed for
power converter applications. The topics discussed here help the reader to obtain an
overview of the EMC testing and develop a comprehensive understanding about the

EMC measurement device.

4.1 Introduction

Electromagnetic compatibility of power converters is one of the challenging topics

emerging in the recent decades. An electromagnetically compatible device does not
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introduce significant amount of electromagnetic pollution into the surrounding envi-
ronment and itself and it is capable of functioning properly in the designated area.
EMUC is concerned with the generation, transmission, and reception of electromagnetic
energy.

Sources of EMC, manmade or natural, generate continuous or transient electro-
magnetic interference that are transmitted to another device through conduction
and/or radiation coupling paths. Sources of continuous EMI including power ampli-
fiers, radars, transmitters, computers, and industrial radio frequency systems emit
EM energy over a period of time and usually at a repetitive rate. On the other hand,
transient sources of EMI such as electrostatic discharge (ESD), lightning, electromag-
netic pulses (EMP), electrical fast transients (EFT), power line faults and surges are
released over a short period of time and at unpredictable times. The received energy
at the receiving device, may or may not cause major disturbance. Immunity indicates
how resistant the device is against the unwanted EMI emission.

EMC standards are legal requirement that are nationally regulated for different
type of products. Standards normally define emission limits, acceptable measurement
devices, test methods and setups for different categories of devices. EMC standards
are represented in four main topics: conducted emission (CE), conducted susceptibil-
ity (CS), radiated emission (RE), and radiated susceptibility (RS). Typical transient
tests such as ESD, EFT and surges, are usually discussed in a separate section of
the standards. EMC compliance test is required for all electronic equipment before
marketing.

EMC testing types can be classified as: development testing, model evaluation

testing, pre-compliance, and compliance testing. Compliance testing is the last step
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of production and formally confirms whether the equipment meet the legal require-
ment or not. This test is performed in approved test houses. The manufacturers
should be prepared for the final official compliance test as it is usually expensive. An
EMC failure may cost a lot of time and money to address the EMI issues which may
even require a redesign of the product. Pre-compliance tests, performed at the man-
ufacturer’s site, can reduce the overall development cost. The more the conditions
and equipment are representative of actual compliance testing conditions, the more
accurate and reliable the test results would be. A cost-friendly test setup can be built
to test a complete subsystem for the prototype. It is more cost effective to address the
EMI issues at the earlier stages of a product development. Such approach requires
a comprehensive modeling of the system. Some quick tests with the available equip-
ment could facilitate the modeling process. Development testing is performed at the
design stage to obtain the characteristics of the specific components such as a cable,
a switching device, or an electric motor. Model evaluation testing helps the engineers
to assess their modeling approach so that the prediction results are meaningful and
accurate.

When it comes to power converters EMC requirements of power converters can be
diverse for the wide applications such as appliances, computers, aerospace, automo-
tive, marine, medical, military, industrial installations, power generation and distri-
bution, hybrid and electric vehicles, solar and wind energy conversion, and switched
mode power supplies. Special care must be given when designing a product with
certified subsystems. Although it might seem probable to manufacture an EMC-
compatible device by assembling EMC-approved modules, one needs to consider the

effect of emissions adding up [108]. While it is recommended to use EMC certified
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modules, the EMC performance of the whole product should be assessed. For in-
stance, LMQ61460-Q1 automotive dc-dc converters from Texas Instrument meet the
EMC requirements of Federal Communications Commission (FCC) [109]. The mod-
ule is can be used in automotive infotainment system or advanced driver assistance
systems. The total design compliance should be tested even if all the modules are
EMC certified.

This chapter intends to provide an overview of EMC testing and measurement

procedures especially for power converters.

4.2 EMC test procedures

In order to achieve a successful compliance test at the first attempt, EMC needs
to be considered in different stages of production. At the early stage of design,
EMI modeling along with following some practical tips could be beneficial. At this
stage, some basic development tests are also advantageous to facilitate the modeling
process. Large manufacturers such as Ford, Jaguar and General motors that face
tough automotive EMC requirement, perform the EMC design review during the last
design evaluation of the product and right before the first or second prototype [110,
111, 112, 113]. Tt has been shown that reviewing the design requirement right before
the manufacturing reduces the design errors and helps to pass the EMC testing at the
first time. Once the first prototype is ready, pre-compliance tests can be performed to
assess the EMC performance of the equipment. At this point, based on the required
level of accuracy and the budget size, companies run the EMC tests at their own site
or EMC test labs. The closer the test environment to the standard compliance test

arrangements, the more trustful are the test results. The final compliance EMC test
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are required before marketing launching the product.

4.2.1 Test plan

The first step for a comprehensive EMC test process is to create a test plan. A test
plan defines the EMC requirements based on the application and intended family of
standards. For a given application type and the target market, specific test certifi-
cates are required. In some cases, such as in Federal Communications Commission
(FCC) standards, only emission tests should be passed, and no immunity tests are
mandatory. However, immunity tests are required if the equipment is manufactured
in or shipped to Europe or Australia. Safety issues may introduce more strict test
requirements in military, medical or aerospace applications. Although there is not
one standard format, a test plan usually begins with the product description and
power supply requirement. The main part indicates a list of product ports along with
required test specifications. The test and related standard are described and pass
and fail criteria are also distinctly defined. Safety related issues, required software
and support tools are mentioned in notes section.

Pass and fail criteria for emission tests, whether conducted or radiated, shows
that the emission level of the equipment is below or above a frequency-based certain
limit. Fig. 2.2 shows CISPR32 conducted limits for class B products [6]. In case
of immunity tests, the equipment is exposed to specific electromagnetic phenomenon
and its performance is rated based on a predefined performance criterion. EMC
standards define the evaluation criteria, generally in four categories. Criterion A
indicates that the device functions normally during and after the immunity test. So,

the equipment is totally immune to the applied phenomenon. Criterion B implies that
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the performance of the equipment is degraded or stopped during the test but once the
EM energy is removed, the device is capable of going back to normal operation without
any intervention from outside. Criterion C is similar to criterion B except that the
device needs the operator intervention for recovery. In criterion D, the damage to the
device is not recoverable. The damage could be a component breakdown, damaged
integrated circuit (IC) or permanent loss of data [114, 115]. A sample EMC test plan
for immunity requirements is depicted in Table 4.1 [116]. Another useful resource for
preparing a test plan is to check out the similar products. Some of the manufacturers
provide a list of EMC certifications. Table 4.2 shows a number of EMC certificates

for a three-phase solar inverter by SolarEdge [117].

Table 4.1: A sample EMC test plan

. Perfor-

Port Aspect Frequency | Applicable mance | Note
range standard ..
Criteria

Dc power RF
input common | 0.15-80 MHz | EN61000-4-6 A notes
and output mode

Ac power Fast Not

input transient | applicable EN61000-4-4 B notes
and output PP

Table 4.2: List of EMC certificates of a three-phase solar inverter

STANDARD COMPLIANCE

Safety IEC-62103 (EN50178), TEC-62109
Grid Connection VDE 0126-1-1, VDE-AR-N-4105,
Standards AS-4777, G83 / G59

[EC61000-6-2, TEC61000-6-3 , ITEC61000-3-11,
IEC61000-3-12, FCC partl5 class B
RoHS Yes

Emissions
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4.2.2 EMC tests

As discussed in the previous section, the EMC test plan specifies the types of tests
the product need to pass. Using the test plan, we would know what to expect at
the final compliance test. In this section, some of the most common EMC tests are

presented.

Radiated emissions and immunity

Radiated emission test can be performed in either an open area test site (OATS) or a
semi-anechoic chamber (SAC). The equipment is placed on a turntable to capture the
radiated EMI in different directions. An antenna is also required for EM measurement
connected to an EMI receiver for the data analysis and recording. The antenna
measures the radiated field strength at various standard distances, typically three,
ten and thirty meters away from the equipment. The inside of a SAC is covered
with EM absorber material to minimize the signal reflection. Although OATS is the
most common radiated emission test site, the measurement errors are higher and
the comparison of measurement results at different sites are difficult due to ambient
noises. SAC is more expensive but it creates a chance to measure radiated emissions
in a cleaner environment [8]. A sample standard for radiated emissions test is FCC
part 15, subpart B [5].

In a real world environment, it is highly probable that the equipment is exposed
to electromagnetic field such as when operating near a cellphone or an electric motor.
Any conducting part of the device can pick up the radiated EM field and this may lead
to measurement errors, wireless interference, or even digital logic errors. Radiated

immunity ensures that the device is able to function properly at the presence of
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such fields. In this test, uniform electric field of various levels, typically 1, 3 and 10
V/m, are applied to the equipment under test (EUT) over a range of frequencies. A
power generator, radio frequency (RF) power amplifier and an antenna are required

to generate the required electric fields.

Conducted emissions and immunity

This test is carried out to measure the emission conducted back to the power cord.
The frequency range is usually between 150 kHz to 30 MHz. The impedance of power
network is usually not consistent within different locations and conditions. So, a de-
vice is put between the power cord and the equipment to stabilize the line impedance.
Different types of Line Impedance Stabilizer Network or LISN are recommended by
EMC standards. LISN basically is a low pass filter that blocks the noise coming
from the power cord. It defines a specific impedance characteristic to the equip-
ment. A LISN may seem simple which can be to be built by individuals. However,
commercially-available LISNs on the market is usually used for safety reasons as they
operate with the line current and voltage. The measurement port of the LISN is
connected to a spectrum analyzer or an EMI receiver. Conducted emission and im-
munity test should be performed on any device connected to AC or DC power supply.
A sample standard for conducted emissions test is FCC part 15, subpart B [5].
Conducted immunity test simulate the real-world voltage and current conditions
of a power network. Radio transmitting systems and harmonic currents of a nearby
power converter or a motor drive are typical sources of radio frequency disturbances.
In the conducted immunity test setup, RF signals are applied to the EUT using a

coupling/decoupling network. A sample standard for conducted immunity test is IEC
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61000-4-6 [118].

The fundamental component of switching power converters including dec-de, dec-ac
and ac-dc converters is the switching devices. Although switching devices including
diodes, IGBTs and MOSFET transistors make the energy conversion more efficient,
they are the main source of EMI noise. Switched voltage and current waveforms
with short switching transition and high dv/dt and di/dt trigger many EMC issues
including common mode and differential mode conducted and radiated emissions.
For instance, the diode reverse recovery charge generates a negative voltage spike at
turn-off leading to differential mode noise. This is a common scenario since diodes

are a basic component of power converters.

Current harmonic and voltage flicker testing

These two power quality tests are often required by European standards. Current har-
monic test is performed to make sure that emitted harmonics are below the standard
limits. Current harmonic limits for class A products are specified in TEC61000-3-2
standard [119] and listed in Table 4.3. This standard applies to the equipment that
are directly connected to a public low voltage network (public 230V AC mains) with
maximum current rating of 16 A per phase. IEC61000-3-12 is the alternative stan-
dard applied to equipment with higher current ratings (up to 75A) [120]. Class A
incudes balanced three-phase equipment, household appliances, tools, dimmers, and
audio equipment. The standard also specifies the acceptable voltage source require-
ment such as voltage and frequency tolerances and the voltage harmonic contents.
The current harmonics can be measured and analyzed via a power analyzer. In case

of power converters, especially inverters, input currents have highly rich harmonic

5



Ph.D. Thesis — F. Abolqasemi McMaster University — Electrical Engineering

content and the current harmonic requirements should be considered in the early
stages of design. In some cases, it is almost impossible to pass EMC requirements
without line filters.

Table 4.3: Harmonic limits for class A equipment EN61000-3-2

. Maximum permissible
Harmonic number .
harmonic current (A)
Odd harmonics
3 2.3
5 1.4
7 0.77
9 0.4
11 0.33
13 0.21
15 <n <39 0.15x8/n
Even harmonics
2 1.08
4 0.43
6 0.3
8 <n <40 0.23x8/n

Voltage flicker testing is one the earliest EMC tests that was introduced as a
standard requirement. This test limits the AC supply rms voltage fluctuations and
the visual effect of the equipment on filament lamps sharing the same supply. In
Europe, standard EN61000-3-3 controls the voltage fluctuations and limits the inrush
current [121]. In the inrush current test, the power supply is manually turned on
and off several times and the average inrush current over the first 10 milliseconds is
measured. The test is repeated for about 24 times and the average inrush current
value is reported as the final inrush current value. The setup is simple for this category

of tests. A simple oscilloscope or a power analyzer can be used for measurement.
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Electrostatic discharge

Electrostatic discharge (ED) is a very common transient EM phenomenon happening
which happens when the equipment contacts with human body and other tools car-
rying electrostatic charges. This short burst of energy may cause integrated circuit
resetting, Liquid Crystal Display (LCD) damage, memory corruption or digital logic
errors. An ESD generator is used to apply the ESD to a device at the points that can
be touched by a human being. The ESD generator can have two types of tips: air
discharge tip where the ESD happens through an arc in the air or contact discharge
tip that needs to be in contact with the device to apply ESD. Based on the discharge
method, standards define different test voltage level, typically 2, 4, 6 and 8 kV. The
ESD is applied at least ten times, at a specific frequency, to different parts of the
device and the performance of the EUT is monitored to locate the weak points. Any
ESD protection should react fast since the ESD waveform occurs very short, in the

order of few tens of nanoseconds. A sample standard for ESD is IEC 61000-4-2 [122].

Electrical fast transient

Electrical fast transient (EFT) is another transient immunity test that ensures the
device can handle the EFT energy emitted by electrical switches, inductive load
switching, motor, or relays. Predefined EFT disturbance is applied to the power
ports through direct coupling and to any signal/control ports exceeding 3 meters
lengths through indirect coupling (using capacitive clamps). The required immunity
test generator is simple but expensive. The EFT is applied to the EUT in forms of
burst sequences, typically at the frequency of 50 kHz for 15 ms and recurring after a

300 ms pause. A sample standard for EFT is IEC 61000-4-4 [123].
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Magnetic field

Magnetic field test is similar to radiated immunity test but it has a lower frequency
range. One of the common types of magnetic field test is the AC power line in which
the 50/60 Hz signal is used to create the field. A current transformer is placed between
the signal generator and the antenna creating a uniform magnetic field. This test is
not required if the device does not have any component sensitive to magnetic field.
Hall effect elements, relays, and CRT monitors are amongst sensitive components.
In power converters, and especially switched mode power supplies, current loops
and switching transformers are main sources of magnetic field. Loop area and the
rate of change of current are proportional to the amplitude of emitted magnetic field.
Therefore, special care must be taken in the layout design to minimize the loop area.
The loop areas are also good receivers picking up the magnetic fields. The best
practice to improve the immunity of circuits is to reduce the loop areas by a proper
layout design such as routing signal line and its return close to each other or twisting
them together. Switching transformer with minimum magnetic field leakage is also

desirable to reduce emissions [3].

Surges

Voltages surges can be harmful to the devices and can easily burn ICs, damage motor
windings, and cause serious thermal issues. They contain a large amount of energy
and emitted from a power grid fault or a nearby lightning strike. Surge immunity
test ensures the functionality of devices connected to AC or DC power sources. An
immunity signal generator with a surge module is used in full compliance tests to

generate the required surge signal and is directly coupled through a simple capacitive
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coupling to the power cord and signal ports longer than 3 meters. A sample standard

for surge test is IEC 61000-4-5 [124].

Voltage dips, drops and interruptions

These tests monitor the performance of devices under voltage dips and drops, where
the power supply drops to a certain value, and AC/DC power supply brownouts
where a complete but short disconnection of power supply happens. Equipment di-
rectly connected to AC or DC power supply may have issues to pass these tests. An
autotransformer with fixed taps creates required levels of input signal. Then, a sim-
ulator provides the standard dipped input power for the EUT using the transformer
output [114]. A sample standard for voltage dips and interruptions is IEC 61000-4-11
[125].

4.3 EMI receivers and analyzers

Two types of measurement are well-known for EMI applications. Conventionally,
frequency domain measurement has been used for radiated and conducted emission
tests. Spectrum analyzers are the most common EMI receiver in EMC test labs. Most
of the spectrum analyzers operate based on the frequency domain measurement tech-
nique. The operating principle of this method, also known as swept-tuned method,
is shown in Fig. 4.1. The input signal (f;) is combined with a local oscillator (LO),
oscillating with the frequency of fro, through a mixer. The output signal is actually
the input signal translated to an intermediate frequency (f;r) containing both fs and
fro signals plus their differences, f; + fro. Then, it is filtered by a bandpass filter

with a defined resolution bandwidth (RBW) and center frequency of frr. In the next
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step, a detector captures the signal magnitude to be displayed at the output screen.
This process is repeated for all frequencies of interest by sweeping the LO frequency.
The sweep generator simply controls the frequency of LO and synchronizes the fre-
quency axis of output display with the tuned frequency [126]. Most of the spectrum
analyzers work based on this measurement method. If the frequency spectrum of
the input signal (fs) contains frequencies up to 30MHz and the IF filter operates at

200MHz (frr), the frequency of local oscillator (fLo) should sweep from 200MHz to

230MHz.
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Figure 4.1: Block diagram of operating principle of frequency domain EMI
measurement.

All harmonics within the RBW of IF filter are summed together and reported as
the noise level at the center frequency. So, the narrower the RBW, the lower the
noise level will be. Minimum value of RBW is defined by the standard. FCC and
CISPR use RBW of 9kHz for the frequency range of 150kHz to 30 MHz, 120kHz
for 30 MHz to 1GHz, and 1MHz for frequencies higher than 1GHz. Different types
of detectors including peak, average and quasi-peak detectors can be used. Peak
detector is the simplest one that is commonly used as the first option. A quasi-peak
detector measures the frequency weighted signal to account for the energy that the

noise signal carries.
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Frequency domain and time domain representation of a signal are related together
by Fourier transform. However, the frequency swept-tuned method is different from
Fast Fourier Transform (FFT) which is widely used for signal transformation. All
the steps are performed in analog circuit and the analog-to-digital (ADC) conversion
only happens right after the detection and before displaying the result. The input
signal is assumed to be stationary and the process is repeated for all frequencies of
interest (e.g. 150kHz to 30MHz for conducted emission). This method can be slow for
fast transient signals that are rich in harmonics. Another method, especially suitable
for fast transient EMI measurement, is based on FFT results and known as time
domain EMI measurement (TDEMI). Fig. 4.2 depicts the general process of TDEMI.
In this method, the time domain signal is obtained by an analog EMI measurement
device. Next, the data is converted to digital data with an ADC module. The
ADC module can be embedded in the measurement device or it can be an external
module. The rest of the process is signal processing including windowing, resolution
enhancing, resampling, spectrum calculation based on FFT and detector simulation
that is performed at a computational platform, such as personal computers [127,
128, 129], field programmable gate array (FPGA) board [130, 131], or digital signal
processors (DSP) [132, 133, 134].

TDEMI measurement has been studied in the literature and is also available in
standards as a viable solution so that the general requirement of such a system is spec-
ified. At the first step of TDEMI, data is normally obtained by a digital oscilloscope
allowing for multichannel and advance triggering capabilities. With a multichannel
receiver, it is possible to build a multi antenna setup and make the measurement

of various antennas simultaneously. It also allows full spectrum calculation with a
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single measurement. It is the best option for fast disturbances with low repetition.
Frequency domain measurements, on the other hand, are the best for high frequency
disturbances.

In order to achieve a comprehensive modeling of the system, it is reasonable to
consider the effects of EMI measurement [127, 128, 135, 136, 137]. The effect of IF
filter gain is considered in [127] where the filter model is fitted to the experimental
results. So, the predicted values are more realistic and closer to the measured values
from the spectrum analyzer. TDEMI method has been employed for different ap-
plications including measuring conducted emission of a signal generator, a personal
computer, and a commercial dimmer [128]. The method has also been applied to
radiated emission measurement [138, 139]. One of the main advantages of TDEMI
method is the possibility of fast measurement. This feature makes the TDEMI a
more suitable method when the ambient noise changes so fast such as railway vehicle

applications [140].

Analog data acquisition

Analog to digital (ADC)

-computing frequency spectrum
-detectors

Figure 4.2: Time domain measurement process.

Another advantage of TDEMI over frequency domain measurement, is the ease of
postprocessing and data analysis. All the signal information is recorded as a function

of time. Then, the data is digitized and stored in a digital processor where one can
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readily start the automated analysis including compliance check, mode decoupling
analysis, statistical analysis, and other signal analysis techniques [136, 141, 142, 143].
One of the signal processing methods that provides more insight about the measured
EMI is decomposition. Decomposition, similar to Fourier series, breaks down the
complicated signal into a number components known as intrinsic mode functions.
An empirical mode decomposition is proposed in [143] to extract the narrow band
and broadband signals of the measured EMI in time domain. This method is also
beneficial for removing the background noise of in situ EMI measurement system
where EMI emissions of a fixed equipment needs to be measured at the site. EMI
receivers need to be calibrated before the measurement. Otherwise, the measurement
results might not be reliable or valid. Although EMC standards usually mandate the
requirement of calibration pulses, the exact waveform or calibration method is not
specified [134, 144, 145]. Pulse generators specifically manufactured for calibration
of EMI receivers are commercially available. There are also some more cost-effective
solutions in the literature that use an arbitrary waveform generator to produce the

required waveforms [144, 145].

4.4 Measurement devices

In this section different measurement devices are introduced. An EMI measurement
setup normally requires a number of devices including sensors to sense the EMI dis-
turbance, typically in forms of voltage, current or electromagnetic fields. Another
important part of an EMI measurement setup is the coupling and decoupling devices
to apply the target signal to a specific line of part of a system. They also ensure that

the rest of the system is immune and decoupled from the disturbance.
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4.4.1 Conducted emissions

Measurement devices used for conducted emission and susceptibility testing can oper-
ate either in direct contact with the EUT or without a direct connection and through
inductive coupling. LISN is the most common device for conducted emission testing
with direct connection. The main function of LISN is to define a given impedance
into the EUT as a function of frequency. Moreover, LISN filters the radio frequency
noise coming from the power mains. LISN is placed between the EUT and each line
of the power mains. Fig. 2.3 shows the schematics of a typical 50 pH LISN and the
impedance characteristics.

Another important category of direct contact measurement devices are voltage
probes. An acceptable voltage probe should not introduce extra load to the circuit
so that it can measure the true signal. Therefore, the input impedance of voltage
probes should be high over the frequency range of interest, i.e. 150kHz to 30MHz
for conducted emission. Voltage probes are available as active and passive probes.
Passive probes, typically used in oscilloscopes, work based on impedance division and
have limited bandwidth. Active probes, providing higher bandwidth, are suitable for
low level RF signals, in the range of mV. RF coupling capacitors are commonly em-
ployed in EMI immunity test setups for signal injection. High quality low impedance
capacitors are required for coupling purposes. A typical immunity test setup is shown
in Fig. 4.3. The RF coupling capacitor ensures the signal is applied properly to the
EUT. At the same time, a decoupling network, sometimes a blocking inductor, is em-
ployed to protect the power mains. Engineers must ensure that the power line high
voltage does not couple back through the coupling capacitor to the signal generator

causing malfunction and damage to the device. Some high-quality RF capacitors
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contain internal filters to block the high voltage power line and protect the signal
generator and the measurement device. In some applications, capacitor clamps are
used to avoid a direct contact. They are usually more cost-effective, easy to setup

and introduce less load to the circuit [4].

Power o—{ Decoupling

mains o— network EUT
| Coupling
Signal generator T capacitor
l
Measurement
Power amplifier device
(oscilloscope)

Figure 4.3: Coupling capacitors in an immunity test setup.

Transformers are also used as a directly connected device. They are mostly used
in immunity test setups especially for high voltage and low frequency signal injection.
Magnetic field immunity test and voltage dip immunity test are amongst EMC tests
that require a transformer. Cable current probes are the most common type of con-
tactless measurement devices. The current flowing in a conductor creates a magnetic
field around the conductor. A current probe, at its simplest form, contain magnetic
field pickup coils that induces a voltage proportional to the current value. It is worth
mentioning that a current probe, measures the total current flowing in the bundle.
So, common mode and differential mode currents can be measured directly by proper
cable arrangement. For accurate measurement, it is best to keep a distance of few cen-
timeters between the current probe and adjacent cables. The current probe could also
be used for signal injection. Current probe can also be in the form of current clamp

as a distributed measurement device. Several research studies have been conducted
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on the electric and magnetic probes including probe design [146, 147, 148, 149, 150],

modeling, and calibration of measurement probes [151, 152].

4.4.2 Radiated emissions

Antennas are the fundamental measurement devices of radiated emission and suscep-
tibility testing. Based on the frequency range, field strength, and the application,
various types of antennas are used. Loop antenna is amongst the most common and
inexpensive ones for low frequency measurement, up to 30MHz. Biconical, log pe-
riodic and horn antennas are also common. They are designed for higher frequency
measurement setups. Fig. 4.4 shows three common antenna used in radiated EMI
tests. The antenna should have enough gain to boost the signal into a reasonable
measurable level that can be accurately captured in an EMI receiver. Sometimes,
an amplifier is also required. Measurement of antenna gain is required to ensure the

calibration of the antenna that has been studied in the literature [153, 154, 155].

=7

Loop Log Periodic Horn
<30MHz 30MHz< >1GHz
<1GHz

Figure 4.4: Common antennas for radiated emissions measurement.

4.5 Test equipment on the market

In this section, some of the manufacturers of common EMC measurement tools are

listed. Research centers, universities and EMC testing lab could use the list as a
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guide [156].

«This table is updated but will be removed in the final version.

4.6 Summary

EMC measurement needs to be considered from the early stages of design and pro-
totyping. In this chapter, a review of most common EMC tests, required during the
final compliance testing, is presented. In summary, the first step is to prepare a test
plan to know the EMC requirement of the target application. Once the first proto-
type is prepared, pre-compliance test can be performed at the site or in EMC testing
labs. Moreover, an introduction into measurement devices is provided along with
potential research areas. A table of manufacturers of commercially available EMC

testing instruments are also listed.
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Table 4.4: EMC equipment manufacturers
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Gwlnstek X X X
Hantek X X X
Kent Electronics X
Keysight Technologies X | X | X X
PMM Test X | X | X | X X
Rigol Technologies X X | X
Rohde & Schwarz X | X | X | x| x| x| X
Tekbox Technologies | x | X X
Teledyne lecroy X X | X | X
Siglent X X X
Solar Electronics X X | X | X
Tektronix X X
Teseq X | X X | X | X
Test Equity X | X | X | X
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Chapter 5

Analytical EMI Modeling of an
Active Neutral Point Clamped

Inverter

This chapter studies the electromagnetic interference (EMI) noise modeling for a
three-level active neutral point clamped inverter. Although time-domain detailed
modeling leads to more accurate results, frequency-domain modeling techniques are
commonly used as a faster prediction method. Compared with the conventional
differential mode (DM) EMI modeling of power inverters that use only one current
source, it is shown that two current sources are required for more precise modeling. A
new unified model is proposed for an active neutral point clamped inverter based on
the existing equivalent circuit models for common mode (CM) EMI and the developed
DM model. Both CM and DM EMI emissions are predicted by the proposed model
and compared with the time-domain results. Simulation results indicate that the

modeling precision is improved by 56%.
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5.1 Introduction

Multilevel power converters are commonly used in the industry to extend the power
and voltage ranges of conventional two level converter [157, 158]. The three-level
neutral point clamped (3L-NPC), also known as diode clamped inverter topology is
amongst the most popular multilevel inverters. The uneven power loss distribution
between the switching devices leading to different temperature rises is the major
disadvantage of this topology. Active NPC is used to overcome the unbalance problem
[159]. In an ANPC, controllable switching devices are used instead of clamping diodes,
as shown in Fig. 5.1.

The recent advances in semiconductor technologies have led to faster switching
devices, higher switching frequencies, and more compact designs. At the same time,
electromagnetic compatibility (EMC) has become a new issue that should be ad-
dressed properly. Various national standards set the limits of electromagnetic inter-
ference (EMI) emissions that should be met by all electronic devices. In addition to
the EMC regulations, the EMC is an important aspect of design that is capable of
enhancing the performance in terms of reliability.

The primary source of EMI emissions is the switching operation of the switching
devices that induce high dv/dt and di/dt. The generated noise flows in the system
through the conduction paths as the conducted emissions. At higher frequencies,
radiation emissions are also concerned. In this chapter, the conducted EMI emissions
in the frequency range of 150 kHz up to 30 MHz are the main interest.

In order to investigate the EMC characteristics of power converter systems, EMI
models are required. There are mainly two approaches for EMI modeling: time

domain and frequency domain modeling [160]. In the time domain approach, also
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known as detailed modeling, each device is modeled based on its physical behavior
[31, 36, 37]. The system model is made up by putting each device model together.
The frequency-domain approach can be further classified as behavioral modeling (BM)
and equivalent circuit or filter-oriented modeling. In BM, the behavior of the sys-
tem is characterized at the input ports by multi-port networks [20, 19, 24, 25]. EMI
measurements are required in BM, which means it is not an actual prediction model.
In the equivalent circuit modeling, the noise sources are approximated by analyt-
ical/mathematical expressions, while the passive components are modeled by their
physical model or a simplified version of them.

Time-domain EMI modeling is the most precise technique since it can capture
the nonlinear behavior of switching devices. It can precisely model the switching
transients and ringing effect of the power devices. However, there are two major
drawbacks to time-domain modeling. First, it is time-consuming due to the required
small time step. Moreover, as the number of switches and nonlinear devices increases,
the convergence problem may arise due to the complexity of the system. Therefore,
the frequency-domain approach is commonly used for faster modeling of complex
systems.

Although there are several studies on the modeling of a conventional 2-level in-
verter, few chapters are related to the 3-level NPC topology. While there is only one
switching node in the 2 level inverter, there are three switching nodes in a 3L-NPC. A
CM model of 3L-NPC with three voltage sources for each switching node is proposed
in [107, 161, 162]. The accuracy of the model is evaluated with measurement results.

However, the DM model of the 3L-NPC is not studied in the literature.
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Figure 5.1: The detailed model of the ANPC considering main parasitic elements.

5.2 Time domain model

In order to evaluate the performance of the EMI noise models, a detailed model of
the ANPC is required. The circuit diagram of the three-level ANPC is shown in
Fig. 5.1. The ANPC that is investigated in this study is designed for electric vehicle
(EV) application and it utilizes silicon carbide (SiC) switching devices. The design
parameters of the ANPC are listed in Table 5.1.

A physics-based model of the SiC MOSFET (UJ4C075018K4S by United SiC),
as the primary EMI noise source, is derived using Ansys Simplorer device character-
ization tool. The performance of the extracted dynamic model of the MOSFET is
assessed in a half-bridge circuit and compared to the datasheet values. Table 5.2 sum-
marizes the comparison results that show a good agreement between the simulation
and the datasheet values.

The parasitic elements of different parts of the circuit should also be considered.
In Fig. 5.1, the main parasitic elements are shown, including the stray inductance
of the de-link capacitors, the stray inductance of the Printed Circuit Board (PCB)

traces, and the stray capacitance between the MOSFETSs and the heatsink. 3D finite
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Table 5.1: The Design Parameters of the Active Neutral Point Clamped Converter

parameter description value
P, Continuous output power 70 kW
P,r Transient output power (10 s) | 120 kW

fs Carrier frequency 60 kHz

fo Output frequency 60 Hz

Ve dc-link voltage 600 V

Table 5.2: Switching characteristics of the SiC Mosfet (sim: simulation result, data:
datasheet value)

Ton Toff Eon Eoff QRR
(ns) | (ns) | (uJ) | () | (nC)

T—150 D%lta 52 172 | 453 | 304 109
Sim | 53 | 174 | 421 | 305 | 109
T—95 Data | 48 163 | 407 | 255 102
Sim 49 161 | 385 | 254 103

element analysis (FEA) is used to calculate the stray inductance of the PCB traces
along with the mutual inductance between them. Discrete power MOSFET is used
in the ANPC circuit. Therefore, the stray capacitance between the case and the
heatsink is placed between the drain and the ground. C;, Cps, Cps and Cps represent
the stray capacitance between Sy, S3, S4, S¢ and the ground, respectively. The stray
capacitances of Sy and S; are summed up and shown as Cj2. Therefore, the stray
capacitances of the upper and lower parts of a phase leg are not the same. Each
of the semiconductor stray capacitances can be determined by FEA or analytical
calculations. The stray elements of the dc-link capacitors are obtained from the

datasheet.
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Figure 5.2: Common mode modeling of the ANPC a) Phase A leg, b) Substituting
MOSFETSs with voltage and current sources, ¢) Short circuiting the dec link
capacitors and sources are merged, d) Three phase CM model of the inverter.

5.3 Frequency domain model

As mentioned earlier, frequency-domain modeling is a faster approach for EMI pre-
diction. In this method, the substitution theorem is applied to the EMI noise sources
while the rest of the circuit remains the same as the time-domain model. The noise
sources, i.e., switching devices, are replaced by the voltage and current sources. As
long as the substituted sources and switched devices have the same time-domain wave-
form, modeling results would be the same. However, obtaining the waveforms could
be challenging in some cases. In some chapters, switching waveforms are assumed to
be trapezoidal [163, 43, 39]. The ringing effect of the switching devices is also con-
sidered in some papers to improve the EMI noise source model [40, 33]. In another
approach, direct time-domain waveforms from the detailed model or the measurement
setup can be used, which is the method utilized in this chapter. First, the EMI noise
source model is developed for CM and DM emissions. Next, the equivalent circuits

are combined together to obtain a unified model.
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5.3.1 EMI noise source modeling

To begin with the three-phase modeling of the 3L-ANPC, a single-phase leg is con-
sidered. Fig. 5.2a shows phase A of the inverter along with the parasitic elements.
In the next step, MOSFETs are replaced by voltage and current sources, as shown in
Fig. 5.2b. Any combination of current and voltage sources can be used as long as the
voltage sources are not placed in parallel and current sources are not placed in series.
In this model, Si,, 52, and Sg, are substituted with current sources while voltage
source substitution is applied to Sz, Si, and Ss,. It should be mentioned that all the
noise sources have the same time-domain waveforms as the original MOSFET.

Fig. 5.2 shows the process of developing the CM equivalent circuit. High dv/dt of
switches induce CM currents into the ground through the parasitic capacitance of the
circuit. One factor that contributes the most is the stray capacitance of MOSFETSs
to the heatsink/ground, C, ..., Cps and they should be considered carefully in the
CM equivalent circuit model.

The circuit can be further simplified. For CM modeling, the dc-link capacitors
are assumed to be short circuited due to the small impedance. Current sources can
also be treated as open circuit since they have no impact on the CM emissions. CM

voltage sources of phase A can be arranged in Fig. 5.2c where:

Vi = VS5a (51)
‘/2 - VSSa + VS4a (52)
VE‘I = VS4a (53)

Hence, the CM model of the three-phase ANPC can be shown as in Fig. 5.2d with
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three CM voltage sources, Vo, Voure, Vo, for each of the switching nodes that

induce CM currents into the stray capacitors.

V. Vi Ve
Vem = A+ 331N+ an (5.4)

Vou, = L VaN & Ton 5

Venrs = Vaan + VB;N + Veon (5.6)

In order to develop the DM model, we begin with a single phase. In the same
manner, we can perform some simplifications. DM currents flow between the input
ports and in the same direction as the main current. Ideally, dc-link capacitors
can generate all the high-frequency ac currents required by the inverter. However, at
higher frequencies, nonideal capacitors have comparable impedance due to their stray
inductance and resistor. Therefore, a part of the high frequency ac current flows back
to the input source as DM noise current.

A current source in parallel with the dc-link capacitor is commonly used as the
DM equivalent circuit for the conventional 2 level inverter [39]. Unlike the 2L inverter,
3L-ANPC requires two current sources. The neutral current charges and discharges
the capacitors during the switching transients and its contribution to DM emissions
should be considered.

Fig. 5.3 shows DM modeling process. The current and voltage source substitution
is shown in Fig. 5.3a, which is the same as Fig. 5.2b except for the stray capacitance.

The stray capacitance between the MOSFETSs and the ground can be ignored since
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Figure 5.3: Differential mode modeling of the ANPC, a) substituting MOSFETSs
with current and voltage sources, b) DM model of the inverter.

they have little effect on DM emissions. The final DM noise source model of the
3-phase 3L-ANPC is simplified in Fig. 5.3b. DM current sources can be determined

as follows:

Ipvi = Isia + Isip + Isic (5.7)

Ipve = I = Iseq + Is2q — Isia+

Isep + Isop — Isipy + Isec + Isac — Isic

5.3.2 Unified equivalent circuit model

DM and CM equivalent circuits have been developed separately. It has been assumed
that DM and CM noises are decoupled, meaning they have a negligible effect on
each other. However, it has been shown that the asymmetric impedance paths of

power converters lead to some level of coupling between DM and CM emissions [164].
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Converter asymmetric impedance results in an uneven flow of CM current in the input
ports, ultimately contributing to the DM noises. This is known as mixed-mode (MM)
emissions.

Conventional 2L inverter and 3L-ANPC are amongst the balanced structures,
and mixed-mode emissions are usually low. However, the inverter impedance is not
symmetric during the switching transients due to different switching states. This
phenomenon is demonstrated in Fig. 5.4 for phase A only. The upper switches S,1, S.2
are ON while the lower side MOSFETSs S,3, Sq4 are switched off. CM currents are
shown in red arrows, and intrinsic DM currents are shown in blue arrows. It can
be seen that the upper and lower parts of the phase leg are not symmetric. Hence,
Icyy is not flowing equally in the LISN resistors, i.e. Ionn # Ione. So, CM currents

contribute to DM noise according to the following:

Iean — Iome (5.9)

]MM = 9

Therefore, the effect of MM should be studied, especially when the inverter is op-
erating in a fault condition. In Fig. 5.5, a unified equivalent circuit for 3L-ANPC
is developed that can model CM and DM emissions simultaneously. In this model,

LISN resistors and the load are also considered.

5.4 Conducted emissions

The developed equivalent circuit models should be evaluated. First, the EMI noise
source is obtained from the time-domain simulation results and calculated using (5.4)-

(5.8). The reference emissions are the results from the time-domain model. The
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ICM2 l::

Figure 5.4: Asymmetric impedance paths of CM currents leading to MM emissions
(state P in phase A). Red arrows: CM currents, blue arrows: DM currents.
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Figure 5.5: Unified equivalent circuit of the system.
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minimum time step for the time-domain model is 16 nanoseconds since the maximum
frequency of interest for conducted emissions is 30 MHz.

The simulation results of the unified equivalent circuit model are compared to
those of the time-domain model, demonstrated in Fig. 5.6. It is observed that a good
agreement exists between them. In order to investigate the DM model more closely,
three models are considered. The first one is the developed unified model with two
DM noise sources. In the second case, the neutral current source Ipyse is removed,
and only Ipy is used. This case is similar to the DM model of the 2L inverter
and aims to study the effect of neutral current. The third model only considers the
intrinsic DM current without considering the impact of MM emissions. The results
of each case are compared to the DM emissions of the time-domain model and the
results are presented in Fig. 5.7. Root mean square error (RMSE) is used to evaluate
the numerical results. RMSE of the second and third cases are 8 and 8.5 dBuV while
the developed unified model with two current sources can reduce the RMSE to 3.5,

around 56% improvement.

5.5 Summary

In this chapter, EMI modeling of a 3-level ANPC inverter is studied. Both time-
domain and frequency-domain modeling techniques are investigated. First, a detailed
time-domain model is developed. The dynamic model of the SiC MOSFET is obtained
by a characterization tool, and its performance is evaluated in a test circuit. The
passive components are carefully modeled in FEA | and the primary parasitic elements
are considered. Then, a unified equivalent circuit model is developed for a faster

modeling approach.
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Figure 5.6: Comparison between the prediction of unified equivalent circuit and the
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Figure 5.7: Prediction error of Vj,p in different models.

101



Ph.D. Thesis — F. Abolqasemi McMaster University — Electrical Engineering

The process of CM and DM equivalent circuit models is elaborated. Finally, the
unified model performance is compared with the time-domain simulation results. It
has been shown that unlike DM modeling of the 2L inverter, two current sources are
required for 3L ANPC modeling. The accuracy of the DM model improved by 56%
when neutral current is also considered. As the future work, the simulation results

should be verified by the measurement results.
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Chapter 6

Mitigating Conducted
Electromagnetic Interference of an
Active Neutral Point Clamped
Inverter by Spread Spectrum

Modulation

Spread spectrum modulation techniques have been proven to be an effective solu-
tion to suppress the conducted electromagnetic emissions of power converters. These
methods spread the power spectrum in the frequency range thus reducing the har-
monic spikes. In this chapter, different modulation methods are investigated for
an active neutral point clamped (ANPC) inverter with electric vehicle application.

A random pulse width modulation (RPWM) scheme and different periodic PWM
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techniques are applied to the ANPC and their effectiveness on the conducted EMI
mitigation are compared. (Theoretical analysis of power spectrum is also carried
out.) The effect of EMI receiver and intermediate filter bandwidth is considered in
the modeling. The validity of simulation results and calculations are confirmed by

experimental results.

6.1 Introduction

Electromagnetic compatibility (EMC) is one of the challenges needs to be addressed
in any electronic device before placing in the market. Based on the target market,
certain EMC regulations should be met by the manufacturers. It is more cost effective
to consider the EMC during the design stage. There are several methods to suppress
the excessive EMI emissions. Beginning with the topology, the inverter structure can
be optimize to minimize the emissions. Having in mind that the main source of elec-
tromagnetic emissions is high dv/dt and di/dt induced by semiconductor switching,
multilevel topologies provide lower noise source [165]. More EMI suppression can be
achieved through balancing structures such as bridge balancing principle [166], opti-
mizing the transformer with lower stray inductance [167], and component selection
[94]. Once the structure and components are selected, EMI suppression methods are
limited to optimizing noise source and coupling paths. It has been shown in the lit-
erature that EMI noise source can be controlled by shaping the switching transients.
Snubber circuits and active gate drivers are common tools to modify the switching
transients and ultimately lower the noise spectrum [91, 168, 91]. Spread spectrum
modulation methods are another solution to improve the noise source spectrum by

lowering the harmonic spikes. Last but not least, active and passive EMI filters are
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the conventional remedy to mitigate the conducted EMI emissions and to comply
with EMC regulations [169, 170]. Specific shielding and grounding techniques further
contribute to a EMC compliant design. A classification of EMI suppression methods

is shown in Fig. 6.1.

EMI Mitigation
methods

[
l |

Non-structural

Structural changes

changes
I

- Topology selection [ ]
- Balancing structures ) i
- Transformer design Noise source Coupling path
- Component selection

- Optimal PWM - Active/passive filters

- Waveform shaping - Shielding

- Soft switching - Grounding

Figure 6.1: EMI suppression methods.

EMI filters usually consume a considerable volume of the system since huge input
current passes through the filter elements. Towards a more compact design, it is
desirable to minimize the EMI emissions at the source. Harmonic spectrum of the
common mode voltage source of a three phase conventional inverter is depicted in
Fig. 6.2 when constant frequency pulse width modulation or CSFPWM is applied. It
is observed that the power spectrum is concentrated around the switching frequency
multiples. The idea behind the spread spectrum modulation techniques is to spread
the harmonic content over a wide frequency range so that the harmonic spikes are low-
ered. Two contributing factors are the PWM pulses and the transient specifications
such as rising/falling times and ringings. Switching waveforms basically consist of

trapezoidal shape pulses and some ringings. According to the harmonic spectrum of
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a trapezoidal pulse, pulse width determine the harmonic behaviour at lower frequency
ranges and switching transients are more contributing at higher frequencies. The har-
monic content of the CM voltage for two cases is shown in Fig. 6.2. In both cases,
the PWM pattern is the same but different IGBTs are used such that the switching
transients are the main difference. It can be seen that the PWM pattern is dominant
contributing factor up to a few MHz and transient behaviour is more important after
that point. The switching frequency has the key role in the harmonic spectrum of the
EMI emissions especially in case of CSFPWM. The lower the switching frequency, the
lower is the effect of PWM pattern in the conducted EMI frequncy band (150 kHz-30
MHz). In case of a low switching frequency, such as 5kHz, the harmonic spikes are
already low in 150 kHz and the switching transients are the dominant contributing
factor. Therefore, the proper suppression technique can be selected based on the

switching frequency and the harmonic spectrum of the conducted EMI emissions.
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Figure 6.2: Harmonic spectrum of the CM voltage of a three phase conventional
inverter using two IGBTSs.

Spread spectrum modulation techniques can be classified in three groups: periodic

modulation, random modulation, and programmed modulation. A classification of
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spread spectrum modulation methods is shown in Fig. 6.3. In a programmed PWM
method, specific design goals are achieved through calculating the optimal PWM
pattern. Current ripple reduction is used as the optimization goal in [171] to calculate
the desired switching frequency. So, the switching frequency is varying at each time
step smoothing out the harmonic spectrum. Selective harmonic elimination targets

removing specific harmonics and shapes the PWM pattern.

Spread Spectrum
modulation methods

l |

Random Periodic Programmed
Modulation Modulation Modulation
- Random carrier frequency - Waveform based - selective harmonic
- Random pulse position - distribution based elimination
- Random pulse width - Model predictive
- Chaotic PWM

Figure 6.3: A classification of spread spectrum modulation techniques.

Random modulation techniques enjoy the non-deterministic properties of random
numbers. In a PWM pattern, three parameters are normally subject to random
numbers: switching frequency (or the switching period), the phase shift, and the
width of the pulses [86, 172]. A different combination of the three parameters is used
to obtain a spread spectrum EMI emissions. Although different researches has been
made on random PWM methods, practical limitations and unpredictable Chaotic
PWM is also proposed in the literature as a solution to the implementation limits of
random PWM [173, 174].

In periodic modulation methods, carrier frequency is modulated based on a de-

termined function rather than random pattern. So, the harmonic spectrum can be
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mathematically calculated and the implementation is rather easier compared to ran-
dom PWM. The conventional periodic PWM, carrier frequency is modulated based
on the common waveforms, namely sinusoidal, triangular and exponential functions.
In the other category, the switching frequency expression is derived based on the
probability distribution function of the switching frequency. Uniform, normal and
exponential distributions are implemented in the literature.

SS modulation methods have been applied to the switched mode power supplies
largely. There are also several researches on the conventional three phase inverter.
However, there are only a few papers related to the SS modulation of NPC inverters.
The main focus of this study is the application of the SS methods to a three level
Silicon Carbide (SiC) based ANPC inverter in an electric vehicle application. Also,
most of the researches simply neglect the effect of EMI receiver on the final spectrum.
As it is shown in this chapter, the resolution bandwidth of the intermediate filter has
an important role at the final measured spectrum that should be considered in the

analysis.

6.2 Analysis of spread spectrum modulation tech-
niques

A typical PWM waveform ¢(¢) in a switching power converter is shown in Fig. 6.4.
The output frequency is f, and the nominal switching frequency is denoted by f
and Ty is the switching period (75 = 1/f;). The switching pulse width is shown by
DT, where D is the duty cycle and the phase shift is presented by e. The pulse is

switched between A; and A, as the minimum and maximum, respectively. In case
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of traditional constant frequency modulation, this PWM pulse can be expressed by

double Fourier series since the signal is modulated in the time domain [175]:

Gt) =YD Conexp (jfmn) (6.1)

m=0n=—oo

where C,,,, is the magnitude of each harmonic and 6,,, = (mfs + nf,)t is the phase

of each harmonic. The time varying function can be rewritten in trigonometric form

as:
G(t) = @ + Z[A()ncos(nwot) + By, sin(nw,t)]+
2 n=1
Z[Amocos(mwst) + Bosin(mwst)]+ (6.2)
m=1

Z Z [Ancos((mws + nw,)t) + Bnsin((mws + nw,)t)]

m=1n=—o0

n#0

The first line, represent the dc component, the fundamental and its baseband
harmonics. The carrier frequency harmonics are represented by the second line and
the third line shows the side bands of the carrier frequency harmonics. As it can be
seen, harmonics appear at the multiples of fundamental frequency, multiples of carrier
frequency and the combination of them. The next step is to solve for the coefficients
which give the magnitude of each harmonic. Equation (6.3) is used to obtain the

coeflicients.

1 ™ vy .
Crn = Ay + Bn = 7 / / g(t)e?mestnwolt) doy bt (6.3)
™ —mJ -7

For the desired switched signal of g(t), the magnitudes (A;, As), the phase shift (e)
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and pulse duty cycle (D) is required to solve (6.3). The solution is usually represented

as a series of Bessel function.
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Figure 6.4: A typical PWM waveform.

6.2.1 Periodic CFM

In the traditional constant carrier frequency modulation, the signal is periodic with
two parameters, f, and f,. In a periodic carrier frequency modulation, another pa-
rameter, normally the carrier frequency, is modulated in the time domain. So, the
signal is dependant on three periodic parameters. In a waveform-based PCFM, carrier
frequency is modulated based on well known functions, usually sinusoidal, triangular

and cubic functions. The general form of the carrier frequency of PCFM is as below.

fs() = foo + Afsfm(t) (6.4)

where fyo is the nominal carrier frequency and fs(t) is the instantaneous carrier fre-

quency which is deviated by the function of f,,(¢) and the maximum value of A f;.
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So, the phase of each harmonic in (6.1) can be replaced by:

O, = 2 /t fs(t)dr = 2m(mfso + nfo)t + 2rmAfs /t fm(T)dT (6.5)
0 0

Function f,,(¢) is the periodic function with frequency of f,,, and can be represented by
Fourier series. Final harmonic spectrum of g(¢) with periodic CFM can be expressed

by triple Fourier series as below:

G)= 323 3 Clnertiemiconin (6.6)

l=—00 m=0 n=—00

It can be seen from (6.6) that distinct harmonics appear at the combination of multi-
ples of fundamental frequency f,, the nominal carrier frequency fs and the modulating
frequency of carrier frequency, f,,.

Recently, another class of periodic CFM has been proposed in the literature [176].
In this method, the periodic function is derived such that the probability density func-
tion (pdf) of the carrier frequency follows a specific distribution profile. First, the rul-
ing differential expression is derived based on the relationship of switching frequency
(f(9)) and its derivative (f'(#)) with the distribution density function (D[f(6)]). By
defining the upper and lower bound of switching frequency, denoted by f., and f. re-
spectively, the carrier frequency bound can be divided into finite equal sets. The pdf
of the switching frequency indicates how many times each frequency set is repeated
relative to the total number of times that frequency sets are chosen in a fundamental
period.

For simplicity, let us consider an increasing linear switching frequency function,

i.e. linear f(6) o |k|f. As the switching frequency increase, i.e. switching period
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decreases, the number of times that the respective frequency set is chosen, increases.
So, the higher the switching frequency, the higher is the pdf, i.e. D[f(0)] < f(#). In
order to understand the relationship between f’(6) and D[f(6)], let us assume two
linear switching frequency function with different slopes (|k;| > |k2|). In a fixed period
of time, more frequency sets are available with the higher slope function, |k;|. So, the
number of samples from each frequency set will be lower when the slope is higher.
In other words, the density function is inversely proportional to the derivative of the
switching frequency function, i.e. D[f(0)] o« 1/f'(f). So, with k being the scale
factor, the differential equations for uniform, normal and exponential distribution

density functions are formulated in (6.7).

fo) 1 a
kf/(e) B fcu - fcl (67 )
’f]{,((? = Aexp (—Af(0)) (6.7D)

In order to solve (6.7) and obtain the switching frequency function, boundary
conditions are required. The boundary conditions can be selected such that a cer-
tain design criteria is satisfied. In this case, reduced switching power loss within a
fixed frequency range is taken into account. The switching loss is proportional to
the switching frequency. So, the switching loss can be minimized when the minimum
switching frequency (f) coincides with the maximum current value and vice versa.
In a three phase inverter, the maximum value of three phase current should be con-

sidered. This has been shown in Fig. 6.5. It can be seen that the switching frequency

112



Ph.D. Thesis — F. Abolqasemi McMaster University — Electrical Engineering

sw

IIabclmax

~ I,

0 /3 273 T 47/3 5713 27

Figure 6.5: Relationship between the current and the switching frequency.

function should be solved only between 0 and 7 /6. So, the boundary conditions can

be set as below:

fQ0) = feu

W (6.8)
f(g) = fcl

Fig. 6.6 demonstrates the resulting carrier frequency functions for three common

distribution based PCFM.

6.2.2 Random PWM

In a random modulation, one of the parameters is chosen randomly confined to a
specific interval. Although the random number usually follow a uniform distribution,
it is not limited to only uniform distribution. Three major parameters of a PWM
pulse are the pulse period (7}), the phase shift (¢), and the pulse width (D), as shown

in Fig. 6.4. The most effective solution is shown to be the random switching frequency
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Figure 6.6: Carrier frequency functions of distribution-based PCFM a) uniform b)
normal and c)exponential.
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that will be applied here [177].

It has been shown in (6.6) that the harmonic spectrum of PCFM contains distinct
harmonics at the combination of multiples of fundamental frequency f,, the nominal
carrier frequency fs and the modulating frequency of carrier frequency, f,,. In the
harmonic spectrum of a randomly modulated signal, an auto correlation term will
appear [178, 179]. Power spectrum density is used instead of power spectrum and

can be calculated as:

Sy(f, R) = m[EﬂG(f)l}2

E{G(f)ejg”fT’“}E{G*(f)})]
L~ E{e?T)

(6.9)

+ 2Re(

E{.} is the expected value of the quantity inside the bracket. The instantaneous
switching period in denoted by T} and R determines the randomness of the random

process. The pdf of T}, usually follows the uniform distribution:

11
 T,—T, RT,

P(T) (6.10)

where Ty = 1/f., and Ty = 1/f, are the minimum and maximum switching peri-
ods, respectively. As it can be seen in (6.9), RPWM spreads the power over the
frequency spectrum as opposed to PCFM that only contains discrete harmonic spec-
trum. Fig. 6.7 shows the harmonic spectrum of the conducted emissions of the ANPC
when constant carrier frequency modulation, random carrier frequency, and sinusoidal

periodic modulation are applied.
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Figure 6.7: Harmonic spectrum of EMI conducted emissions of the ANPC.
6.3 EMI receiver model

Apart from limits and standards, EMC regulations also define a standard measure-
ment procedure. A conducted EMI measurement setup consists of a Line Impedance
Analyzer Network (LISN) and an EMI receiver. LISN is placed between the device
under test and each of the input power cords. Two LISNs are required to measure the
ANPC conducted emissions since the dc input is used. The main function of LISN
is to define a known line impedance for the DUT looking into the power network. It
also filters the noises coming from the network.

Most of the EMI receivers, normally a spectrum analyzer, work based on the
swept-tuned method. In this method, the signal is mixed with a swept local oscillator.
Then, it goes through a band-pass filter with a standard resolution bandwidth (RBW).
Lastly, a peak, average or quasi-peak detector is used to obtain the final measured
values. Fig. 6.8 shows the calculation process that is used here to model the behaviour
of a swept-tuned based spectrum analyzer. In the first step of this algorithm, Fast

Fourier Transform (FFT) is used to transfer the time domain measured signal (g(¢))
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Figure 6.8: The calculation process to model a swept-tuned spectrum analyzer.

to the frequency domain (G(f)). Next, the intermediate frequency filter narrows
down the broadband spectrum based on the defined RBW and the output is denoted
by Gr(f). Using the magnitudes and phases of the selected frequency band, the time
domain waveform of the calculated narrowband signal is rebuilt in a fundamental cycle
(T,). In the detection section, first, an envelope detector finds the envelope of the
time domain narrowband signal which is denoted by g;r.(t). Then, a peak, average
or quasi-peak detector can be used to find the amplitude of output spectrum at the
center frequency of IF filter, f;r. Then, the IF frequency is incremented by Af;p
and the calculation is repeated until the whole frequency range of interest (fs — f.)
is covered.

The bandwidth of the intermediate filter is defined by EMC regulations and plays
an important role in the final measured emissions. It basically adds up the harmonics
that fall within the RBW and puts them together in the center frequency. So, the
output measured spectrum will not be the same as the output of the FFT. The atten-
uation of this filter has a Gaussian characteristics. The standard RBW of conducted
emissions in the frequency range of 150kHz-30MHz is 9kHz. Table 6.1 shows the FCC
standard minimum 6 dB resolution bandwidths where the filter response is reduced
by 6 dB relative to the center frequency. The Gaussian filter gain of the spectrum

analyzers is shown in Fig. 6.9. It is worth mentioning that in this thesis, 2RBW is
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Table 6.1: FCC minimum 6 dB resolution bandwidth (RBWj)

Band Frequency range | RBW
A 9 kHz-150 kHz 200Hz
B and C 150 kHz-30 MHz 9kHz
D 30 MHz-a GHz 120 kHz
E and beyond >1 GHz 1 MHz

considered as the effective bandwidth of the filter since the attenuation beyond this

bandwidth is too high, higher than 25 dB, hence negligible.
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Figure 6.9: The Gaussian intermediate filter gain.

In the swept-tuned spectrum analyzer (STSA), each frequency is calculated at a
specific time. So, the calculation process is time consuming. This method is also
known as the frequency domain EMI measurement. Time domain EMI measurement
is another approach proposed in the literature [127, 136] and also applied in com-
mercial EMI receivers. This method is based on the Short Time Fourier Transform
(STFT). As the signal is measured in the time domain, the segments of signal are

transferred to the frequency domain by FFT. In this manner, all the frequencies are
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calculated in parallel leading to a much faster calculation process. The TDEMI mea-
surement process is shown in Fig. 6.10. The first step is to digitize the measured
signal and divide the signal into equal chunks of time. The frequency response of the
window function is the same as the IF filter used in the STSA method to emulate the
same effect. It is worth mentioning that the signal chunks are overlapped to improve
the calculation precision. Then, the FFT is applied to all the signal chunks at the

same time. The process can be expressed as:

Go(m, k) = i g(n)w(n —m(1 — of)N)e 2™ xu (6.11)

n=0

where k = 1,2,..., N is the frequency index and m = 1,2, ..., M indicates the number
of time frames. Window function is denoted by w with the length of N,. The
overlapping factor is shown by oy which is normally between 0.8-1. The output of the
FFT block in Fig. 6.10, is a [M x N] matrix where each column contains M values
for a specific frequency (see (6.12)). The detector block, easily calculates the peak or
average value using M components for each frequency.

Fig. 6.11 demonstrate an example of comparison between the output of simple
FFT and the processed signal using two mentioned algorithms. It can be seen that
the FFT cannot represent the measured EMI by EMI receivers. Furthermore, the
calculated spectrum by STSA and TDEMI methods are in good agreement. In this
case, the calculation time of STSA is around 2 hours whereas the TDEMI can provide
a similar result in a much shorter time, in the range of a couple of minutes. So, TDEMI

is used in the rest of the thesis where multiple calculations are required to examine
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different PWM techniques.
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Figure 6.10: The calculation process of time domain EMI measurement.
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Figure 6.11: Comparison between the FFT output, swept-tuned spectrum analyzer,
and TDEMI.
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Figure 6.12: The detailed model of the ANPC considering main parasitic elements.

6.4 Evaluation of spread spectrum modulations

In order to evaluate the performance of different SS modulation techniques, a detailed
model of the ANPC is required. The designed three level SiC-based ANPC for EV
applications is shown in Fig. 6.12 and some of the key parameters are listed in Ta-
ble 6.2. A physics-based model of the SiC MOSFET (UJ4C075018K4S from United
SiC), as the main EMI source, is derived using characteristics extraction tools. The
performance of the extracted MOSFET model is evaluated in a half bridge circuit
and compared to the datasheet values. Table 6.3 summarizes the comparison results
that show a good agreement between the simulation and the datasheet. Next, the
parasitic elements of different parts of the circuit should be considered. In Fig. 6.12,
the main parasitics are shown including the stray inductance of the dc-link capaci-
tors, the stray inductance of the Printed Circuit Board (PCB) traces, and the stray
capacitance between the MOSFETSs and the heatsink.

The nominal carrier frequency is 60 kHz and the minimum allowable carrier fre-

quency is 50 kHz. The minimum frequency is set according to the dc-link capacitor

121



Ph.D. Thesis — F. Abolqasemi McMaster University — Electrical Engineering

Table 6.2: ANPC parameters

parameter description value
P,. Continuous output power 70 kW
P,r Transient output power (10 s) 120 kW

fs0 Nominal carrier frequency 60 kHz
Af, Maximum deviation of Carrier frequency | 10 kHz

fo Output frequency 60 Hz

Ve dc-link voltage 600 V

Table 6.3: Switching characteristics of the SiC Mosfet (sim: simulation result, data:
datasheet value)

Ton Toff Eon Eoff QRR
(ns) | (ns) | () | (u]) | (nC)
Data | 52 | 172 | 453 | 304 | 109
Sim | 53 | 174 | 421 | 305 | 109
Data | 48 | 163 | 407 | 255 | 102
Sim | 49 | 161 | 385 | 254 | 103

T=150

T=25

limitations. In this chapter, only downspread approach is implemented, i.e. the car-
rier frequency is always reduced. The main reason for such approach is that the
EMI emissions are proportional to the switching frequency. So, there is no benefit in
increasing the switching frequency. Furthermore, as the carrier frequency increases,
the computation time decreases which may be in contrast with the original design
specifications [180]. In the following, the performance of the ANPC is evaluated
under different SS modulation techniques. As mentioned in Section II, SS modula-
tion techniques have different classifications. In the periodic modulations, sinusoidal
waveform-based, and three common distribution based methods are applied to the
detailed model of the ANPC. Furthermore, constant and random carrier frequency

modulations are also applied and compared with each other.
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6.4.1 Conducted EMI emissions

Two LISN are used to measure the conducted EMI emissions of the ANPC, as show
in Fig. 6.12. Fig. 6.13 shows the common mode conducted EMI emissions of the
ANPC for periodic, random and constant carrier frequency modulation. It is worth
mentioning that the effect of RBW is demonstrated in Fig. 6.13a. Although the FFT
outputs indicate maximum suppression of around 20dBuV', the measurement results
considering the effect of EMI receivers show that the suppression is limited to around
only 7dBpuV'.

In order to closely evaluate the EMI performance of the modulation methods,
a filter-based approach is applied. In spite of applying different suppression meth-
ods, EMI filters are usually required to comply with the EMC regulations. There
are a few international organizations that have developed standards for commercial
vehicles. The U.S. Society of Automotive of Engineering (SAE), International Organi-
zation for Standardization (ISO), and the International Special Committee on Radio
Interference (CISPR) are among them. The standards usually regulate the EMC re-
quirements in the vehicle level and/or the component/module level. CISPR25 deals
with the radio disturbance characteristics for the protection of receivers used on board
vehicles, boats and on devices and ensures that the components do not interfere with
the on-board devices.

The EMI filters are designed to provide enough suppression for EMC compliance
in the whole frequency range of interest. The filters are normally bulky and their size
will be minimized as the required suppression is lowered. Therefore, the maximum
required suppression is the basis of the design. In this chapter, the CISPR25 limits

are compared to the EMI emissions and the maximum required suppression in the
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frequency range of 150 kHz-30 MHz is chosen as the evaluation index.
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Figure 6.13: Common mode emissions of the ANPC applying different modulation
methods.

In the first category of SS modulation methods, sinusoidal PCFM is applied to

the ANPC. According to (6.4), the carrier frequency varies in time as follows:

fs = fso + Afmsin (27 fint) (6.13)

The ratio between the frequency deviation and the modulating frequency, also known
as modulation index, is defined as g = % It has been shown that the theoretical
suppression effect increases for higher modulation indices [181]. However, in practi-

cal applications, the effect of RBW and hardware limitations need to be considered.
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Higher modulation index means higher deviation (Af,,) and lower modulation fre-
quency (fm). PCFM methods disperse each concentrated harmonic into side bands
with smaller magnitude that are f,, apart. As f,, decreases to values lower than the
RBW, the effectiveness of the modulation drops since the successive harmonics fall
into the same RBW. In this chapter, the maximum frequency deviation is used with
different modulation frequency to investigate the effect of the EMI receiver. Table 6.4
summarizes the maximum suppression that each SS modulation method provides in
comparison to the constant carrier frequency modulation. It can be seen that al-
though the magnitude of individual harmonics is lower for lower f,,, f.,, = 9kHz
provides the highest suppression in practice. Therefore, for a specific frequency devi-
ation, maximum suppression level can be achieved when the modulation frequency is
the same as the bandwidth of the EMI receiver, f,, = RBW. Furthermore, a higher
frequency deviation is desirable which is more achievable for higher nominal carrier
frequencies.

Three distribution-based PCFM; uniform, normal, and exponential distributions;
with the same modulation index provide a similar suppression level. Two random
CFM with different frequency deviation Af,, is also applied to the ANPC. The sim-
ulation results that the RCFM is the most effective method providing the highest

suppression.

6.4.2 Overall evaluation

Apart from the effective suppression level, other performance indices of the system
should also be considered for a comprehensive evaluation. The output current THD

and the efficiency of the inverter are taken into account. The simulation results are
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Table 6.4: Maximum suppression of CM EMI emissions for different SS modulation

methods
modulation method conditions suz;;zs;;on
fm = 360H z 6.4
Sinusoidal fm = 1080H z 8.3
PCFM fm =9kHz 10.3
fm = 12.6kHz 9
Distribution-based Uniform 7
POFM Normal 7
Exponential 7.1
Random CFM Af, =10kHz 12
(RCFM) Af,, =5kHz 9

summed up in Table 6.5. It is apparent that the lower carrier frequency lowers the
switching loss leading to higher efficiency. In all cases, the average carrier frequency
is lower than the CCFM due to the down-spread approach. So, the efficiency of
the inverter in all SS methods is higher than CCFM. Meanwhile, a higher carrier
frequency produces a smoother output current. Therefore, the output current THD
is the highest when CCFM is applied. It is worth mentioning that the current THD for
all cases are within 0.77%. The RCFM with Af,, = 10kH z has the best suppression
performance and the lowest power loss. However, it produces the highest current
THD at the same time. The distribution-based PCFM methods have similar results,
EDCFM being the most effective.

The implementation complexity is another important factor to be considered.
In general, the periodic CFM methods are easier to implement in comparison to the

random techniques. The main reason is the complexity of random number generation.
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Table 6.5: Current THD and power loss of the ANPC for different SS modulation

methods

modulation method | conditions | Current THD (%) Povzrg:‘/_)loss
CCFM - 1.99 1550
fm = 360Hz 2 1520
Sinusoidal fm = 1080H z 2.02 1515
PCFM fm =9kHz 2.4 1510
fm =12.6kH =z 2.7 1500
Distribution-based Uniform 2.02 1512
PCFM Normal 2.01 1515
Exponential 2.05 1510
Random CFM Af,, =10kHz 2.77 1500
(RCFM) Af,, =5bkHz 2.15 1535

6.5 Experimental evaluation

6.5.1 Experimental setup

The experimental setup is shown in Fig. 6.14. The input dc power supply is connected
to the inverter through the LISNs. Two single path vehicle LISN, model number
NNBM 8124 by SCHWARZBECK is used for each line. An aluminum sheet is laid
beneath the setup as the ground plane. The LISNs are connected to the ground
plane through short braided strips to ensure a very small impedance coupling. Short
cables are used to connect the front panel of the LISNs to the inverter. RF output of
the LISNs are connected to the EMI receiver. In this setup, SIGLENT 3021X plus

spectrum analyser is used as an EMI receiver.

6.5.2 EMI receiver model verification

First, the performance of the developed EMI receiver model should be verified. There-

fore, the SA measurement results are compared to the results obtained by the TDEMI
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2. Oscope

3. Inverter and
control board

4. power supply

5. LISNs

= 6. ground plane

Figure 6.14: The experimental setup of the 3-L. ANPC.

algorithm. To do so, one of the LISN voltages are measured by Tektronix MD04024C
oscilloscope with the sampling rate of 100 Ms/s. The measured time domain voltage
is fed to the TDEMI algorithm and the comparison results are shown in Fig. 6.15.
In this figure, the SA measurement (in frequency domain), the fft of time domain
measurement, by the oscilloscope, TDEMI model output, and the frequency domain
measurement by the oscilloscope are shown. It can be seen that the results are in
good agreement. Therefore, the developed TDEMI model can be applied to the time

domain measurements of the oscilloscope.

6.5.3 Detailed model verification

In the next step, the performance of the detailed model of the system should be

evaluated. In order to do so, the DM and CM emissions of the inverter are measured
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Figure 6.15: Comparison between the measurement results of the SA and the
Oscilloscope.

Table 6.6: Experimental parameters

symbol description value
Vie input DC voltage 100 V
fsw constant switching frequency 60 kHz

A fow switching frequency variations 10 kHz

fm modulation frequency of PCF 9 kHz
m modulation index 0.75
R load 10 ©

and compared to those obtained from the simulation. The comparison results are

shown in Fig. 6.16.

6.5.4 Experimental results

The experimental parameters are shown in Table 6.6. Constant carrier frequency
PWM along with two typical spread spectrum modulation, sinusoidal periodic and
random carrier frequency modulation, are applied to the inverter. Output line volt-
ages, U,y and their harmonic content are depicted in Fig. 6.17. It can be seen that

line-to-line voltages are similar to each other with insignificant difference in total
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Figure 6.16: Conducted emissions of the inverter, measurement and simulation
results a) DM, b) CM.
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harmonic distortion values. However, the harmonic spikes are notably reduced when
spread spectrum modulation techniques. Furthermore, the conducted EMI emissions
are effectively spread between the frequencies such that the maximum EMI noises are

reduced, as shown in Fig. 6.18.
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Figure 6.17: Measured line-to-line voltages with harmonic spectrum a) CCFM, b)
PCFM, ¢) RCFM.

6.6 Summary

This chapter investigates various spread spectrum modulation methods for an ANPC
inverter system with RL load. First, a time domain EMI simulation model is imple-
mented to model the EMI receiver. It is shown that the TDEMI method can pro-
vide a similar results in comparison with the frequency domain method. Meanwhile,
TDEMI is a much faster calculation method that enables us to consider the effect
of EMI receiver bandwidth in the simulation results. Three categories of SS modu-

lation techniques are studied: sinusoidal PCFM, CCFM, distribution-based PCFM,

131



Ph.D. Thesis — F. Abolqasemi

McMaster University — Electrical Engineering

140

120

100

Vg (dBaV)

L L L S S S S N |

106 107
Frequency(Hz)

(a)

160

140 -

120

100

80

Ve (dBLV)

40

I | pebebettrtte
S L

HHH“‘\“.“ e

H“ "\ I

Ll L L P T SR S |

20
10°

108 107
Frequency(Hz)

(b)

Figure 6.18: Conducted emissions of the inverter, measurement results a) DM, b)

CM.
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and RCFM.

The performance of the ANPC is evaluated under various modulation methods.
Without considering the conducted emissions, CCFM has the best performance in
terms of output current THD. There is a tradeoff between the current THD and the
inverter efficiency. The distribution-based PCFM methods have similar performance
which are also similar to the sinusoidal PCFM with low modulation frequency. The
reason is the low modulation frequency of the distribution-based methods. Taking
into account the effect of RBW, there is an optimum point where the PCFM methods
can provide their best performance. Random CFM approaches can provide a smooth
harmonic spectrum with the highest EMI suppression. However, the implementation

of RCFM methods are more complex compared to PCFM.
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Chapter 7

An Improved Carrier Based PWM
Strategy with Reduced Common
Mode Voltage for a Three Level
NPC Inverter

Double modulation wave carrier-based pulse width modulation (CBPWM) is a solu-
tion for eliminating the deviations of the neutral point voltage (NPV) in three-phase
neutral point clamped inverters. In this chapter, a new hybrid CBPWM strategy is
proposed that not only eliminates the neutral point voltage oscillations but also re-
duces the common mode voltage (CMV) by half. Furthermore, the harmonic content
of the output voltage is reduced by adjusting the modulation waves based on the
location of the reference vector in the space vector diagram. An active neutral point

voltage controller is also presented and applied in order to maintain the performance
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of the modulation strategy under the NPV perturbations. The performance of the
proposed algorithm is compared to the conventional CBPWM and another CBPWM
with reduced CMV that is already available in the literature. Finally, experimental

results are presented to evaluate the proposed modulation strategy.

7.1 Introduction

A three-level neutral point clamped inverter is amongst the most common multi-
level inverters used in medium voltage industrial applications. Compared with the
two-level inverter, lower harmonic content and reduced voltage stress across the semi-
conductor devices are the main benefits [182]. Various modulation techniques have
been proposed in the literature that are generally categorized as either carrier-based
pulse width modulation (CBPWM) or space vector PWM (SVPWM).

Despite the simple implementation, conventional CBPWM leads to low frequency
fluctuation of the neutral point voltage (NPV). NPV deviations lead to the distor-
tion of output voltage and current and induce larger overvoltages across the switches,
which may cause a permanent damage. In order to compensate for the NPV fluc-
tuations, bigger dc-link capacitors can be used. As another solution, two separate
dc sources or split batteries can be used to stabilize the voltage of the neutral point
[183]. To minimize the neutral point fluctuations, feedback control can be imple-
mented where the neutral point voltage is detected and controlled [184]. All the
solutions demand more hardware costs. As a more cost-effective solution, improved
CBPWM or SVPWM strategies are proposed in the literature.

Busquets et al. adopted a nearest three virtual space vector PWM (VSVPWM)

approach to balance the NP voltage [185]. The idea is to maintain a zero average
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NP current in a switching period. This is achieved by combining small vectors and
medium vectors to create virtual medium vectors. Although zero average NP current
can be achieved in all operating points, harmonic content and the effective switching
frequency are increased. Besides, in practical applications, balanced NP voltage can-
not be maintained due to non-ideal operating conditions such as the leakage current
flowing in the ground, unequal dc link capacitors, and the differences in switching
behavior of the devices [186]. Therefore, an active NPV controller is required. The
authors realize a closed loop controller in [186], and an optimization is performed to
lower the harmonic content of the output voltage in [187]. The effect of unbalanced
capacitors can be taken into account by repartitioning the virtual vector diagram
[188, 189].

A carrier based PWM based on the concept of virtual vectors has also been pro-
posed, which is simple and easy to implement [190, 191]. Active neutral point con-
troller for this strategy is developed in [192]. In all of the previous researches, the
main objective is to maintain a low NPV oscillation through zero average NP current
while the generated common mode voltage is disregarded.

High common mode voltage (CMV) induces more leakage current and increases
the electromagnetic interference (EMI) emissions. In motor drive applications, CMV
results in shaft voltage and bearing current that may damage the motor insulation
[193]. So, CMV suppression is an important issue that needs to be addressed.

In the space vector diagram (SVD), each switching state will generate a specific
CMV. By properly selecting the space vectors, CMV can be either eliminated or re-
duced [194]. Keeping that in mind, an efficient solution is to use the vectors that

would generate lower CMV to build the virtual vectors [195, 196]. Although reduced
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CMYV virtual space vector PWM (RCMV_VSVPWM) strategy in [195] effectively
reduces the CMV, the self balance ability is lost, and an active NPV controller is re-
quired all the time. In another RCMV_VSVPWM approach, self balance capability is
maintained at the expense of increased harmonic content [197]. An improved version
of VSVPWM is introduced in [198] to reduce the NPV oscillation and CMV simulta-
neously. However, an active NPV controller is not realized, the CMV suppression is
not achievable for all operating points, and the algorithm is not easy to implement.
A double modulation wave CBPWM with reduced CMV is introduced in [199]
which is easy to implement. The major issues of this strategy are high harmonic con-
tent, and the incompetent NPV controller that fails to maintain the CMV suppression
in all operating points. Furthermore, the effectiveness of this modulation deteriorates
in lower power factors. In this chapter, a hybrid carrier based PWM technique is
introduced along with an active NPV controller that ensures effective CMV suppres-
sion and elimination of NPV fluctuations at all operating points. Furthermore, this
modulation is relatively easy to implement and the harmonic content of the output

voltage is improved.

7.2 NP current and CMYV of the three-level NPC

A three-level Active Neutral Point Clamped (ANPC) inverter is shown in Fig. 7.1(a).
In comparison with the NPC inverter, the diodes are replaced with two MOSFETS,
S5 and Sg. This feature can be used to evenly distribute the power loss among the
switching devices. Note that the space vector diagram remains the same as depicted

in Fig. 7.1(b). The corresponding switching states of phase A are listed in Table 7.1.
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Figure 7.1: Topology of the ANPC and its space vector diagram.

Table 7.1: Switching states of a 3L-ANPC

Switching | Device switching status | Output phase
State Sl Sg Sg S4 S5 Sﬁ Voltage (VAN)
[P] 111 ]0]0]0]1 Ve /2
out| o100 110
ouv2| 0101|110
(O] OL1t|1{0]1]0/]0]1 0
OL2| 0|0 1]0]0]1
[N] OO0 11110 —Vie/2
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Table 7.2: The effect of medium and small vectors on the NP

meduim vectors small vectors

‘/7 ib ‘/1P _ia ‘/4P z'a

‘/10 ‘/1N Z'a VZLN _Z'a

‘/8 i ‘/2P 7;0 ‘/5P _ic

‘/11 ¢ ‘/QN _ic ‘/SN Z'c

Vo ; Vsp  —iy Vop
C

Vio Van w Ven  —b

7.2.1 Neutral point current

Two de-link capacitors, Cy and Cs, ideally have equal voltages (Vz./2). The neutral
point voltage balance is essential for the decent performance of the ANPC. Each
switching state affects the neutral point voltage depending on whether a phase current
flows through the NP or not. Large vectors have no 'O’ state, i.e., do not connect any
phases to the NP. Therefore, they have no effect on the NPV. Likewise, zero vectors
have no effect on the NPV as well. On the other hand, medium and small vectors
each have a specific effect on the neutral point current. Table 7.2 shows the neutral
point current for the medium and small vectors. It is assumed that the three-phase
load is balanced:

ia 4 iy + i =0 (7.1)

In order to avoid the NPV fluctuations, one solution is to keep the average of the
neutral point current in one switching period at zero. It can be mathematically put
as:

inp = iqdgo + iydyo + icdeg = 0 (7.2)

Where d, ( denote the duty ratio of the zero state for phase z, likewise, the duty ratio

of the other states is shown by d,; and d, ;. By comparing (7.1) and (7.2), one can
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conclude that as long as the zero state ratio of all phases are equal, the neutral point
current is kept at zero, i.e.:

da,O = dbO = dc,O (73)

)

Virtual vectors are a linear combination of medium and small vectors that balance
out their effect on the neutral point current. In Fig. 7.2(a), the conventional virtual
vectors in sector I is depicted [185]. In the new space vector diagram, large and
zero vectors are the same as conventional SVD while Viyg1, Virgo and Vi are the
new small and medium virtual vectors. Virtual small vector, Vi 5 is obtained by an
equal combination of the p-type and n-type space vectors, V; p(POO) and V;y(ONN),
respectively. When Vi,g; is applied for a specific period of time, t;, each of the
constitutive vectors, POO and ONN, are active for ¢;/2. The average neutral point

current can be calculated using Table 7.2 :

02y 4t )2 - —iy
INP = /24 —; /2 7 =0 (7.4)
1

The average neutral point generated by the other small virtual vector, Vy g9, is simi-
larly zero. Vipp is an equal share of the medium space vector, Vz(PON), one p-type,
and one n-type small vectors, Vi 5 (ONN) and Vop(PPO) respectively. Notice that the
generated neutral point current of the constitutive vectors is 4y, 7,, and i., respectively.
Therefore, the resultant neutral current will be (i, + i, +4.)/3 = 0.

As an example, switching sequence, the neutral point current and the NP volt-
age deviations is graphically shown in Fig. 7.2(b) for the reference voltage shown in
Fig. 7.2(a). In this case, the nearest three virtual vectors are Vi4, Virpn, and Vigo.

So, five different space vectors are applied: Vin, Vop, Von, V7, and Vi4. The switching
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Figure 7.2: a) Virtual space vector diagram in sector I, b) switching sequence of
Vyes, resultant NP current, the NPV variations, and the generated V.

141



Ph.D. Thesis — F. Abolqasemi McMaster University — Electrical Engineering

sequence are arranged to minimize the switching power loss. Please note that it is
assumed i, < 0, 7, > i, > 0, and |ic| > |is].

In the new virtual space vector diagram, all the vectors have an average NP current
of zero. Although various versions of SVD have been proposed in the literature, all

of them are based on the concept of zero average NP current.

7.2.2 Common mode voltage

As discussed in the Introduction, CMV induces CM current in the parasitic capacitors
resulting in EMI emissions. Moreover, higher CMV leads to higher leakage current
that may damage the bearings and the motor insulation. So, the CMV should be
analyzed and considered in the design stage.

Common mode voltage in a three level inverter is defined as:

Vv Vi
Vous = AN + V?;N + Von (7.5)

Table 7.3 summarizes the generated CMV by different space vectors. Generated CMV
of the sample switching sequence of the VSVPWM is depicted in Fig. 7.2(b). We can
reduce the CMV to V,./3 if only ’OO0’ is used as a zero vector. In the same manner,
CMV can be reduced to V,./6 when small vectors type 2 are eliminated. CMV can
be theoretically kept at zero by only using medium vectors and zero state ('OOQ0’).
However, this strategy is not applied in practical applications since we lose the major

benefits of the three level inverter.
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Table 7.3: Generated CMV by different space vectors

Vectors CMV
zero vector Vo(000) 0
zero vector Vo((PPP),V5(NNN) +Vae/2
Vip(POO),Van (OON),V3p(OPO)
small vectorsl Vin (NOO) Vap (OOP) Vg (ONO) +Vy./6
Vin(OON),V2p(PPO),Van (NON)
small vectors2 Vyp(OPP), Vax (NNO) Vip (POP) +Vae/3
. Vz(PON), V3(OPN), V4(NPO)
medium vectors Vio(NOP), Vi, (ONP), Vip(PNO) 0
Vis(PNN), Vi2(PPN), V15(NPN)
large vectors Vig(NPP). Vis(NNP). Via(PNP) +V4./6

7.3 Derivation of the proposed HCBPWM

Compared to SVPWM, carrier based PWM is simpler to implement, especially for
multi-level inverters where the calculations are more complex. Moreover, it has been
shown that CBPWM can be equivalent to SVPWM []. A conventional CBPWM where
two carrier waves are compared with the three-phase modulation waves is shown in

Fig. 7.3. Modulation waves can be written as:

Ug = M - cos (27 f,t)
up = m - cos (2w fot — 27/3) (7.6)

up = m - cos (2w fot 4+ 21w /3)

Where m and f, are the modulation index and the output frequency, respectively.

When the zero sequence is added to the carrier waveforms, modulation index can be

greater than 1. The main disadvantage of this modulation is large NPV deviations.
A double modulation CBPWM with the elimination of the NPV fluctuations is

first developed in [200]. This strategy is practically equivalent to the conventional
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Modulating wave j ‘
Carrier wave 1 n
Carrier wave 2
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Figure 7.3: Conventional CBPWM with two carriers.
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VSVPWM studied earlier. Two modulation waves, known as positive and negative
modulations, are compared with the carrier for each phase. The positive modulation
wave, Uy, (¥ = a,b,c), is used to control the S, and S,3 and toggle the switching
state of the phase leg between the 'O’ and 'P’ states. At the same time, the negative
modulation wave, u,, is used to control the S,» and S, and toggle the switching
state of the corresponding phase leg between the 'N” and O’ states. The final switch-
ing state of the phase leg is obtained by combining the corresponding positive and

negative switching states, as displayed in Fig. 7.4.

Ug,p
Uz n
P
Sml (0]
+
(6]
S;I:Q N
P
S (0]
‘ N

Figure 7.4: Construction of the phase leg state using positive and negative
modulation waves.

7.3.1 Principle of the operation

The positive and negative modulation waves are obtained from the three phase mod-

ulation waves in (7.6). In order to derive the positive and negative modulation waves,
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the main reference voltages are rearranged as follows:

Umaz = Max(Ug, Up, Ue),
Unnin = MAN(Uq, Up, Ue), (7.7)

Umid = mid(uaa Up, uc)-

Where 4, is the maximum of the three modulation waves, ,,;, is the minimum,
and ;¢ is the median modulation wave. Based on the Volts-seconds product, the

following can be written for the line voltages:

Z (kdmaw,k - kdmid,k) = Umaz — Umid

k=—1,0,1

E (kdmid,k - kdmin,k) = Umid — Umin (78)
k=—1,0,1

E (kdmar,k - kdmzn,k) = Umaz — Umin
k=—1,0,1

Where k = —1,0, 1 is the switching states corresponding to 'N’, ’O’, 'P’, respectively,

and d, j denote the duty ratio of state k£ of phase x. In other forms:

(—dmaz,~1 + 0 dimaz,0 + dmaz,1) — (—dmid,—1 + 0 - dmia0
+dmid1) = Umaz — Umid

(=dmid,—1 + 0 - dmidgo + dmid,1) — (—dmin,—1 + 0 - dimin,o
+dmin,1) = Umid — Umin

(_dmax,—l +0- dmax,() + dmax,l) - (_dmin,—l +0- dmin,(}

+dmin,1) = Umaz — Umin
\

Since the last equation can be achieved by adding up the first two, we only have two
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equations with six unknowns. So, more information is needed to solve the equations.
Another restriction is the fact that the sum of the duty ratios of the three states for

each phase is equal to one:

dy—1+deo+den =1, x=min, mid, max (7.10)

We also know that in order to achieve a zero average NP current, the zero state ratio
of the all phases should be the same (dnaz0 = dmido = dmino)-

Two more restrictive conditions are required to uniquely solve the equations. Con-
sidering the space diagram (see Fig. 7.1), in any Sectors, the maximum voltage (tmaz)
switches between states 'P’ and 'O’. Similarly, the minimum voltage (u;,) switches
only between 'O’ and 'N’, while the median voltage (u,;4) has all three states in every

switching period. This can be seen for Sector I in Fig. 7.2. In other words:

dmaa:,—l = dmin,l =0 (711)

This limitation helps us to lower the switching power loss by reducing the total
number of switching transients. It is worth mentioning that different restrictions can

be applied to achieve other design objectives. The resultant duty ratios are obtained

147



Ph.D. Thesis — F. Abolqasemi McMaster University — Electrical Engineering

as follows:

Umax — Umin
dma:p,l = T7 dmax,fl = 07
Umaz — Umin
dmaaz 0 — 1—
’ 2
d _ Umid — Umin d _ Umaz — Umid
mid,l — #7 mid,—1 — Ta
(7.12)
d -1 Umaz — Umin
mid,0 — 4+ —
2
Umaxz — Umin
dmin,l = 07 dmin,—l = Ta
d -1 Umaz — Umin
. min,0 9

By comparing (7.12) and Fig. 7.4, the positive and negative modulation waves

can be obtained:

o Umaz — Umin -1
Umaz,p = #7 mazx,n — L1
Umid — Umin Umaz — Umid
Umid,p = 9 yUmid,n = 1- 9 ) (713>
o -1 Umaz — Umin
umin,p - 07 umin,n —4 = 92

So, in general, the modulation waves of each phase can be expressed as:

o Uy — Umin
um,p - 9

(7.14)

Positive and negative modulation waves for phase A, when m = 0.8 is shown in

Fig. 7.5.
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Figure 7.5: Positive and negative modulation waves of phase A, m = 0.8.

7.3.2 CMYV reduction

The generated common voltage of the double modulation wave PWM is similar to
the conventional VSVPWM shown in Fig. 7.2, as long as the switching sequences are
similar. The CMV can be reduced by rearranging the switching sequences. However,
the calculated duty ratios in (7.13) must be the same in order to eliminate the NPV
deviations.

In Fig. 7.4, each switching state follows the {high, low, high} pattern. The re-
sultant switching state would be ponop for u,,;q, pop for U,q., and ono for the u,;,.
Another switching pattern is also possible when a carrier with opposite phase is im-
plemented. As shown in Fig. 7.6, with the {low, high, low} pattern, the resultant
switching sequence, S;, is reversed in comparison with the previous case, S, while
the duty ratio of each state remains the same.

In case that only one of the carriers are used, the generated CMV will have the
same magnitude. In order to eliminate the vectors with higher CMV, both carriers
should be used. With three phases and two carriers, six different combinations can

be expected: two of the phases are compared to carrierl, and the remaining phase
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Figure 7.6: The reversed switching patterns using two carriers with opposite phases.

is compared with carrier2 (three combinations), or only one phase compared with
carrierl, and the other two phases are compared with carrier2 (three combinations)
that are all depicted in Fig. 7.7 along with the generated Vij;. Notice that all six
cases can reduce the CMV to +V,./6.

Considering that all the combinations can ideally eliminate the NPV fluctuations
and reduce the CMV, other aspects should be considered to compose the most efficient
modulation scheme. In Fig. 7.7, it is notable that the average CMV in a switching
cycle is higher when u,,;4 is reversed. Higher average CMV results in higher leakage
current leading to more NPV deviations. Furthermore, there are nine switching seg-
ments, and only two devices are switching in the same phase. In other cases, when
either w,,;, Or U, has the reversed switching, although there are only seven seg-
ments, four devices are switched in one of the transitions. Therefore, the switching
losses are similar in different cases. Another factor is the harmonic content of the
output voltage, which is studied next. It is worth mentioning that all three phases
(a,b,c) should be reversed equally in a fundamental cycle in order to have balanced

line-to-line voltages.
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Figure 7.7: Different combination of switching sequences to reduce CMV when only
a) Umid, D) Umaz, C) Umin has different switching pattern.
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7.3.3 Harmonic content

The quality of the output line voltage is another important performance index. One
of the most intuitive analytical approaches to evaluate the harmonic content is the
harmonic flux trajectory (HFT) that uses the space vectors [201, 202]. The harmonic

flux in a switching period for modulation index m is calculated as follows [203]:

Am, §) = /OTS(Vk CVp)dt (7.15)

Where V,.; is the reference voltage with the angle of 0, and Vj, is the space vectors

that are used to build the reference voltage. The RMS value of the flux in each

switching cycle is a scale of the harmonic distortion and can be calculated as follows:
1

Ts
Rl 8) = 2[R Vi 30 = Ve (116)
s J0

HFT of the conventional CBPWM is shown in Fig. 7.8a in Sector I for different
modulation index. In Fig. 7.8b, where the HFT of the RCMV-CBPWM with only
reversed switching of u,,in, it can be seen that the HF'T does not have a same pattern
in all Sectors. Therefor, the root mean square of HFT in a fundamental cycle, as

calculated in (7.17), is used as a more intuitive parameter.

2
R ulm) = 5 [ ()8 (7.7
0

T on
Two of the RCMV-CBPWM cases are compared with the conventional CBPWM
for different modulation indices in Fig. 7.9. One case is where only one of the phases
(phase a) is reversed switched all the time, and the other case is where w,,;, is reversed

all the time, which means all three phases are reversed equally in a fundamental cycle.
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Figure 7.8: Harmonic flux trajectories of a) conventional CBPWM in Sector I, b)
double modulation RCMV-CBPWM when u,,;, is reversed in all Sectors.

It can be seen that in both cases, the harmonic content is increased in comparison
with the conventional CBPWM. Moreover, the second case where the three phases

are equally reversed switched results in lower harmonic content.

14
1.2

1
0.8
0.6
0.4
0.2 I

0

01 02 03 04 05 06 07 08 09

m CCBPWM M phase areversed 'V, reversed

Figure 7.9: RMS value of the HFT in a fundamental cycle for three different
modulation.
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7.3.4 Neutral point voltage deviation

So far, we have learned that the best results are achieved when either wu,,;, or ..
is reversed, shown in Fig. 7.7(b) and Fig. 7.7(c). More criteria are required to come
up with the best combination of reversed switching. Therefore, the variations of
neutral point current are taken into account. Although the average of NP current
in a switching cycle is equal to zero in all cases, the lower the RMS value, the lower
would be the NPV fluctuations within a switching cycle. The instantaneous neutral

point current is expressed as [204]:

iNP - _<|Sa’ia + |Sb|2b + |Sc|lc> (718)

Where S, is the switching state of phase z. The RMS value of the neutral point
current in each switching cycle is chosen as a performance criterion. For unity power
factor, the neutral point current deviation in the first Sector is shown in Fig. 7.10 when
either u,,q; OT Uy, is used for the reversed switching all the time. The asymmetric
pattern of the NP current is notable in both figures. It is assumed that the maximum
output current is equal to one.

In this chapter, a new hybrid modulation is applied by combining the two men-
tioned cases. In the first half of Sector I, ., is used for the reversed switching,
while ,,,;, is used for the reverse switching in the second half. Therefore, the total
neutral point current variation is minimized. The resultant NP current in the first
Sector is depicted in Fig. 7.11. The SVD of the proposed hybrid modulation is shown

in Fig. 7.12.
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Figure 7.10: Neutral point current (rms) in the first Sector for unity power factor
when a) U, is reversed, b) w,, is reversed.
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Figure 7.11: Neutral point current (rms) of the proposed hybrid modulation for
unity power factor in the first Sector.
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i Uy, reversed switching

U, . reversed switching

Figure 7.12: Space vector diagram of the proposed hybrid CBPWM with reduced
CMV.

7.4 Active NPV controller

In the ideal conditions, the average neutral point is zero, and the voltages of the dc-
link capacitors would be equal. However, in practice, Vo1 and Vg would drift from
Uyg./2 due to the various disturbances. Some of the influencing factors are the leakage
current flowing through the ground wire and unequal dc link capacitors. Therefore,
an active controller is required to reduce the fluctuations of the neutral point voltage.

Since the NP current is influenced by level 0 of each phase, the NPV deviations
can be controlled by adjusting the level 0 of one or more phases. Notice that the line
to line voltage should not be affected. In this chapter, only the median phase, u,,;q4 is
used for level 0 adjustment. The reason is that the line voltage can be kept the same

since u,;q contains all three levels, and there is no need to update the other phases.
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In Fig. 7.13, the adjustment of the duty ratio of u,,;4 is depicted. Assuming level 0
should be changed by Ad,y;q,0, the duty ratio of level 1 and level -1 should be updated
as well since Adyig0 = Admia1 + Adpyig—1. In order to keep the line to line voltage

the same, the voltage changes of V,,;4 should be zero:

Ad, i Ve
AViia = Adpia,1 Vo1 — Admig,—1Ve2 = 0 = ¢l _ 2 (7.19)
Adpia -1 Vo

Where Vi1 and Vg are the de link capacitor voltages. Hence, duty ratio adjustment

of different levels of u,,;q can be calculated as follows:

Admicl 0 chAdmid 0
Adyig1 = = Adpig—1 = ——7 7.20
1= T Al = (7.20)
Kae = Vo1 /Vea.
7 e EE—
______ Adm,,“/z AL .
. L .............. Ad,,.,412 ..................................... Adm,d/z ............... , = Vy
mid | : e A Y - il . 0
__________________________ ——
me ...........................................................................................

Figure 7.13: Adjusting the duty ratio of the median phase, ,,;4, for NPV control.

Assuming that the voltage difference of the dc link capacitors are AV, = Vo1 —Vio,
the required compensating current for NPV adjustment is obtained by the following

equation:

AV (Ch + Cy)

lemp =
P Ts

(7.21)
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Since only u,,;4 is used for level 0 adjustment, the compensated current after adjust-

ment is equal t0 i¢ynp = Admido - tmiq- Therefore,

AUy (Cy + Cy)

Admid 0 —
7 Tsimid

(7.22)

So, the duty ratio adjustments can be obtained from (7.22) and (7.20). It should
be mentioned that the duty ratio adjustment is limited to the initial values. For
example, when Ad,,iq0 > 0 (the case shown in Fig. 7.13), it is limited by d,,41 and

dpmig,—1- This limitation can be mathematically expressed as:

dmid,—l (1 + ch)

0< Admid,o < min{dmid71(1 -+ ch>, K } (723)
dc
When Admid,o <0, it is limited by dmid,():
_dmid,O < Admid,o <0 (724)

From (7.22), one can conclude that the compensating capacity is a function of the ad-
justed phase current, the dc link capacitors, and the imbalance level of the capacitors.
Furthermore, the compensating capability is not symmetric about zero according to
(7.23) and (7.24). In Fig. 7.14, positive and negative compensating currents are shown
under different modulation indices and for two different power factors.

It is noticeable that the positive and negative compensating currents are not
symmetric in Sector I. Therefore, the average current is calculated in a fundamental
cycle using (7.25) and depicted in Fig. 7.15 for various power factors and modulation

indices. From Fig. 7.15, one can conclude that the compensating current magnitude
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Figure 7.14: Positive and negative compensating currents in Sector I when a) ¢ = 0,
b) ¢ = /4.

is always higher than zero, meaning that the controller is capable of balancing the

neutral point voltage in all operating conditions. However, the recovery speed is

dependant on the power factor and modulation index. The controller can balance the

NPV more quickly in low power factors and lower modulation indices.

. I
Lempt,avg = %/0 Zcmp:l:(Wt)th (725)

7.5 Experimental results

In this section, experimental results are presented to verify the performance of the
proposed modulation. The experimental setup of the ANPC is shown in Fig. 7.16, and
the experimental parameters are listed in Table 7.1. Three modulation schemes are

implemented in TMS320f28379D micro-controller. The first one is the conventional
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Figure 7.15: Average positive and negative compensating currents under different
power factors and modulation indices.

Table 7.4: Experimental parameters

symbol description value

Vie input DC voltage 200 V
fsw switching frequency 50 kHz
fo fundamental frequency 833 Hz
C1,Cy  de-link capacitors 72 pF
m modulation index 0.75
L load inductance 200 uH
R load resistance 19

carrier-based. The second modulation is the double modulation wave CBPWM with
CMYV reduction proposed in [199]. Then, the proposed hybrid CBPWM with reduced
CMV and the elimination of the NPV fluctuations is applied to the inverter.

Measured line-to-line voltage along with its harmonic content, dc-link capacitor
voltages, and the generated common-mode voltages for all three modulations are
shown in Fig. 7.17. The experimental results are repeated for two cases. In case
I, series RL load is used, ® = 0.7, whereas case II indicates the results for only
inductance load, & = 0.

In comparison with the modulation proposed in [199], the proposed modulation

can effectively reduce the harmonic distortion of the line voltage as well as the NPV
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Figure 7.16: The experimental setup of the 3-L. ANPC.

oscillation. The advantages of the proposed modulation as opposed to the second
modulation is more noticeable in case II. Dc-link capacitor voltages possess different
dc averages when the second modulation is applied demanding the voltage balance
control. However, the proposed modulation ensures the same average values for the
dc-link capacitors. The first modulation provides the lowest THD at the expense of
high common mode voltage and NPV oscillations. The performance of the active NP
controller is shown in Fig. 7.18. A voltage perturbation is enforced to assess the NPV
controller. The initial voltage error is 14V and the controller recovers the voltage

balance within 7 fundamental cycles.
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Figure 7.17: Measured line-to-line voltages, dc-link capacitor voltages, output
current iq, Uepy, and harmonic content of Ug; a) conventional CBPWM, b)
RCMV-CBPWM when only phase a is reversed, c¢) proposed CBPWM with CMV
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Figure 7.18: Experimental waveforms for voltage balancing control.
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7.6 Summary

In order to reduce the common mode voltage and to eliminate the neutral point
oscillations in a three level active NPC inverter, a hybrid carrier-based PWM is pro-
posed in this chapter. This modulation is derived based on the theoretical analysis
of the common mode voltage and the neutral point current ripples. Simulation re-
sults confirms that the proposed modulation minimizes the variations of the neutral
point current in comparison with the conventional CBPWM modulation. In addi-
tion to easy implementation, common mode voltage is reduced by half. An active
NP controller is also developed and tested to address the NPV perturbations. The
performance the proposed modulation is evaluated experimentally and compared to

the conventional CBPWM and the available RCMV-CBPWM modulations.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

In this thesis, electromagnetic interference of power inverters is studied. Electromag-
netic interference is one of the major issues of modern power electronic devices that
need to be addressed at the early stages of design. Therefore, a comprehensive model
is required to examine the drawbacks of EMI emissions. In this thesis, only conducted
emissions are investigated.

In the beginning, a comprehensive review of the available modeling strategies is
presented. Moreover, EMC measurement devices and testing procedures are reviewed
for power converter applications. The topics discussed here help the reader obtain
an overview of the EMC testing and develop a comprehensive understanding of the
EMC measurement device. The next step is to create a model based on the project’s
technical requirements.

Assuming conducted emissions and EMI issues should be considered in the design

stage, detailed system modeling is necessary. Therefore, the modeling process is
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studied in detail for a three-phase motor drive system. Conducted emissions in a
three-phase inverter-fed motor drive are studied. A physics-based model is derived
for each part of the system using a device characterization tool, a finite element
analysis tool, and impedance curve fitting tools. An improved universal equivalent
circuit is proposed to model the induction motor in the entire frequency range. A
balanced approach regarding the accuracy and simplicity of the model is considered
through the model extraction. Furthermore, common mode and differential mode
emissions are studied, and two equivalent circuits are extracted.

Equivalent circuits are a more robust analysis tool during the design process.
Hence, equivalent circuit modeling is extensively studied in a three-level neutral point
clamped inverter. Compared with the conventional differential mode (DM) EMI
modeling of power inverters that use only one current source, it is shown that two
current sources are required for more precise modeling. A new unified model is
proposed for an active neutral point clamped inverter based on the existing equivalent
circuit models for common-mode (CM) EMI and the developed DM model. The
proposed model predicted both CM and DM EMI emissions and compared them
with the time-domain results. Simulation results indicate that the modeling precision
is improved by 56%.

In order to mitigate the EMI issues, various approaches are recommended in the
literature. Software-based methods that generally suppress the emissions at the source
are more cost-effective than hardware-based solutions such as EMI filters. In the last
two chapters, two means of EMI noise suppression are explored. In one approach,
spread-spectrum modulation techniques are studied and implemented. These meth-

ods spread the power spectrum in the frequency range, thus reducing the harmonic
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spikes. Different spread-spectrum modulations are investigated for an active neutral
point clamped (ANPC) inverter. The effect of EMI receiver and intermediate fil-
ter bandwidth is considered in the modeling. The validity of simulation results and
calculations is confirmed by experimental results.

In another software-based EMI suppression method, a new hybrid CBPWM strat-
egy is proposed that not only eliminates the neutral point voltage oscillations but also
reduces the common-mode voltage (CMV) by half. Furthermore, the harmonic con-
tent of the output voltage is reduced by adjusting the modulation waves based on
the location of the reference vector in the space vector diagram. An active neutral
point voltage controller is also presented and applied in order to maintain the perfor-
mance of the modulation strategy under the NPV perturbations. The performance
of the proposed algorithm is compared to the conventional CBPWM and available
RCMV-CBPWM in the literature. The performance the proposed modulation is eval-
uated experimentally and compared to the conventional CBPWM and the available

RCMV-CBPWM modulations.

8.2 Future work

According to the work included in this thesis, the following suggestions could be
considered in the future.

In Chapter 3, the detailed modeling of a three-phase motor drive system is studied.
An improved universal equivalent circuit is proposed for the induction motor. Also,
an improved equivalent circuit for DM and CM modeling is investigated. However,
experimental validation is still lacking. High-frequency impedance measurement is

needed to evaluate the accuracy of the improved model of the induction motor. The
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conducted emissions should be measured based on the EMC standard guidelines. In
Chapter 6, a similar approach is taken for the measurements.

The analytical modeling of the ANPC, developed is studied in Chapter 5. In the
next step, the derived model can be used for EMI filter design, or to reduced the
emissions by noise canceling methods.

Although various spread spectrum modulations are applied to the ANPC in Chap-
ter 6, the impacts of the switching frequency need to be investigated more carefully.
Switching frequency inversely affects the harmonic content of the output voltage and
current. By increasing the switching frequency, output current ripples decrease and
the dc-link voltage ripples. However, an increase in the switching frequency will result
in higher conducted emissions along with higher switching loss. By closer investiga-
tion of the current ripples and NPV variations, it can be concluded that ripples are
not uniformly distributed in a fundamental cycle. Several studies exercise a variable
switching frequency approach by taking advantage of this fact. In the future, the ef-
fects of switching frequency on the neutral point current and the conducted emissions
can be considered to improve the available variable switching frequency modulations.
Furthermore, a similar analysis can be applied to the improved CBPWM proposed

in Chapter 7.
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