TOKYO METROPOLITAN UNIVERSITY

PH.D. DISSERTATION

Time Dependent CAN Error
Mitigation for EMI Noise of
Switched-Mode Power Supplies

Author: Supervisor:
Ryo SHIRAI Prof. Keiji WADA

Power Electronics Laboratory
Department of Electrical Engineering and Computer Science

Graduate School of Systems Design

March 22, 2022


https://www.tmu.ac.jp/english/index.html
https://sites.google.com/view/tmupel/english
https://www.comp.sd.tmu.ac.jp/eecs/
https://www.sd.tmu.ac.jp/english/index.html




iii

Acknowledgements

I would really like to to thank:
> Prof. Keiji Wada

For all of the discussions with you, for inspiring research motivations and

working attitude, and for your daily supports during my 9-year lab life.
> Prof. Toshihisa Shimmizu

For your technical guidance, for teaching me essential mindsets as a re-

searcher, and for your suggestion on my Ph.D. career.
> Prof. Masahiro Yamaguchi

For giving me proactive advice and comments on my Ph.D. dissertation, for
taking the time to read my thesis, and for being a co-examiner of my Ph.D.

dissertation.
> Prof. Yukihisa Suzuki

For teaching me basics of electromagnetic physics, and for being a co-examiner
of my Ph.D. dissertation.

> Prof. Satoshi Fukimoto

For valuable discussions on CAN-related technologies, and for being a co-

examiner of my Ph.D. dissertation.
> At the Research Center for Energy Integrity Systems...

Raito Matsuzaki and Koji Konomi, for your technical support, for teaching me
basics in field of the informatics.

> At the Power Electronics Research Institute of Zhejiang University...

Prof. Mark Dehong Xu, Prof. Changsheng Hu, Prof. Henling Chen and many
lab colleagues, for your daily support in China, for technical discussions, and
teaching me a lot of Chinese culture and beautiful landscapes.

> At the Ph.D Candidates of Power Electronics in Japan...

Dr. Ryuji lijima, Dr. Shunsuke Takuma, Dr. Kazuaki Tesaki, and many members,
for your contributions to the team, and for giving me a lot of advice to being

a representative.



iv

> At the Power Electronics Lab of Tokyo Metropolitan University...

Prof. Hiroaki Matsumori, Prof. Shotaro Takahashi, Prof. Tomoyuki Mannen, Dr.
Daiki Yamaguchi, Dr. Pin-Yu Huang, Dr. Yu Shan Cheng, Dr. Yoshihiro Miwa,
Dr. Yu Yue, Dr. Yoshikazu Kuwabara, Dr. Van-Long Pham, Dr. Kazuki Matsub-
ara, Dr. Shinichiro Hayashi, Koji Mitsui, Takaya Sekiguchi, Taro Tnakamori, Hisao
Akiyama, Yoshio Bizen, Eiji Ikuta, Hirofumi Suda, Koji Takano, Katsuya Shingu,
Kohei Yasuda, Shogo Matsuhisa, Hiroki Maeda, Kazuki Urata, Kensuke Suzuki,
Ryutaro Sato, Taiki Onodera, Hiroki Masuko, Keigo Arita, Yumika Takeda, Ryota
Shimamoto, Naoki Aoshima, Kyosuke Shimo, Dr. Riccardo Ruffo, and many col-
leagues, for your daily support, for being sincere friends, and for passing

delightful moments with me.
> In the world of power electronics...

Dr. Joseph Kozak, for your contributions to the joint workshop of CPES and
PPE], and for consulting my thesis title.

Prof. Heng Wu, Dr. Shih-Feng Chou, Prof. Huimin Wang, and Dr. Anatolii Tcai,

for beneficial information exchange, and for being international friends.

Finally, my wife, parents, a brother, and grand parents, for making me every-
day a better self, and for supporting me anytime. Again, I would like to appreci-
ate families, colleagues, friends, supervisors, and everyone who have supported

me to conduct this research.

This research was supported by JSPS (Japan Society for the Promotion of Sci-
ence) KAKENHI Grant Number JP19]21468.



Abstract

Electromagnetic compatibility (EMC) is a major concern in modern electri-
cal applications, such as EVs and industrial robots, where switched-mode power
supplies (SMPSs) and serial communication networks operate in conjunction.
SMPSs have gradually employed high-frequency and high-speed switching op-
erations with the advent of wide bandgap semiconductor devices, which has re-
sulted in the generation of more electromagnetic interference (EMI) noise. More-
over, for serial communication systems, high-speed and wide-bandwidth data
transmission are common requirements for applications such as telecommuni-
cation, transportation, and industrial systems. To achieve the technical require-
ments under the robust operation, the noise immunity of communication systems
is a significant concern. Hence, a large amount of effort has been implemented
into suppressing electromagnetic disturbance on serial communication systems.
In this context, SMPSs have been recognized as the main EMI sources that causes
electromagnetic disturbance on communication systems. Therefore, this thesis
covers a comprehensive study on EMC of a buck converter and controller area

network (CAN) communication.

Chapter 1 presents the background and motivations for the research. After
technological problems of EMC between SMPSs and serial communication sys-
tems are reviewed, Chapter 2 reviews the literature related to EMC of SMPSs
and communication systems. First, the EMI noise of power electronics converters
is reviewed, focusing on the conducted noise of a buck converter. State-of-the-
art EMI reduction approaches for the conducted noise are described. Second,
the overview of CAN summarizes the specification of standard CAN protocol
and recent EMI research. Subsequently, case studies of the disturbance on se-
rial communication systems concretize EMI problems and the potential risks are

discussed.

Chapter 3 describes the time-domain analysis of the disturbance caused by a
buck converter on CAN communication. As an experimental platform, the noise
injection system is developed. The system consists of a buck converter and a
CAN bus and it enables to perform experimental studies with high repeatability.
within addition to experimental studies, simulation modeling methodologies are
also discussed. In particularly, two types of parasitic impedance remain unde-
veloped regarding simulation modeling: parasitic impedance of an electrolytic
capacitor and OFF-state MOSFET impedance. Accordingly, experimental and
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simulation studies were performed to develop simulation models. Subsequently,
simulation and experimental waveform comparisons of the noise injection sys-
tem were performed to verify the modeling approach and unveil the mechanism
of EM disturbance, followed by the CAN failure analysis.

Chapter 4 describes the time series control using an active gate driver to bal-
ance the EM disturbance reduction and converter performance. The active gate
driver is one of the key technologies in controlling a switching speed of power
semiconductor device. By suppressing the switching speed of the device, an EMI
reduction can be achieved. However, this increases the switching power loss and
results in lowering the conversion efficiency. That is, balancing the EMI reduction
with the converter performance would be a technical challenge. The time series
control of the active gate driver realizes an effective EMI reduction on CAN data
transmission. For low-bus-traffic applications, the control method balances the

EMI reduction and the conversion efficiency, which was studied experimentally.

Chapter 5 presents the timing-shift control of the buck converter that reduces
the EMI using converter control. Unlike the conventional EMI reduction meth-
ods, the control scheme aims to prevent communication errors even if the buck
converter induces a noise to the communication line. Despite the control sup-
pressing the EM disturbance, shifting a switching timing potentially undermines
the converter control stability. A duty compensation method is used to improve
the stability.

Chapter 6, in contrast to the timing-shift control on the converter side, pro-
poses the digital denoising technique that enables a CAN processor to digitally
remove error signals. The denoising method can be applied to the communica-
tion system independently of the converter. To implement the denoising method
to the noise injection system, a field programmable gate array (FPGA) is inte-
grated with the CAN controller. The denoising process occurs on the FPGA, and
the CAN controller receives the processed signals. Owing to the CAN sampling
rule, modifying the communication protocol is not required. Finally, experimen-
tal results validate the denoising method. Chapter 7 provides the conclusions
and future outlook of this research.
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Chapter 1

Introduction

1.1 Background

The harmonious cohabitation among electrical equipment is a key factor for their
security and reliability. Owing to the increasing use of electrical equipment in
human activities, there is a risk of harm to human beings. Thus, an engineering
discipline called electromagnetic compatibility (EMC) has evolved to minimize
the risk realistically and economically. Fig. 1.1 shows a categorization of EMC
with sub-fields [1], [2]. EMC is divided into two fields: electromagnetic emissions
(EMI) and electromagnetic susceptibility (EMS). They both have sub-fields that
are classified by noise propagation mechanisms. In this thesis, a cross-category
study enables us to understand the nature of electromagnetic disturbance because

the phenomenon includes noise generation, propagation, and receipt.

Electromagnetic Compatibility

—— Electromagnetic Interference —7 1 Conducted Emissions

— Radiated Emissions

—— Electromagnetic Susceptibility =~ ———— Conducted Susceptibility

—— Radiated Susceptibility

FIGURE 1.1: Sub-fields of electromagnetic compatibility
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A power electronics (PE) converter is a significant source of EMI noise in mod-
ern electrical and electronic applications. Today, the progress in power semicon-
ductors and circuit components enables the PE converter to operate at higher
switching speeds and frequencies for cost and size reduction. This trend is accel-
erated particularly with the advent of wide-bandgap (WBG) power semiconduc-
tors such as SiC and GaN [3]-[5]. In addition, the switched-mode power supply
(SMPS) often operates with a high current and voltage compared with other elec-
tronics circuits. These characteristics of the PE converter make the EMI reduction
more challenging and costly. Moreover, this problem will worsen in the future
because the EMI noise of PE converters is increasing and shifting to a higher fre-

quency range.

Source Receiver
2\ 4
. Transmission .
Transmitter Channel > Destination
J \§

FIGURE 1.2: General topology of communication system

Fig. 1.2 shows a general topology of a serial communication system in which
data is transmitted from a source to a destination. Serial communication systems
have an essential role in the digitized and networked society. Their function is to
transmit data among the nodes by sending bit strings. However, noise tolerance
is frequently one of the concerns to ensure reliability since noise interferes with
the signals in the transmission channel. If the serial communication system be-
comes disturbed by noise, it can cause a data transmission failure, which results
in an operation delay, a halt, or even a malfunction. Therefore, EMI noise reduc-
tion and the improvement of noise tolerance are necessary for applications that

require high robustness.

Considering the technological trends in PE converters and serial communi-
cation systems, PE converters may cause a disturbance in the serial communi-
cation systems, which perhaps will be more severe in the future. A system that
integrates PE converters and serial communication systems, such as EVs and in-
dustrial robots, has internal electromagnetic couplings owing to the high-density
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packaging. Furthermore, the widespread use of renewable energy sources and fu-
ture e-Mobility will extend the application of such the integrated systems. From
this context, EMI analysis and reduction are necessary for the system integrity.

1.2 Motivation

Historically, EMC problems have resulted in an accident or incident. For instance,
in 2008, the Shonan Monorail in Japan caused an accident. Fig. 1.3 shows a photo
of the rescue work after the accident. According to [6], the EMI noise emitted
by the power supply of the inverter gate driver induced a conducted noise to a
communication line, and the noise caused an illegal interruption of a CPU pro-
cess. After the accident, the Japan Transport Safety Board (JTSB) recommended
that railway companies and manufacturers share their EMC knowledge and take

further measures to resolve the EMC problems.

FIGURE 1.3: Rescue work after the accident of Shonan Monorail [6]

In addition, Honda Motor Co., Ltd recalled more than 237,000 vehicles to re-
pair a power supply system. According to [7], the conducted noise from the
power supply affected the power control unit, which resulted in unintentional
powering off of the meter panel and engine. To prevent the failure, Honda im-
plemented a countermeasure using a clamp filter that minimized the conducted
noise (Fig. 1.4).
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<Power Supply >

Power Control Unit

Fuse Box

_ «=— Sub Fuse Box

Before the change

Fuse Box Sub Fuse Box

—
\ o,

FIGURE 1.4: From Honda Motor recall report [7]

In addition to the above examples, there are many cases of EM disturbance
on communication systems [8]. As observed, the disturbance on communication
systems can cause harmful accidents and significant social impacts. From this
perspective, EMC solutions have been taken a keen interest in minimizing the
risk of EM disturbance.

Fig. 1.5 depicts a typical mechanism of EM disturbance on a serial commu-
nication system based on the literature survey of this research. Power cables in
which a conducted noise from a PE converter flows often have an EM coupling
with a serial communication line. Because of the coupling, conducted noise is

induced into the serial communication line, resulting in a signaling error.
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Power source/load

[ PE converter ] Power control [ I é} [ ]]:t ]

Conducted noise
EM coupling

g

\/

»
)

[ Node A (Tx) ] Serial communication [ Node B (Rx) ]

101010... 1010XO0...
Error

FIGURE 1.5: EM disturbance on a serial communication system

Switching waveform of PE converter
A

- | |

Conducted noise of serial communication line (no signal)

3

FIGURE 1.6: Conducted noise waveform in the time domain

\

Fig. 1.6 shows a conducted noise of a serial communication line and the
switching waveform of the PE converter. The conducted noise triggers a commu-
nication error. An oscillation waveform simultaneously occurs with a switching
action of the converter. This indicates that time-domain analysis is necessary to
obtain the EM disturbance mechanism. Specifically, both the noise amplitude and
phase relation between the PE converter and communication signal are important

whether a communication error occurs or not.
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1.3 Research Objectives

This research aimed to develop time-dependent EMC solutions for the EM dis-
turbance on a serial communication system caused by a PE converter. Two main

steps achieve this objective:

¢ Stepl: Time-domain analysis of the EM disturbance on a controller area
network (CAN) communication system caused by a buck converter

¢ Step2: Development of EMC solutions to suppress the disturbance, focus-

ing on the disturbance mechanism in the time domain

Numerous PE converters and communication systems are in practical use.
Thus, the narrowing of a target system was necessary for the EMI study. This
study focused on a typical non-isolated buck converter as a noise source and a
CAN communication system as a noise victim. The buck converter has an em-
bedded MOSFET and diode for switching operations. This uncomplicated con-
tiguration is suitable for a fundamental EMI analysis. Furthermore, findings from
the analysis can be extended to other PE converters such as inverters and multi-
level converters. Regarding the EMI noise of buck converters, time-domain anal-
ysis and the development of simulation models revealed the mechanism of the
noise generation. In particular, this research focused on the two impedance fac-
tors that impact the noise behavior: stray impedance of a capacitor and OFF-state
MOSFET impedance.

The CAN is one of the major serial communication systems and is used to
build up a LAN. Automobiles prevalently use the CAN system for mission-critical
applications such as traction control. Reference [9] estimated that the number of
CAN nodes sold per year was approximately 400 million as of 2005. The CAN
has a typical bus topology and differential signaling method that has a strong
immunity to common-mode (CM) noise. Nevertheless, the CAN still requires
extensive efforts for EMI reduction, as observed in various EMI products on the
market such as CM chokes and shielded cables. As mentioned earlier, this thesis
focuses on the CAN as a noise victim because the CAN employs a typical differ-
ential signaling technique. The EMC solutions developed for the CAN can be ex-
tended to other serial communication systems such as RS-485, which has a similar
physical layer. In addition, the communication baud rate is close to the switching
frequency of PE converters. For high-speed CAN (ISO 11898-2 [10]), the baud
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rate is set to 125 kbps-1 Mbps. For PE converters, the switching frequency is of-
ten several tens of kHz. Owing to the frequency proximity, the phase relation
between a PE converter operation and communication signal is sufficiently close

to be measured in the time-domain analysis.

A time-domain analysis of the EM disturbance is necessary to develop EMC
solutions. To perform the time-domain analysis, an experimental platform, called
a noise injection system, enables us to measure the voltage/current waveform of
a conducted noise with high repeatability. The bit error rate (BER) is a suitable
index to quantify the EM disturbance on a CAN communication compared with
frame loss rate (FLR) under an error process of an active protocol. Thus, aiming to
observe the effects of the buck converter and other factors on the disturbance, the
BER was investigated under several operating conditions of the buck converter.
Moreover, the results from the BER tests revealed the critical causes of errors.

For the EMC solutions, a time-series control of the active gate driver (AGD) is
proposed. An AGD enables the dynamic control of MOSFET switching speed and
amount of noise generation [11]-[13]. Owing to this feature, to suppress the EM
disturbance on CAN, the proposed method controls the switching speed of the
converter MOSFET by monitoring a CAN signal status. Static low-speed switch-
ing also results in a reduction of the disturbance. However, it has limitations in
terms of conversion efficiency because the switching loss increases. To solve this

problem, the proposed method suppresses the increase in the power loss.

Generally, conventional EMI reduction methods such as filter circuits attempt
to minimize the noise amplitude to ensure it does not interfere with other signals
and exceed the noise limits specified by EMC standards. In contrast, as clarified
through the time-domain analysis, the occurrence of a CAN error also depends
on the phase relation with the converter operation. Thus, focusing on the timing
problem, two methods are proposed: the timing-shift control of the buck con-
verter and digital denoising on the CAN system. Both methods enable the com-
munication error to be suppressed regardless of the noise amplitude, and they do

not require additional bulky hardware components to implement.

Through the above work, this thesis aims to present the importance of a time-
domain study on EM disturbance and propose time-dependent EMC solutions.
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Introduction and state of the art of the research

Chapter 1: Introduction

Chapter 2: Literature Review

Time-domain analysis of the EM disturbance

Chapter 3: Time-Domain Analysis of Electromagnetic Disturbance
on CAN Caused by Buck Converter

Development of time-dependent EMC solutions
e N

Chapter 4: Time-Dependent Control of Active Gate Driver
Chapter 5: Timing-Shift Control of Buck Converter

Chapter 6: Digital Denoising Method on CAN Communication System

Chapter 7: Conclusion and Outlook

FIGURE 1.7: Dissertation outline

1.4 Dissertation Outline

Chapter 1 presents the background and motivations of the research. After review-
ing the background of EMC between SMPSs and serial communication systems,
this chapter provides case studies on incidents and accidents caused by EM dis-
turbances on communication systems. Based on the studies, a statement of the
problem is provided, followed by research objectives.

Chapter 2 reviews literature that is related to the EMC of SMPSs and CAN
systems. The review on solving EM disturbance on CAN communication reveals
that the time-domain phenomenon is a significant factor in understanding the
physics underlying the disturbance and developing effective solutions. First, the
EMI reduction techniques for PE converters are reviewed, with a focus on the
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conducted noise. Subsequently, an overview of the specification of the standard
CAN protocol, recent EMI research, EMC standards, and other communication
protocols is provided. For EM disturbance, the number of time-domain studies
addressing a PE converter and a serial communication system have been increas-
ing. Most studies use time-domain waveforms to describe how a communication
error occurs. Accordingly, the time-domain phenomenon is a key factor in devel-
oping EMC solutions, whereas the conventional approaches tend to focus on the
noise amplitude in the frequency domain.

Chapter 3 summarizes the time-domain analysis of the disturbance caused by
a buck converter on CAN communication. A noise injection system is developed
as an experimental platform. The system consists of a buck converter and a CAN
bus, and it can be used to perform experimental studies with high repeatabil-
ity. In addition to experimental studies, simulation modeling methodologies are
discussed. In particular, two types of parasitic impedance remain undeveloped
regarding simulation modeling: the parasitic impedance of an electrolytic capac-
itor and OFF-state MOSFET impedance. Accordingly, experimental and simula-
tion studies were performed to develop the simulation models. Subsequently, the
simulation and experimental waveforms of the noise injection system were com-
pared to verify the modeling approach and unveil the mechanism of EM distur-
bance, followed by an analysis of the CAN failure. Furthermore, an evaluation of
the CAN error rate quantified the EM disturbance on a CAN communication. As
indexes of the error rate, the BER and FLR were tested. The BER reflects the EM
disturbance, whereas the FLR depends on the CAN protocol behavior. Through
these studies, the mechanism of EM disturbance was unveiled to develop the
EMC solutions.

Chapter 4 describes the time series control of an AGD to balance EM distur-
bance mitigation and converter performance. The AGD is one of the key tech-
nologies in controlling the switching speed of power semiconductor devices. By
suppressing the switching speed of the device, an EMI reduction can be achieved.
However, this causes an increase in the switching power loss and lowers the con-
version efficiency. Thus, balancing the EMI reduction with the converter perfor-
mance is a technical challenge. The time series control of the AGD realizes an
effective EMI reduction focusing on the CAN data transmission behavior. For
low bus traffic applications, the control method balances the EMI reduction and
conversion efficiency, which was studied experimentally.
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Chapter 5 presents the timing-shift control of the buck converter that realizes
the EMI reduction through converter control. Unlike conventional EMI reduc-
tion methods, the control scheme aims to prevent communication errors even if
the buck converter induces noise in the communication line. Despite the control
suppressing the EM disturbance, shifting a switching timing potentially under-
mines the converter control stability. To solve this problem, a duty compensation
method improves the stability.

Chapter 6, in contrast to the timing-shift control on the converter side, pro-
poses the digital denoising technique that enables a CAN processor to remove
error signals digitally. The denoising method can be applied to the communica-
tion system independently of the converter. To implement the denoising method
to the noise injection system, a field-programmable gate array (FPGA) is inte-
grated with the CAN controller. The denoising process occurs in the FPGA and
the CAN controller receives the processed signals. Owing to the CAN sampling
rule, the communication protocol does not require modification. Finally, experi-

mental results validate the denoising method.

Chapter 7 provides the conclusions and future outlook of this research.
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Chapter 2

Literature Review

This chapter reviews literature related to the EMC of SMPS and CAN systems.
As mentioned earlier, PE converters have been sources of noise in various appli-
cations. Hence, many research efforts have been performed for the EMI analysis
and reduction, focusing on each PE converter circuit. In contrast, the CAN has
mission-critical functions as one of the robust communication systems. Various
solutions in terms of hardware and software have been implemented to ensure
highly reliable communication. Furthermore, some EMC standards specify the
test procedure to evaluate the noise immunity performance of a CAN.

For the EM disturbance, the number of time-domain studies addressing the
PE converter and serial communication systems has been increasing. Most stud-
ies use time-domain waveforms to describe how a communication error occurs.
Therefore, the time-domain phenomenon is a key factor in developing EMC solu-
tions, whereas the conventional approaches tend to focus on the noise amplitude

in the frequency domain.

2.1 EMI Noise of Power Electronics Converters

2.1.1 Basics on EMI of Power Electronics

With the evolution of PE converters, there is an increasing concern over EMI
noise. In particular, power semiconductors have been developed to achieve higher
switching speeds, which results in lower power losses and the miniaturization of
passive components in the circuit [14]-[18]. Over the past few decades, Si power
devices such as IGBTs and MOSFETs have been the main components in the PE
field. Additionally, the performance of devices has been pushed to the limit of Si
[4]. To break through this limit, WBG devices have been gaining interest. WBG
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devices typically use SiC and GaN as the semiconductor materials. Compared
with Si, SiC and GaN exhibit higher saturation drift velocities and higher critical
electric fields. These characteristics enable the performance to exceed the limit of
Si devices. Accordingly, many research efforts have been performed to introduce
WBG devices in practical PE converters [3], [19], [20].

A
i \
< T »
\ /.
T T
A
Uo -20 dB/dec
-40 dB/dec
» f (log)
f cl — % f 2 = %

FIGURE 2.1: Spectrum of a trapezoidal waveform

Theoretically, the EMI noise of PE converters increases with the switching
speed and frequency. Fig. 2.1 shows a spectrum of a trapezoidal waveform [1].
Assuming a pulse waveform in a PE converter to be trapezoidal, the pulse width
(dT) provides the first cutoff frequency (f.1), and the rise/fall time (7) provides
the second cutoff frequency (f.). Therefore, the two cutoff frequencies shift to
higher values as the switching frequency and speed increase. Reference [17] re-
ported an increase in the conducted EMI noise owing to a higher frequency and

faster switching speed of power semiconductor devices.
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Therefore, the demand for the reduction of conducted EMI noise is increasing.
Table 2.1 shows approaches to reduce conducted EMI noise in practical use [5],
[21]. Indeed, passive and active filters have a remarkable role in noise reduction.
Passive filters use inductors and capacitors to create an impedance mismatch in
the noise path [22], [23]. Active filters sense the voltage or current at the input
ports and produce voltage or current of the opposite phase to cancel the origi-
nal noise [23]-[26]. Generally, active filters are more space-saving, but they have
difficulty in reducing noise in high-frequency regions. Since both filters have ad-
vantages and disadvantages, [27] proposed a hybrid type filter that is compact
and requires noise attenuation. These filters are applicable to the input or out-
put sides of the PE converters, although proper filter design is required for many
cases. In the design phase of a PE converter, the layout, topology, and parts se-
lection also impact the noise behavior [28]. EMI simulation is often performed
to optimize these design factors. For the switching control scheme, the switching
frequency directly affects the noise spectrum of a PE converter. Hence, lowering
or modulating the switching frequency facilitates a spectrum reduction [29]-[32].
For specific converters, such as three-phase inverters, the pulse width modula-
tion (PWM) control scheme can be modified to suppress the EMI noise [33], [34].
As a root cause of the conducted noise, the switching waveform determines the
noise signature in the frequency domain. Snubbers, gate drivers, and soft switch-
ing can be used to tune the dv/dt operation with some extent of flexibility [35]-
[38]. These solutions often have a trade-off between a switching power loss and
a lower EMI noise.

2.1.2 EMC Standards for PE Converters

EMC standards define terminology, rules, and test methods to ensure EMC. Tech-
nically, they specify limits and minimum test levels for electric and electromag-
netic emissions and the immunity of electronic products. For PE converters and
communication systems, manifold EMC standards have been published by the
International Electrotechnical Commission (IEC) and domestic organizations. Ta-
ble 2.2 provides a list of PE-related technical committees of the IEC. Each commit-
tee publishes and updates technical standards.
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TABLE 2.2: Power-electronics-related committees of the IEC

Committee number Content

TC1 Terminology

TC9 Electrical equipment and systems for railways
TC14 Power transformers

TC22 Power electronic systems and equipment
TC47 Semiconductor devices

TC47E Discrete semiconductor devices

TC77 Electromagnetic compatibility

TC77A Low frequency phenomena

TC77B High frequency phenomena

TC82 Solar photovoltaic energy systems

TC88 Wind turbines

TC105 Fuel cell technologies

2.2 Overview of the Controller Area Network (CAN)

2.2.1 Specification of the CAN Protocol

—— The Controller Area Network (CAN) is a serial communications protocol

which efficiently supports distributed realtime control with a very high level

of security. Its domain of application ranges from high speed networks to

low cost multiplex wiring. In automotive electronics, engine control units,

sensors, anti-skid-systems, etc. are connected using CAN with bit rates up
to 1 Mbit/s. At the same time it is cost effective to build into vehicle body
electronics, e.g. lamp clusters, electric windows etc. to replace the wiring
harness otherwise required. (CAN Specification, Bosch GmbH, 1991)

The CAN protocol was originally developed by Robert Bosch in the 1980s [39],
[40]. As of 2005, [9] estimated that the number of CAN nodes sold per year was
approximately 400 million for all the application fields. Compared with other

major serial communication protocols, CAN has advantages in robustness, error

detection, and low cost. Furthermore, a simplified configuration and low cost

have resulted in the adoption of CAN throughout automotive and automation

industries. Specifically, there are several variants of CAN protocol: CAN 2.0A,
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Node 1 Node 2 Node N
e N ™ e ™
Microcontroller | | Microcontroller Microcontroller
CAN controller | | CAN controller . CAN controller
Tx Rx Tx Rx Tx Rx
Transceiver Transceiver Transceiver
N J J N J
CANH
Ij 120 Q) CAN bus Ij
CANL

FIGURE 2.2: Configuration of the CAN system
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15V
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FIGURE 2.3: CAN bus state voltage

CAN 2.0B, and CAN FD. This thesis focuses on CAN 2.0B specified in CAN 2.0
part B that uses 29-bit identifiers.

Fig. 2.2 shows the configuration of a CAN system with multiple nodes. The
CAN employs a differential signaling technique to transmit signals. Accordingly,
the bus has CANH and CANL lines with termination resistors of 120 (). Each
CAN node consists of a transceiver, CAN controller, and microcontroller. The
transceiver is an interface to convert a differential signal of the CAN bus to a
logic signal. Fig. 2.3 shows the differential signal level of the CAN bus. The
transceiver drives recessive or dominant signals to the bus, and it also receives
the signals from the bus. The CAN controller processes data to and from the mi-
crocontroller based on the communication protocol. Thus, synchronization with
other nodes and signal sampling occur in the CAN controller. The microcon-
troller corresponds to the application layer of the system in which data transmis-
sion is required.
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As a practical overview, serial communication systems are primarily divided
into wired and wireless communication, and a wide variety of communication
protocols are available. For instance, Fig. 2.4 shows the list of major communi-
cation protocols for automobile applications. Each application system employs
the protocols depending on the required data rate and performance. For mission-
critical applications of the power train and safety ADAS, the applications often
employ the CAN communication protocol.

System Application Protocol Data rate
100k M 10M 100M 1G
CAN-B | RIREEN (bps]
Door, Seat, Lighting, 20k
Bady Air conditioner, HMI LIN I
CXPI | 20k
Engine, ABS, Stealing, [CAN-C - 125k-1M
Power-train Brake, Transmission,
etc. FlexRay - 2.5-10M
can I
Air bag, Collision CAN FD - -8M
sensor, Field
St LbE recognition, Cameras, FlexRay - 25-10M
Radars ByteFlight 10M
Ethernet from ¥
D2B 5.6M
Navigation, Audio, MOST g 245M 150M
Info-tainment RSE (Rear Seat
Entertainment) IDB1394 100-400M

Bluetooth ™

. Wire Optical Wireless

FIGURE 2.4: Communication protocols for automobile applications

2.2.2 EMI Solutions for CAN Communication Systems

While the CAN represents a robust communication system, and the EMI problem
has been a significant topic, only a few studies have addressed EMI on CAN com-
munication in practical systems [41]. Through experiments, [42], [43] reported
that a DC-DC converter can cause interference on a CAN communication. Ref-
erence [44] investigated the effects of EMI on CAN performance. According to
the study, the use of unshielded cables makes a bus more susceptible to noise and

undermines the communication performance.
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Fig. 2.5 depicts the block diagram of a transceiver (MCP2551, Microchip Tech-
nology, Inc.) as an example. Reference [45] focused on a transceiver as a key
component that determines EMI behavior in a CAN system. Theoretically,a CAN
bus has a symmetric impedance for the CANH and CANL lines, which results in
strong CM immunity. However, an impedance analysis indicated that the CAN
transceiver has an imbalanced impedance on the CANH and CANL ports. The
imbalanced impedance causes a skew and a mode conversion, which undermines

the communication performance.

E Vbb

TxD dominant | |Thermal

Vpp detect shutdown|
% Y
TxD @ - Driver1
> contro
| —
Rs [X] »| Slope | [Power- ' % CANH
control | |On reset

RxD [X]=

Vref E‘ Reference Receive

voltage 4‘\
g Vss

FIGURE 2.5: Block diagram of an MCP2551 CAN transceiver [46]
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For applications in which CAN systems operate, CM chokes and filters are
still a major solution [47]. Certainly, such additional components result in a cost
increase. To reduce costs, some semiconductor companies have developed low-
CM noise transceiver integrated circuits (ICs). According to [48], CM chokes can
be omitted by using transceivers that have low output CM noise. Similarly, in
2014, NXP Semiconductors announced that the new transceivers were officially
certified for automotive use by Volkswagen [49]. The new transceivers did not re-
quire additional CM chokes in the communication line. From these trends, while
many EMI products are available on the market, more cost-effective solutions are
still required.
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TABLE 2.3: Standardized EMC evaluation methods for transceivers

IEC62228 series Subject Status

Part 1 Generation and definition Published
Part 2 LIN transceivers Published
Part 3 CAN transceivers Published
Part 4 FlexRay transceivers In progress
Part 5 Ethernet transceivers Published
Part 6 CXPI transceivers Started
Part 7 PSI5 transceivers In progress
Part 8 SENT transceivers In progress

2.3 EMC Standards for CAN

In contrast to the EMC standards of PE converters, more efforts on immunity
evaluation methods have been implemented on the standardization of commu-
nication systems. Table 2.3 shows standardized EMC evaluation methods for
communication transceivers [50]. For instance, IEC62228-3 for CAN transceivers

is described as fol lows [51]:

—— This part of IEC 62228 specifies test and measurement methods for EMC
evaluation of CAN transceiver ICs under network condition. It defines test
configurations, test conditions, test signals, failure criteria, test procedures,
test setups and test boards. It is applicable for CAN standard transceivers,
CAN transceivers with partial networking functionality and CAN transceivers
with flexible data rate capability and covers

* the emission of RF disturbances,

* the immunity against RF disturbances,

e the immunity against impulses, and

* the immunity against electrostatic discharges (ESD).

Similarly, other parts of the IEC62228 series cover these topics. Under increas-
ing demand to ensure the functional safety and reliability of serial communica-
tion systems, IEC62228 has been developed for automotive applications [52].

Regarding the evaluation of noise immunity, several international standards
that specify the test procedure are available. ISO 7636-3 defines test methods to
evaluate the noise immunity of devices under test (DUTs) to transient pulses [53].

Figs. 2.6 and 2.7 show the measurement setup of the direct capacitive coupling
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100 mm

DUT excerciser
Power supply

1700 mm

FIGURE 2.6: Direct capacitor coupling (DCC) method for Fast Pulse
and Slow Pulse [54]

, Test harness

Power line

DUT exceciser
Injection probe

Battery

Power supply

FIGURE 2.7: Inductive coupling clamp (ICC) method [54]

and inductive coupling clamp methods. Via the coupling, the test pulses simulate
fast and slow transient disturbances.

As an example, Ford Motor Company published the EMC standard EMC-
CS-2009. The standard defines EMC requirements, test methods, and test proce-
dures for electrical/electronic components and subsystems for automotive use.
In particular, RI 130 and 150 define requirements regarding the coupled immu-
nity. Fig. 2.8 depicts the test fixture required to couple noise sources and DUT
circuit wire/wire pairs. These immunity tests are necessary to ensure a robust
operation of CAN communication. However, the measurement setups are not

suitable for developing EMC solutions at the application level because the noise
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FIGURE 2.8: RI 130/150 test fixture [55]

source and coupling mechanism would differ.

24 EM Disturbance on Communication Systems

Fundamental studies on the EM disturbance have been presented and are in-
creasing each year [44], [56]-[62]. Reference [29] investigated the effect of EMI
on a communication channel. The BER measurement clarified that the spread-
spectrum modulation scheme of a DC-DC converter significantly affects the er
ror rate. This also suggests that spread-spectrum modulation is not always effec-
tive for suppressing disturbances although it is capable of spectrum reduction.
Reference [56] conducted an experimental study of EMI on Ethernet communica-
tion. By injecting noise by driving a three-phase inverter nearby the Ethernet ca-
ble, the communication performance deteriorated and the data rate significantly

decreased as the noise pulse amplitude increased.

Although many attempts have been performed to investigate the EM distur-
bance on communication systems, only a few of them have focused on the solu-
tion based on the disturbance mechanism. In other words, a mainstream solution
to suppress the disturbance is applying EMI reduction techniques without testing

the effects on the victim.

Reference [59] proposed an electrical falsification method of CAN data. Poten-
tially, an adversary can tamper the CAN data by injecting pulses. To investigate
the effects of the injected pulses on CAN data, time-domain analysis is neces-
sary to unveil the mechanism. Hence, the authors measured the time-dependent

waveform of the communication signals to detect points at which an error occurs.
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Reference [63] addressed the EM disturbance caused by multiple DC-DC con-
verters. If the DC-DC converters operate asynchronously, the noise waveform
induced on the communication line changes with time. The authors considered a
superimposed noise waveform in the time-domain and they observed the critical
conditions that result in an error. Time-domain analysis is a key to understand-
ing the mechanism of the EM disturbance. Considering a PE converter and serial
communication, they are generally operated asynchronously and phase relation
varies depending on their operation frequency and scheme. Hence, an error oc-
casion can be detected only in the time domain.

2.5 Summary

This chapter has covered a literature review on EMI noise of PE converters, an
overview of CAN, EMC standards for CAN, and EM disturbance on communi-
cation systems. For the EMI noise of PE, with the advent of WBG power semi-
conductors, the conducted EMI noise from PE converters has been increasing and
will increase in the future. In this context, various solutions are available on the
market and subject to research. However, most of them aim to attenuate the con-
ducted noise, while the target of this research was the avoidance of time-based

noise.

Indeed, the CAN is a prevailing serial communication protocol in various ap-
plications. Correspondingly, EMI problems are of significant concern to realize
robust communication. Several standards that define the noise immunity test
procedure have been published. The test platforms almost always use a function
generator as a noise source and inject conducted noise into the CAN bus. The
test methods are suitable for evaluating the noise tolerance level on the same ring
with reference levels. However, for EMC solutions, the platforms are not appro-
priate because the noise waveform and pattern would differ from the practical

ones.

In these contexts, studies on the EM disturbance have been gaining interest
gradually. The studies commonly apply time-domain analysis to the systems in
which a PE converter causes an EM disturbance on the serial communication
system. Considering the mechanisms of the EM disturbance, in contrast to the
amplitude-domain, the time-domain may provide a path for new solutions.
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Chapter 3

Time-Domain Analysis of

Electromagnetic Disturbance on CAN

3.1 Introduction

This chapter presents a time-domain analysis of EM disturbance on CAN com-
munication caused by a buck converter. To understand the mechanism of a con-
ducted EMI noise emitted by a buck converter, we developed an experimental
platform called the noise injection system. The noise injection system consists
of a buck converter as the noise source and CAN communication system as the
noise victim. In addition to experimental analysis, a simulation model of the
noise injection system was developed. Regarding the modeling methodology,
two simulation models affecting the EMI noise are discussed:

¢ the stray impedance of electrolytic capacitor to be a noise propagation path

in a power electronic system

¢ the output impedance of a MOSFET to impact a noise waveform of the CAN

communication line

Compared with the simulation results, the experimental waveform of the noise
injection system revealed the noise propagation mechanism and how a commu-
nication error occurs. Furthermore, measuring the CAN error rate enabled us to
quantify the EM disturbance on the communication. The measurement results
indicated that the error rate strongly depends on the noise waveform induced by
the buck converter. In other words, the converter operation condition and other

experimental setups affect the error rate.
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3.2 Noise Injection System as an Experimental Plat-

form

Figs. 3.2—3.3 and Table 3.1 show the specification of a noise injection system con-
sisting of a buck converter and CAN bus. The noise injection system enabled us to
intentionally cause CM interference on the communication system and perform
EMI analysis. In this thesis, the term “noise injection system” refers to an inte-
grated system for intentional noise injection to a communication system and for
verifying EMI reduction methods. When designing the platform, various aspects
were considered to ensure high repeatability.

CANH and CANL line (UTP cable)

DC bus

FIGURE 3.1: Configuration of the EM coupled cables

FIGURE 3.2: Experimental setup of the noise injection system
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TABLE 3.1: Specification of the noise injection system

Symbol | Description

S SiC-MOSFET, CREE, C3M0065090D
D4, D, SiC Schottky diode, CREE, C3D20060D
Cpc1, Cpcz | 1800 uF, 400 V (Electrolytic capacitor)
Cs 5.1 uF (Film capacitors)

L 288 uH (Iron core inductor)

Rioad 20 Q) (Metal clad resistor)

Co 3200 uF, 1200 V (Electrolytic capacitor)

For the PE converter, the buck converter was used to generate a CM noise ow-
ing to a simple topology and versatility. In addition, the buck converter had an
embedded SiC MOSFET that realized a high-speed switching operation. Regard-
ing the CAN system, two nodes were required as a transmitter and a receiver,
respectively. Thus, the CAN bus had only two nodes that did not implement
EMI filters.

To integrate the buck converter and CAN system as an experimental plat-
form, stable EM coupling between the two was necessary. Generally, uncount-
able forms of EM coupling between an SMPS and communication system exist
in practical systems such as electric vehicles and industrial systems, and they
often complicate the EMI mechanism. The noise injection system exhibited pre-
dominant inductive coupling between the DC bus and communication cables,
inducing a CM noise in the communication line and resulting in an experimental
verification of high repeatability. The coupled cables were bundled close together
with a heat shrink tube and adjusted to a 1-m length (Fig. 3.1). This configuration
made the noise injection more repeatable because the coupling factors among the
cables were fixed stably.

The buck converter operated by switching a SiC MOSFET, which resulted in
emitting conducted CM noise. The heat sink was connected to the neutral point
of the DC link capacitors with a grounding cable. The converter operating con-
ditions were as follows: DC bus voltage of 100 V, switching frequency of 30 kHz,
and a constant switching duty ratio of 0.5.

The ohmic load was 20 ); hence, the average input current of the DC bus
was 1.25 A. In addition, the CAN bus connected two transceivers with CANH
and CANL lines, because the physical layer employed a differential signaling

method. The two transceivers had a ground point at the DC link and converter
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sides.

Although the CAN bus had an additional common ground wire, the absence
of a ground connection between the transceivers simplified the EMI analysis be-
cause the ground cable could have electromagnetic coupling with the other ca-
bles. The high-speed CAN defined by ISO 11898 specifies the use of a shielded
twisted pair (STP) or unshielded twisted pair (UTP) cable for the bus. Thus, the
CAN system implemented UTP cables for the bus, which made the EMI analysis
more straightforward than if STP cables were used. The CAN bus had termina-
tion resistors at both ends of cables because the CAN standard also requires a
cable with a nominal impedance of 120 Q.

3.3 Simulation Model of the Noise Injection System

A circuit simulation model of the noise injection system is shown in Fig. 3.4,
which was used to investigate the CM interference mechanism. In this study,
the simulation model employed 10 segments of a lumped-T model to simulate
the 1-m coupled cable. The lumped-T model is suitable for connecting with low-
impedance loads, such as the CAN termination resistors and DC coupling capac-
itors, to mask the effect of the shunt capacitance of the cable [64].

In addition to the extraction of the wire self-inductance and capacitive cou-
pling parameters through the use of an impedance analyzer (Keysight Technolo-
gies, E4990A), the estimated mutual inductance based on the physical structure
was uniformly divided by the number of segments, thereby providing the RLC
network parameters. According to the measured noise waveform in the CAN
bus, the maximum noise frequency was less than 50 MHz; hence, the target sim-
ulation frequency range was up to 50 MHz. According to the AC analysis of
the simulation model, the 10-segment model was reasonably accurate for simu-
lating the impedance characteristics. Mathematically, at least six segments were
required to simulate the resonance/anti-resonance frequencies of the cables. In-
creasing the number of segments as much as possible can increase the simulation

precision, but it also increases the simulation time.
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Most of the other components of the noise injection system, except the CAN
transceiver and some parasitic impedance, were determined using impedance
extraction through the use of an impedance analyzer and simple hand calcula-
tion. The values of the stray capacitances Cq; and Csp between the power devices
and heat sink and electromagnetic couplings among the DC bus and communica-
tion cables were derived using a mathematical estimation based on the physical
structure. The stray capacitance values of the power devices were estimated as-
suming parallel metal plates. For self-inductance and dumping resistors Rg; and
Rs2, the inductance value was estimated based on the cable length; furthermore,
the resistance value was derived from the dumping factor of a measured noise

waveform.

For the CAN transceiver model, shown in Fig. 3.5, the intrinsic impedance of
the transceiver IC impacted the noise propagation mechanism in the CAN bus
[65], [66]. Therefore, precise modeling of the transceiver was necessary to simu-
late the noise accurately. A measuring circuit was used to obtain the impedance
characteristics of the transceiver at power-on, and it consisted of DC-blocking ca-
pacitors (0.1-uF ceramic capacitors) and a voltage supply to keep the transceiver
IC active. The DC-blocking capacitors, which passed only AC components for the
measurement, were required because the CANH and CANL ports had a DC off-
set. According to the measured impedance curves, shown in Fig. 3.6, the ohmic
characteristic appeared under several kHz, and capacitive behavior was observed
in the higher frequency range. Additionally, the two impedance curves were not

congruent, which resulted in noise mode conversion.

MCP2551
CANH
I s
0.1 uF Rin
Impedance < 0.1 uF TURX
analyzer " i |_| 1 Ca I
1
CANL = Ry 1

FIGURE 3.5: Circuit diagram for describing impedance measure-
ment of the transceiver IC
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FIGURE 3.6: Measured and simulated impedance characteristics of
the transceiver IC

Since the error pulse in the Rx output results in EMI failure on CAN communi-
cations, CM noise current in the power earth cable should be reduced to avoid the
error pulse. Hence, it is important to specify the boundary where the error pulse
appears using the CM noise current in the CAN bus. The CM noise susceptibility
of the CAN transceiver was difficult to calculate based on the impedance curves
of the CANH and CANL ports since the transceiver IC also had a response delay
for an input signal. Therefore, it was better to obtain the threshold level based on
experiments. In this study, only the recessive-to-dominant error was studied be-
cause the dominant-to-recessive error is relatively EMI resistant, which has been
clarified through experimental studies. Fig. 3.7 shows the experimental setup
for injecting a CM current into the CAN transceiver IC. The function generator
was used to inject a sinusoidal current from 1 to 20 MHz by varying the current
amplitude in each frequency. To obtain a threshold level, we measured the CM
peak current in the CAN bus when a recessive-to-dominant error occurred in the
Rx output voltage, and the minimum value of the CM noise current was mea-
sured as a peak current. Thereby, the negative CM current was converted to a
positive DM noise since the CANH port impedance was smaller than the CANL
port impedance in the transceiver IC.

Fig. 3.7 shows the configuration of the measurement circuit for a CAN transceiver.
Fig. 3.8 shows that the measured threshold level depended on the frequency, and
the tolerable noise level decreased with frequency. Furthermore, the measured
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MCP2551
10 uF
|| CANH
, | |
TM[ |l CANL
10 uF
Function @ L 5
generator
[ URx
0

FIGURE 3.7: Configuration of the experimental system

threshold level was verified by plotting the CM peak current under the converter
operation, as depicted by the red dots in Fig. 3.8. Considering the noise mecha-
nism, the threshold level was also effective in revealing the correlation between
the converter operating condition and CAN errors. Under a converter input volt-
age higher than 60 V, the CM peak current exceeded the threshold level, and
CAN communication failure occurred. In contrast, when the CM peak current
was lower than the threshold level, no CAN errors were detected. Hence, for EMI
reduction on the CAN communication, a CM peak current should be suppressed
lower than the threshold level. These observations indicated that the transceiver

IC may cause a noise mode conversion owing to the unbalanced impedance.
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g 9
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g ® o ® o 0 ¢ g o 0 o
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0 10 20
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FIGURE 3.8: Measured threshold level of icy - peak
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3.4 Modeling Methodologies: Parasitic Impedance of

Capacitor

3.4.1 Introduction

Conducted noise commonly propagates through a parasitic and stray impedance
that exists unintentionally [62], [67]. The unintentional impedance often results
from the physical structure of the circuit and components. Often, the impedance
can be suppressed by modifying the structure, such as decreasing the proximity
and shielding, which results in noise reduction. For instance, [68] presented a
method of canceling the parasitic capacitance of a three-phase CM inductor. In
addition to passive components, power devices also have structural problems
such as parasitic capacitance between a semiconductor die and package base-
plate [69]. Understanding such parasitic impedances is important for simulation

modeling and EMI reduction.

Electrolytic capacitors have a key role in PE converters, particularly to smooth
a DC bus voltage [70]. However, owing to the size of the package, an electrolytic
capacitor has a parasitic capacitance to the grounding frame and other compo-
nents. For example, for electrolytic capacitors of railway applications, IEC 61881-
2 specifies quality, test, and safety requirements and describes installation and
operation information [71]. Based on the standard, metal packages of an elec-
trolytic capacitor must be grounded to a chassis to fix the electrical potential of the
package and pass through an accident current. Similarly, electrolytic capacitors
are fixed to a grounded chassis using a metal clamp in many scenarios. Thus, an
electrolytic capacitor often has a parasitic capacitance between the package and
chassis. The parasitic capacitance may feed a CM noise current, which perhaps
results in amplifying the noise. Therefore, this section presents an experimental
study to investigate the effects of the parasitic capacitance and develop an EMI

simulation modeling method.

3.4.2 Measurement of Conducted Noise Emission

Table 3.3 shows the specifications of the electrolytic capacitors under test. In this
research, two electrolytic capacitors were used for the experimental studies. The
DUTs had a different structure although the rating capacitance and size were the
same. In the aluminum container of the standard type, the outermost layer of the

electrolytic capacitor was connected to the aluminum container by an impedance
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derived from an electrolyte and oxide film [72]. For the heat dissipation type, the
top side of the cathode foil was connected to the aluminum container to make the
cathode and aluminum case thermally conductive.

TABLE 3.3: Specification of the electrolytic capacitors

DUT 1 2
Type Standard Heat dissipation
Rating voltage 450 V 450 V
Nominal capacitance ~ 630 uF 630 uF
Size $35 x 50L ¢35 x 50L
Outer sleeve PET PET

L

MY

_‘ffh iDz iD3 4€|§>

Ci=>= C=—

ADs XDs X Ds 46'?)

LISN

1
Gate driver

i — = Cigr== Cstray

FIGURE 3.9: Configuration of the experimental system

Fig. 3.9 shows the configuration of the experimental system. A buck converter
that included the DUT as the output capacitor was used in the experiments to test
the impact of a parasitic impedance of the electrolytic capacitor. The three-phase
diode rectifier circuit (D; to Dg) was embedded in the input side of the converter,
and two IGBTs (FGW30N60VD) were used as switching devices. Additionally,
snubber capacitors (C;, C;) were connected in parallel. The smoothing inductor
L at the output side was 450 yH, and the load resistance R was 47 ().
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FIGURE 3.11: Grounding of the capacitor clamp

Fig. 3.10 shows the experimental setup, and Fig. 3.11 shows a connection be-
tween the capacitor clamp and heatsink. The electrolytic capacitor was mounted
on the circuit board for high-repeatable measurements since the physical distance
with other devices affected the parasitic impedance. The EMI filter (HF2030AUPE,
Soshin) enabled the effects of noise from the DC power supply to be minimized,
and the gate drive circuit fed the power from a 9 V battery to suppress the influ-

ence of external noise as much as possible. In addition, a metal-clad resistor was



36 Chapter 3. Time-Domain Analysis of Electromagnetic Disturbance on CAN

used as the load because of the better impedance characteristics compared with
other types such as carbon films. The operating condition of the buck converter
was an input voltage of 100 V, switching frequency of 25 kHz, and switching time
ratio of 50%. The conducted noise voltage in the frequency domain was measured

under the following conditions:
¢ Condition A: Heat dissipation type (DUT 2) with a grounded clamp
¢ Condition B: Standard type (DUT 1) with the grounded clamp
¢ Condition C: Standard type (DUT 1) without floating the clamp

By feeding DC power at the input port of the buck converter, diodes D, to
Ds were constantly turned off. Furthermore, owing to the dependency of the
stray capacitance between the electrolytic capacitor and capacitor clamp on the
tightness of the capacitor clamp, the same type of capacitor band was attached to
each capacitor and never adjusted until the measurement was completed. A line
impedance stabilization network (LISN) (KNW-403D, Kyoritsu Electronics) and
a spectrum analyzer (ESR Test Receiver, Rode and Shwarz) were used to mea-
sure the peak spectrum measurement to measure the conducted noise emission.
KNW-403D is a V-type LISN and can measure the noise terminal voltage sepa-

rately for differential and common modes.

Figs. 3.12 and 3.13 show the measurement results of the noise terminal volt-
age. The measurement results confirmed that both the CM and DM noises in-
creased when the capacitor clamp was grounded. In particular, the CM noise
increased in almost all frequency bands. In the high-frequency band, the increase
in the noise terminal voltage for both CM and DM was remarkable. In addition,
the increase amount was larger for the heat dissipation structure than for the
standard structure. The reason for this was considered to be that the impedance
from the cathode to the capacitor clamp reduced because the cathode was directly

connected to the aluminum container.
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FIGURE 3.12: Measured asymmetrical noise spectrum

80

Sym [dBuV]
B
)

20
0.15 1.5 15

Frequency [MHz]

FIGURE 3.13: Measured symmetrical noise spectrum
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3.4.3 Mechanism of Leakage Current through a Capacitor Clamp

An equivalent circuit of the electrolytic capacitor, including the capacitor clamp,
is discussed here to establish a modeling approach and understand the EMI mech-
anism. To achieve this objective, this section presents a simple equivalent cir-
cuit that is easy to understand and enables rapid simulation, rather than a high-
precision equivalent circuit that considers the chemical characteristics of the elec-
trolytic capacitor.

Cathode foil
Element
Container o
Sleeve
Capacitor clamp
Aluminum tab (2 ' ( ' ' (
| 's | I 's
(a) Standard structure (b) Heat dissipation structure

FIGURE 3.14: Cross-sectional view of the electrolytic capacitor

Figs. 3.14 (a) and (b) show a cross-sectional view of the electrolytic capacitor.
When a metal capacitor clamp was attached to the electrolytic capacitor, a stray
capacitance was formed between the metal container of the electrolytic capaci-
tor and the capacitor clamp. The value of the floating capacitance depended on
the thickness of the outer sleeve, dielectric constant of the sleeve, and tightness
of the capacitor clamp. For an electrolytic capacitor with a standard structure, a
relatively large resistance component is generally considered to exist between the
outermost layer of the element and the container; therefore, it can be expressed as
a series circuit of stray capacitance and resistance. For the heat dissipation struc-
ture, part of the cathode foil was in contact with the metal container. The above
indicates that a simple equivalent circuit for both structures can be expressed by
using a series circuit of stray capacitance and parasitic resistance.

Fig. 3.19 shows the simulation model of the experimental system with the
grounded capacitor clamp. Since all the elements were considered ideal elements

in the circuit simulation, it was necessary to make a simple equivalent circuit for
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each component. Several reports have shown that the simulation accuracy is im-
proved by using simple equivalent circuits, and this is considered to be appropri-
ate under several MHz simulations [73], [74]. Parasitic inductance was also con-
sidered for the wiring structures such as the DC bus. For the values of each ele-
ment, the parameters were calculated by fitting them to the impedance frequency
characteristics measured using an impedance analyzer (E4990A, Keysight).

Figs. 3.15 and 3.16 show the measured cathode voltage and leak current via
the capacitor clamp. A high-frequency current was generated when the cath-
ode voltage of the electrolytic capacitor changed rapidly in both turn-on and
turn-off conditions. Additionally, more high-frequency current was generated
during turn-on when the change was more rapid. This was because the high-
speed switching operation induced a resonance current in many resonance paths.
Therefore, when the cathode-to-ground voltage changed rapidly, the high-frequency
current increased. This can be observed in Figs. 3.15 and 3.16, where the turn-on

time, when the switching was relatively fast, was larger than the turn-off time.
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FIGURE 3.17: Simulation differential-mode noise spectrum
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FIGURE 3.18: Simulation common-mode noise spectrum
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3.4.4 Suppression of the Leakage Current

The parasitic capacitance should be reduced to suppress the leakage current. As-
suming the dielectric constant of the capacitor sleeve is ¢, the stray capacitance
(Cs) can be expressed by the following equation:

S
Ce = = 3.1
s =& 3.1)
where d is the thickness of the sleeve, and S is the contact area. To reduce Cg,
d should be made thicker. In this study, the sleeve was made thicker by wrapping
a common vinyl tape around the outside of the capacitor sleeve. The thickness of

the wrapping was approximately 1 mm.

Figs. 3.21 and 3.22 show the measured conducted noise spectrum with and
without taping. In both results, the noise terminal voltage was reduced in almost
all frequency bands. For more EMI reduction, non-conductive materials can be
used for the clamp. For instance, nylon-made clamps are available on the market,
although they have limited thermal conductivity.

FIGURE 3.20: Picture of an electrolytic capacitor with taping
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FIGURE 3.21: Simulation common-mode noise spectrum
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FIGURE 3.22: Simulation common-mode noise spectrum
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3.5 Modeling Methodologies: OFF-State Impedance
of MOSFET

3.5.1 Introduction

The high-speed switching of power semiconductors is a key factor toward next-
generation power converters [75]. For instance, WBG power devices, including
SiC MOSFETs and GaNFETs, have the potential to achieve higher speed switch-
ing compared with conventional Si MOSFETs. However, a high dv/dt switching
often causes a switching oscillation [76]. Negative aspects of switching oscilla-
tion primarily include power loss, voltage overshoot, and EMI noise. Hence, it is
necessary to understand the switching oscillation mechanism to introduce theo-

retical guidelines in oscillation suppression.

In this context, MOSFET simulation models have been receiving increasing in-
terest to understand the oscillation mechanism or predict oscillation waveforms.
Conventional simulation models primarily consist of on-resistance, parasitic ca-
pacitance, and wiring inductance, which are added to an ideal switch [77]-[79].
However, the models do not consider the Ryss of MOSFETs when simulating an
oscillation waveform, although it affects the oscillation waveform. The Ryss of a
MOSEFET is defined as an equivalent series resistance of output capacitance (Coss)
that impacts on power loss during a switching transient [80], [81]. Moreover,
MOSFET datasheets commonly do not indicate the parameter, and only a few
application notes mention Ryss [82], [83]. Thus, the impact of Ross on a switching

oscillation is still unclear and requires further investigation.

This section presents a MOSFET model including Rss and quantifies the im-
pact on a damped oscillation waveform experimentally. After a characterization
of the Ryss value using an impedance analyzer, the proposed MOSFET model was
used to create a buck converter simulation model. Subsequently, a comparison
between simulation and experimental waveform revealed the impact of Ross On a
switching oscillation waveform and validated the proposed MOSFET simulation
model. For the experimentation, two MOSFETs were implemented into identi-
cal buck converters, respectively, and a dedicated test setup enabled a switching
oscillation waveform without disturbance to be obtained, resulting from electro-
magnetic couplings. Finally, a comparison of the waveform and damping factor

quantified the impact of Ryss on the oscillation waveform. The damping factor
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comparison indicated that the proposed simulation model suppressed deviation

by 87% at maximum.

3.5.2 Proposed MOSFET Simulation Model with R

TABLE 3.4: MOSFET Specification

Device Type Manufacturer Specification

DUT A C2M0280120D SiC MOSFET CREE, Inc. 1200V, 10A, 0.28 O
DUTB C2M0080120D SiC MOSFET CREE, Inc. 1200V, 36A, 0.08 ()

Table 3.4 lists the specifications of the MOSFETs for the simulation and experi-
mentation. Fig. 3.23 shows a conventional and the proposed MOSFET models
to simulate a turn-off switching oscillation. The proposed model included Ross
in parallel with an ideal switch that synchronizes with the on/off states of the
MOSFET because Ross only affects the off state. For Cgs, ng, and Cgs, a CV curve
analyzer (CS-603A, IWATSU) was used to characterize Ciss, Coss, and Ciss, and
enable each capacitance to be calculated using the following equations:

Ciss = Cgs + ng/ Coss = Cgs + ng/ Crss = ng (3.2)
Drain
Drain Lg
L4
Ceq Ideal switch \L Ross
Ced
. g
Gate = Cas I
= _L
Gate q = Cs
Cgs
L I
Cgs
Source Ls
Source
(A) Conventional (B) Proposed

FIGURE 3.23: MOSFET simulation model
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FIGURE 3.24: Ryss measurement setup

Fig. 3.24 shows the Ryss measurement setup. Figs. 3.27 and 3.28 show the
measured R,ss characteristics of devices A and B. Several methods can be used
to measure and model the Rq,ss or Coss loss of a MOSFET [80], [81], [84]. Ross
was measured using an impedance analyzer (E4990A, Keysight), which meant
a small-signal measurement. Regarding the measurement setup, the gate- and
source-terminal of the MOSFET were connected directly through soldering to
maintain an off-state. Using a function of the impedance analyzer, Rqss curves
were obtained under a DC bias voltage in the range from 10 to 40 V. The fre-
quency sweep started from 100 kHz and stopped at 50 MHz.

The measured results indicated that the Ryss curves depended on frequency
rather than a bias voltage. For the simulation model, a Ross value was extracted at
the resonant frequency of an oscillation waveform. If the switching oscillation is
not constant, the Ryss should be modeled as a frequency-dependent component,
which can be realized by using a function of circuit simulator or modeling in the
form of an equivalent circuit. However, for simplification, this thesis presents
results simulated using PSIM (Powersim, Inc.) software under the assumption

that the oscillation switching was constant.
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FIGURE 3.28: Measured R, of DUT B

3.5.3 Mechanism of Damped Switching Oscillation

Fig. 3.29 shows a simulation model of the buck converter for experimental stud-

ies. The buck converter consisted of a MOSFET, a freewheeling diode, an exter-

nal inductor L, and an input capacitor Ci, mounted on the main circuit board
(KIT8020CRDSFF 1217P-1, CREE, Inc.). The input capacitor Ci, with Li, and R,
represents multiple film capacitors for model simplification. For the DUT of the

simulation model, conventional and proposed MOSFET models (Fig. 3.23) were

used to compare the effect of Ross.
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FIGURE 3.29: Simulation model of the buck converter

TABLE 3.5: Parameters for the simulation model

Symbol Value | Symbol Value | Symbol Value

Vbe 120V | Ly 6.93nH | R4 96.4 m0*3/94.7 mO)*P
Rin 32mQO | L 173nH | R, 105 mQ*2 /102 mQ*®
Cin 512 uF | L3 6.19nH | R3 93.5 m0)*2/91.0 mQO)*®
Lin 78nF | Lg 9nH Rout 300

L 182 uH | Ls 9 nH Ross 240/09 QP

*a for DUT A, *b for DUT B

Table 3.5 presents the parameter list of the simulation model. According to
prior studies, there are two types of switching oscillations: damped and un-
damped [85]. This study focused on the damped oscillation in a turn-off process
to investigate the damping effect of the Rss of a MOSFET. The damped oscillation
phenomenon is commonly due to an RLC resonance caused by a switching tran-
sient. In Fig. 3.29, the dotted line represents a primary oscillation current path.
Parasitic impedance in the current path, such as wiring inductance and parasitic
capacitance of a MOSFET, determines the damped oscillation waveform. Accord-
ingly, the simulation model of the buck converter included the main parasitic pa-
rameters extracted by the impedance analyzer. Since the resonant frequency of
a turn-off switching oscillation was 23 MHz for DUT A and 19 MHz for DUT B,
the Ross values of the MOSFET model were set to 2.4 () and 0.9 (), respectively.
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Regarding the wiring resistances Rj, Ry, and R3, each resistance value was ex-
tracted at the resonance frequency of oscillation waveform, which was given by

a measured waveform, to consider the conductor skin effect.

3.5.4 Experimental Verification of the Proposed MOSFET Model

il

FIGURE 3.30: Measurement setup

Fig. 3.30 shows the experimental setup of the buck converter in a shielded room
for a lower EMI environment. Measuring a switching oscillation waveform re-
quires careful attention to the probe setup [86]. A differential probe (Bumblebee,
400 MHz, PMK), which has a high CM rejection ratio, was used to avoid dis-
torting the oscillation waveform. It was directly connected to the leads of the
MOSEFET. For the operating condition of the buck converter, the switching fre-
quency was 50 kHz, and the duty ratio was 0.3. The input voltage (Vpc) was set
to 120 V. For the experimentation of DUTs A and B, the two buck converters had

an identical configuration.

Figs. 3.31 and 3.32 show damped oscillation waveforms to compare the sim-
ulation and measurement results. For the simulation waveform without the Rgsg
of the MOSFET, the waveform amplitude had a noticeable deviation in the os-
cillation amplitude compared with the experimental waveform. In contrast, for
the proposed model, the oscillation simulation was in better agreement with the

measured waveform.



52 Chapter 3. Time-Domain Analysis of Electromagnetic Disturbance on CAN

TABLE 3.6: Damping factor comparison

DUT A DUT B
Vpce \ 40V 80V 120V \ 40V 80V 120V
Simulation w/0o Regs | 0.05 0.05 0.05 | 0.07 0.07 0.07
Experiment 019 019 020 | 0.15 0.15 0.15
Proposed model 023 021 022|016 014 0.14

Table 3.6 lists the damping factors that were calculated from the positive side
envelope of the oscillation. In addition to the measurement conditions of Figs.
3.31 and 3.32, Vpc was also set to 40 and 80 V to compare the damping factor un-
der several oscillation amplitudes. For the calculation, logarithmic decrements
obtained using ten peaks of an oscillation waveform were used to quantify the
damping factor. As observed in the waveform comparison, regardless of the Vpc
value, the simulation results of the proposed model were in better agreement
with the measured ones compared with the simulation model without Ress. Par-
ticularly for DUT A at 120 V, compared with the simulation without Rss, the
proposed model suppressed the deviation with the experiment to 0.02, which
was equivalent to an 87% error reduction. Therefore, the proposed simulation
model was validated and feasible for simulating a damped oscillation waveform.
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FIGURE 3.31: Turn-off oscillation waveform of DUT A
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3.6 Comparison of Simulation and Experiment Wave-

forms

The measured and simulated waveforms of the noise injection system were com-
pared to validate the simulation model of the noise injection system and inves-
tigate the EMI mechanism. Figs. 3.33 (a)-(e) and 3.34 (a)-(e) show the waveform
comparisons between the measurement and simulation, respectively, during a
switching action of the converter MOSFET. A conducted noise appeared in the
CAN bus owing to the switching action of the converter MOSFET and diodes.
Thus, the waveform comparisons were confined to a switching transient of the
converter MOSFET. The drain—source voltage of the MOSFET, CM current of the
ground line, induced noise of the CAN bus, DM noise in the communication line,
and receiver (Rx) output signal of the transceiver were measured with an oscil-
loscope (Teledyne Lecroy, WaveRunner 8254-MS). Figs. 3.4 and 3.5 indicate all
the measurement points. For the DM noise in the communication line, only the
simulated waveforms are shown because a passive/active probe for measuring
the voltage would change the impedance of the communication line and skew

the waveforms.

For the CM current of the ground line, as shown in Figs. 3.33 (b) and 3.34 (b),
a damped oscillation occurred with the converter switching transition observed
in Figs. 3.33 (a) and 3.34 (a). This oscillation occurred because the CM voltage
fluctuation of the converter caused a resonance current in the CM noise loop; the
resonance frequency depended on the parasitic impedance of the loop [3], [87].
Thus, as shown in Figs. 3.33 (c) and 3.34 (c), a ringing waveform also appeared
in the CAN bus, and the ringing frequency was identical to that of the ringing
noise of the ground line. The ringing noise flowed into the transceiver as CM
noise. Subsequently, the CM noise was converted to a DM noise Figs. 3.33 (d)
and 3.34 (d). According to the Rx output signal of the transceiver shown in Figs.
3.33 (e) and 3.34 (e), logical flips corresponding to the “dominant” state of the
communication line occurred simultaneously with the ringing noise. In the ex-
perimental condition, the CAN controller maintained a “recessive” signal state,
which corresponded to 5 V of the Rx output. In other words, the logical flips
resulted in transmitting error signals because the receiver read them as different
data from the original. In other words, the logical flips of Rx output occurred
with the switching transient of the converter MOSFET.
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Rx output signal of the transceiver
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As a further concern, assuming that the CANH and CANL ports of the transceiver
and the communication cables have balanced impedance characteristics, a CAN
has a strong immunity to CM noise in a communication line because it employs
a differential signaling method. However, practically, the transceiver has an in-
trinsic impedance and it is unbalanced at the induced CM noise frequency (Fig.
3.6). In contrast, the impedance of the communication cables, which was mea-
sured as shown in Fig. 3.35, is almost balanced at the noise frequency (Fig. 3.36).
The CM noise is partly converted to DM noise and may affect the communication
signal, which is called the “mode-conversion” phenomenon [88], and results in

communication failure.
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3.7 Time-Domain Analysis of the CAN Error Mecha-

nism

o , . .
|CAN Rx output ¢ Sample point

BI@I  Data 00h

@ 2.00 ¥ J[20,0us 2,5068/5‘ G start of ][ 25 Jun 2018J
10M points Frame 16:20:11
(A)
Tekprevu [ ——————— 11 —_——
f : 3 : : : ¢ Sample point
CAN Rxoutput o o o . . ,re N p N p """"""
; , ; : ] Logical flips: |
L : . °

- Decode statu : : :
[N CAN " Data: 00h e Data: 10h — “Data; 00h

: : : : I Faise daté due tO a bit érrOr

) 20.0ps 2.5065/s G start of 25 Jun 2018
10M points Frame 16:16:21

FIGURE 3.37: Measured CAN Rx output under operation of the
buck converter and decoded signal state: (a) Without bit error, (b)
captured bit error

In addition to discovering how the logical flips occur, the CAN error mechanism
should be investigated. The Tx node transmits units of a bit array, and the re-
ceiver reads bit logic samples a single point per bit. Generally, the sample point
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is located from 60% to 80% of the bit time length; the sampling timing varies
slightly with each bit depending on the communication signal. Therefore, CAN
errors occur when the logical flips coincide with a sample point.

Fig. 3.37 shows the measured Rx output of the transceiver under the oper-
ation of the converter and its decoded data. To verify the EMI mechanism ex-
perimentally, we measured the Rx output signal with an oscilloscope (Tektronics,
MDQO3054), which had a decode function enabling it to capture the bit logic. Dur-
ing the measurement with the noise injection system, the buck converter operated
at a constant switching frequency and duty ratio (30 kHz, 0.5), and the CAN sys-
tem repeatedly transmitted data frames containing identical data. Capturing the
same segment of the data frame enabled the acquisition of the normal and error
signal waveforms because switching noise randomly spiked in the communica-
tion signal. When no error occurred, all the bytes indicated “00h,” referring to
the decoded data (Fig. 3.37 (a)). This corresponded to the transmitter (Tx) node
sending 8 bits of “00h.” However, according to Fig. 3.37 (b), the middle byte in-
dicated “10h,” where the original byte was “00h.” This result occurred because
the logical flips occurred coincidentally with a CAN sample point, and the error
bit was read by the Rx node. Generally, a bit error causes the Rx node to detect

communication failure and degrades the communication speed and reliability.

3.8 CAN Error Rate Evaluation

3.8.1 Bit Error Rate

The BER is an index used to evaluate the robustness of serial communication [89],
[90]. If the number of bits transmitted in a communication system is Ni and the
number of bits that cannot be received normally is Nerror, the BER is calculated

using Equation 3.3.

BER = Nerror - 100 (3.3)
Ntx

In the CAN standard defined in ISO11898, the signal level of the bus is read at

the sample point set by the arbitrary bit timing. As a result of the verification de-

scribed in the previous section, if a logic inversion caused by noise voltage is read

at the CAN sample point, an error state different from the original transmission

signal will occur. In addition, the CAN protocol detects bit errors, staff errors,
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cyclic-redundancy-check (CRC) errors, form errors, and acknowledgment (ACK)
errors, and transmits error flags and increments the error counter. Therefore,
when measuring the FLR and other parameters with the CAN protocol applied,
it is difficult to ensure reproducibility because the measured values vary depend-
ing on the type of error that occurs and the timing. To solve this problem, we
have developed a system that can measure the BER using only the physical layer
without applying a communication protocol. Fig. 3.38 shows the configuration
of the BER measurement system. Although ITU Recommendation O.150 recom-
mends measuring the BER using a pseudo-random pattern, this study used the
standard pattern (1010...) for simplicity. A microcontroller (RX62T, Renesas) was
used to measure the BER and generate the test pattern, and a PWM module was
used to generate the test pattern and output it to the Tx port. We also sampled the
Rx port signal at any bit timing and compared the logic value with the original
signal sent to detect bit errors. In this study, a square wave of 62.5 kHz, which
corresponded to a baud rate of 125 kbps, was output by the PWM module, and
the BER for 10 s was measured. The sample point was set at 70% of the bit width.
In addition, the measured BER was evaluated using the confidence level (CL).
Using the bit rate and measurement time (T), the CL satisfies the relationship in
Equation 3.4.

_ —In(1-CL)

 bitrate * BER (34)

To understand the trend of the BER depending on the operating conditions
of the buck converter, we measured the BER when the load current and switch-
ing frequency were changed. The load current was measured by adjusting the
pseudo-resistance value of the electronic load. The switching frequency was mea-
sured by changing the frequency of the square wave with the function generator
that generated the gate drive signal. We also verified how the bit error changes
depending on the distance between the power cable and communication line. In
this verification, the DC input voltage of the buck converter was assumed to be
constant at 100 V.

TABLE 3.7: BER dependency of the load current

Load current [A] ‘ 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Bit error rate ‘16.3% 16.3% 184% 19.4% 21.5% 22.4% 23.5%
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Table 3.7 shows the transition of the BER against the load current of the buck
converter. The switching frequency of the buck converter was set to 100 kHz,
and the switching duty ratio was set to 0.5. The measurement results indicated
that the BER tended to increase as the load current increased. This was because
the switching speed of the MOSFET in the buck converter increased as the load
current increased, and the amplitude of the noise voltage induced in the commu-
nication line increased. The switching transient was not only caused by the load
current, but also by the gate resistance of the MOSFET and the characteristics of

the device.
TABLE 3.8: BER dependency of the switching frequency
Switching frequency [kHz] ‘ 50 60 70 80 90 100
Bit error rate ‘ 19.7% 229% 16.0% 19.1% 16.0% 18.6%

Table 3.8 shows the transition of the BER against the switching frequency of
the buck converter. The operating conditions of the buck converter were a load
current of 3.0 A and a constant switching duty ratio of 0.5. The BER changed
irregularly as the switching frequency increased. The error rate was particularly
large under a switching frequency of 60 kHz. This was considered to be because
the frequency was close to the baud rate of the CAN communication signal (125
kbps, 62.5 kHz), and thus repetitive errors were more likely to occur.

TABLE 3.9: BER dependency of the cable distance

Cable distance [cm] ‘ 5.0 6.0 7.0 8.0 9.0 10
Bit error rate ‘20.8% 18.3% 15.7% 13.1% 11.0% 8.3%

Table 3.9 shows the transition of the BER against the distance between the
power cable and communication line. The operating conditions of the buck con-
verter were assumed to be a switching frequency of 50 kHz and a constant load
current of 3.0 A. As the distance between the power cable and communication
line increased, the electrostatic and magnetic couplings between the cables de-
creased. Therefore, the BER tended to decrease as the distance between the cables
increased.
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FIGURE 3.38: Configuration of the bit error rate tester

The CL of the measured BER values was calculated, and they were all con-
firmed to be above 0.999, which was sufficiently accurate. These verification re-
sults confirmed that the electromagnetic disturbance that occurs in CAN commu-
nication depends on the operating conditions of the buck converter and setup of
the circuit.

3.8.2 Measurement of Application Level Error

The CAN communication process occurs by transmitting data frames at a con-
stant interval. When the EMI noise of a buck converter produces critical error
signals in a CAN data frame, the frame fails to transmit its data, which is known

as frame loss.

Frame losses occur when a noise voltage is induced in a CAN communication
line and error pulses appear in the signal output. Hence, CAN errors were ob-
served using a serial bus analysis under the operation of a buck converter. The
serial bus analysis was performed by varying the input voltage of buck converter
Vin in the range of 0-200 V using a serial bus analyzer (MDO3054, Tektronix,
Inc.). The transmitting CAN node continuously transmitted data frames to the
receiving node at 125 kbps. The frame interval was set at 50 ms and measure-
ment was performed for 2.0 s. The measured errors were classified as CRC, data,
end-of-frame (EOF), and frame errors, which were detected using the respective

functions of the serial bus analyzer.
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FIGURE 3.39: Measurement result of the serial bus analysis

Fig. 3.39 shows the results of serial bus analysis in the Vi, range of 0-200 V. The
results indicated that the overall number of errors gradually increased as Vi, and
the time width of the error signal increased. The measurement results indicated
that the number of CAN errors was proportional to the total time width of the

error signals during one switching period of the buck converter.

Many papers have reported that the noise level expressed by a frequency com-
ponent is reduced by applying spread-spectrum modulation to a switching con-
verter. If the switching frequency of the power converter is kept constant, the EMI
noise caused by the power converter tends to occur at some specific frequency
with a relatively high noise peak. In contrast, when spread-spectrum modulation
is applied, the EMI noise is distributed to a wide frequency range, and the noise

peak at a specific frequency is reduced.

However, it is unclear whether the spread-spectrum modulation realizes ef-
fective EMI mitigation in CAN communication because the voltage or current
amplitude of switching noise is not reduced and the timing of switching noise is
diffused. In other words, the CAN frame error caused by switching noise may
not be reduced even if spread-spectrum modulation is applied to a switching
converter because the average number of switching noises per switching period
is still the same as that in the constant switching frequency operation. Hence,
spread-spectrum modulation is seemingly not effective for improving CAN com-

munication performance.

To verify the effectiveness of the spread-spectrum technique for improving the
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performance of CAN communication, we applied frequency-modulation control
to a buck converter in the noise injection system. In this study, the triangular
modulation method was employed to incorporate its simplicity into the system
[31]. The switching frequency of the buck converter was linearly modulated in
the range of 20-50 kHz in a 1.5-ms cycle (Fig. 3.40).
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FIGURE 3.41: Measurement setup of the near magnetic field

The measurement setup is shown in Fig. 3.41. The vertical near-magnetic field
at the center of the DC bus line was measured using a spectrum analyzer with a
10-mm loop antenna probe. The measurement frequency range was 10-100 MHz
to observe the spectral characteristic of the parasitic-oscillation current in the DC
bus. Fig. 3.42 shows the measurement result of the near-magnetic field of the DC
bus line. The result indicated that frequency-modulation control reduced the EMI
noise of a buck converter in the frequency domain compared with constant fre-
quency operation at 35 kHz, which was the center frequency of spread-spectrum

modulation.
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FIGURE 3.42: Measurement result of vertical near-magnetic field at
the center of the DC bus

Serial bus analysis was performed while applying frequency modulation con-
trol to the buck converter under the same operating condition as the measure-
ment of near-magnetic field. Several switching frequencies were used in the
range of 20-35 kHz at constant frequency switching conditions for comparison
with the frequency modulating condition.
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FIGURE 3.43: Measurement result of the serial bus analysis with the
switching frequency modulation

As shown in Fig. 3.43, for the constant switching frequency, the number of
CAN errors varied depending on the switching frequency. The probability of
the switching timing and CAN sample timing coinciding was considered to de-

pend on the switching frequency. In contrast, CAN errors were not sufficiently
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mitigated compared with those under constant switching frequency conditions
even when frequency modulation was applied to the buck converter. The fre-
quency modulation method was expected to diffuse the switching timing of the
converter, but the probability of both timings coinciding could not be consistently
reduced; it occasionally increased or fortunately decreased depending on the fre-
quency modulating conditions. The results indicated that the spread-spectrum
modulation technique is not a promising method of improving the robustness of

the CAN communication line against the EMI noise of a power converter.

3.9 Summary

This chapter describes the noise injection system as an experimental platform and
time-domain analysis to study the CAN error mechanism in detail. The noise in-
jection system consisted of a buck converter and a CAN bus with two nodes. The
system achieved experimentation with high repeatability. The following were the
key findings of the experimental study with the noise injection system:

e the buck converter induces a CM conducted noise into the communication

cable at a switching timing

¢ the CM conducted noise is converted to a DM noise owing to impedance

imbalance of the differential communication line
¢ the terminals of the transceiver have an unbalanced impedance
¢ the DM conducted noise flowing into the transceiver cause logical flips
¢ if the logical flip coincides with a CAN sample, a bit error would occur

Furthermore, the noise simulation verified the above items through waveform
comparisons. In particular, for modeling methodologies, OFF-state impedance of
MOSFET and stray impedance of electrolytic capacitor affect the conducted noise
waveform. Accordingly, simplified models are proposed and they realize accu-
rate estimation of the conducted noise. Additionally, the CAN error evaluation
enables us to quantify the EM disturbance on communication. The BER mea-
surement reflects the events on the physical layer directly. Moreover, serial bus
analysis is a more application-level evaluation. Owing to these characteristics,
the experimental results can aid in determining the parameters that influence the

number of error events.
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Chapter 4

Time Series Control of Active Gate

Driver

41 Introduction

This chapter describes experimental studies on the time series control of the con-
verter switching speed to suppress the EM disturbance on CAN. As mentioned
earlier, switching waveforms of power semiconductor devices affect the noise
emission level. Accordingly, an AGD is a strong candidate technique for control-
ling the noise emission level by changing the switching waveform. The AGD can
control voltage and current slopes of power semiconductor devices by adjusting
the profile of the gate signal to suppress the EMI since the switching waveform of
a power device impacts the switching noise waveform. To employ the capability
of gate slew rate control, we studied two types of AGDs:

* a variable switching speed gate driver
* aslew-rate controlled gate driver

Both drivers were applied to the noise injection system, and the effects of
switching speed on the EM disturbance were experimentally investigated by mea-
suring the FLR or BER of the CAN.

First, the effects of switching speed on the EM disturbance are discussed. Us-
ing Si and SiC MOSFETs, the converter switching waveform was changed and
the CAN error condition was clarified. Next, for the variable switching speed
gate driver, a multi-channel gate driver changed the converter switching speed.
By switching high-speed and low-speed modes, the driver enabled effective EMI
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reduction. In contrast, the slew-rate controlled gate driver adjusted the gate cur-
rent to change the switching speed. Through the experimental verification, the
error rate distribution indicated that dynamic control of the gate driver makes
the CAN communication more robust.

4.2 Effects of Switching Waveform on CAN Error

TABLE 4.1: MOSEFET specification

Devise number‘ Device type  Vps(max) Ip(max) Rpg(on)

FCHO072N60 Si MOSFET 600 V 52 A 66 m()
C2M0080120D | SiC MOSFET 1200 V 36 A 80 mQ)

As a fundamental study, the experimental study of the effect of switching wave-
form on CAN errors is summarized here. Most recent studies have reported that
a faster switching of power semiconductor devices increases the conducted noise
[91]-[93]. However, only a few studies have experimentally investigated the ef-
fects of EM disturbance on serial communication. In this context, this section first
presents a noise waveform comparison between Si and SiC MOSFET to investi-

gate the EM impacts on CAN communication.

Si and SiC MOSFET-based buck converters were applied to the noise injection
system to generate different EMI noise waveforms for experimental comparison,
and several measured voltage and current waveforms were compared. The buck
converters had an identical circuit topology and physical structure for the wave-
form comparison. No snubber circuits were implemented for both MOSFETs.

The specifications of the MOSFETS were significantly different and were suit-
able for comparing the switching behavior (Table 4.1). In the comparison, the
operating conditions of the buck converters were set as follows: the switching
frequency was 30 kHz, the switching duty ratio was 0.5, and the input voltage
was set to 100 V. The comparing waveforms were the drain-source voltage of
MOSFET (vps), the CM switching noise current (icyg) in the CAN communication
cables, and Rx output voltage (vgry).

Figs. 4.1(a)—(c) show measurement waveforms when the Si MOSFET was
turned off, and Figs. 4.2(a)—(c) show those of the SiC MOSFET. As vpg in Figs.
4.1(a) and Fig. 4.2(a) show, the switching speed changed considerably: 1.03 V/ns
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FIGURE 4.1: Measured waveforms when the Si MOSFET is turned
off. (a) Drain source voltage of MOSFET vps. (b) CM noise current
in the CAN bus icy. (c) Rx output voltage vgy.

for the Si MOSFET and 2.38 V/ns for the SiC MOSFET on average. In particu-
lar, the Si MOSFET gradually increased the dv/dt during the switching transient.
The amplitude of CM noise current also changed (Figs. 4.1(b) and Fig. 4.2(b)).
Subsequently, error pulses were caused in vry (Figs. 4.1(c) and Fig. 4.2(c)), and
the number of error pulses was largely different.

From the measured waveforms, we considered that there is a strong correla-
tion between converter switching behavior and EMI failure on CAN communica-
tions. Accordingly, CAN bus analysis was performed to verify that the switching
behavior influences CAN performance. In the CAN bus analysis, the CAN Tx
sent data frames at 125 kbps and all data frames were monitored using the CAN
bus analyzer. For the buck converter with embedded Si and SiC MOSFETs, the
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operating condition was identical to the waveform measurements, as mentioned
earlier. As shown in Table 4.2, under the operation of the SiC MOSFET buck con-
verter, the frame error rate (FER) was larger than that of the Si MOSFET buck
converter. This corresponded to the measured tolerable noise level for the CAN
transceiver. The CM noise peak current (icM-—peax) under the operation of both
converters is depicted in Fig. 4.3. The result of CAN bus analysis and Fig. 4.3
show that the tolerable noise level indicated when the CAN operated without
errors, and the threshold noise level was verified.
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TABLE 4.2: Measurement result of frame loss rate test

Input voltage Vi, [V] \ 0 20 40 60 80 100

Si MOSFET 0% 0% 0% 0% 0% 3.3%
SiC MOSFET 0% 0% 0% 0.6% 23% 6.2%
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FIGURE 4.3: Experimental result of CM noise injection into the
transceiver

4.3 Variable Switching Speed Gate Driver

The switching dv/dt of the MOSFET should be slowed down to reduce the noise
voltage induced in the CAN communication line. A straightforward method
to achieve the slowing down is to increase the gate resistance of MOSFET and
reduce the gate current slew rate (di/dt). However, this method increases the

switching loss of the MOSFET and reduces the power conversion efficiency.

Fig. 4.4 shows the configuration of a variable switching speed driver. Three
parallel gate drive circuits were connected to the MOSFET of the buck converter,
and the gate resistance was switched by monitoring the CAN signal state us-
ing the monostable multivibrator. The gate resistance was increased only when
the CAN signal was being transmitted to minimize the switching loss. The gate
resistance value during the low dv/dt operation was selected based on the exper-
imental verification of the noise injection system to prevent CAN communication

errors.
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FIGURE 4.5: Schematic waveform of CAN signal and gate-source
voltage of MOSFET with the variable switching speed driver

Fig. 4.5 shows a schematic waveform of the CAN signal and gate—source volt-
age of the MOSFET with the variable switching speed driver. The time ratio be-
tween the frame period and the bus idle period varied depending on the CAN
bus traffic, but in this study, the frame transmission interval was set to 50 ms and

the frame time length was approximately 1.1 ms.

Fig. 4.6 shows operating waveforms of the proposed system, switching signal,
gate—source voltage of the MOSFET, and CAN communication signal. The mea-
surement condition was as follows: a switching frequency of 20 kHz, and a duty
ratio of 0.5. As shown in Fig. 4.6, the gate resistance was switched from 6.2 to 130
Q) at the start of frame (SOF) bit transmission in the CAN communication, and a
low dv/dt operation was performed. In addition, the amplitude of the noise volt-
age induced in the CAN communication line was sufficiently suppressed during

the low dv/dt operation.
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To verify the performance of the communication error reduction of the vari-
able switching speed driver, we measured the CAN FLR using a CAN bus an-
alyzer (Tektronix MDO3054). The input voltage of the buck converter was set
to 100 V, the switching frequency was 20 kHz, and the switching duty ratio was
0.5. When the gate resistance was 6.2 (), the CAN FLR was 3%. In contrast, the
variable switching speed driver suppressed the CAN FLR to 0%, which indicated
that the method is effective in suppressing CAN communication errors.

In addition, to evaluate the performance of the variable switching speed driver
in maintaining power conversion efficiency, we compared the method with that
for a constant gate resistance value of 130 Q). The difference in power conversion
efficiency was measured under feeding the output current of the buck converter
at a constant 3.0 A (output power 90 W). When the gate resistance value was
changed from 6.2 () (constant) to 130 () (constant), the conversion efficiency de-
creased by 0.8%, whereas when the variable switching speed driver was applied,
the decrease in power conversion efficiency was only 0.1%, confirming that the
method can mitigate the deterioration of power conversion efficiency while sup-

pressing CAN communication errors.

4.3.1 Configuration of the Noise Injection System with Discrete

Active Gate Driver

TABLE 4.3: Specification of the noise injection system with the active
gate driving function

Symbol | Description

51,52 CAS120M12BM2, CREE, 1200 V, 120 A, 0.13 mQ)
Rt Termination resistor, 120 ()

Cpc 2200 uF, 450 V (electrolytic capacitor)

L 180 uH, 10 A (iron core inductor)

Ricad 20 ), 700 W (metal clad resistor)

Cs 0.47 uF (film capacitor)

Figs. 4.8 and 4.9 and Table 4.3 depict a noise injection system composed of
a buck converter and a CAN communication system with the AGD. The buck
converter primarily consisted of a 2-in-1 type SiC-MOSFET module and snubber
capacitor. The CAN communication system had two nodes connected with an
unshielded pair cable each other and the bus topology satisfied ISO11898-2 for
high-speed CAN communication. The DC bus and communication cables were
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parallel and adjacent to each other. This cable configuration resulted in a rela-

tively strong electromagnetic coupling among the cables.

Figs. 4.10 (a)—(d) and 4.11 (a)—~(d) show the measured waveforms of the noise
injection system when the converter MOSFET was turned off and on under the
following conditions: a DC bus voltage of 100 V, converter switching frequency
of 30 kHz, and a constant duty ratio of 0.5. The turn-off waveform also had a

similar shape to the turn-on waveform.

Hence, this study only focused on the turn-on switching transient for simplic-
ity. Under the CM current in the DC bus cables, shown in Fig. 4.11 (b), a damped
oscillation waveform appeared. This oscillation was due to a rapid CM voltage
variation of the converter, and the ringing frequency primarily depended on the
wiring inductance and stray capacitance of the CM noise path. Subsequently, a
CM noise current was also induced in the communication cables through the ef-
fect of electromagnetic coupling among the DC bus and communication cables
(Fig. 4.11 (c)). Since the CAN system employed a differential signaling method,
it had low susceptibility to CM noise.

FPGA Active gate driver IC

IGBT module

FIGURE 4.8: Experimental setup of the noise injection system
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FIGURE 4.10: Measured waveforms when the MOSFET is turned

off. (a) Drain-source voltage of MOSFET. (b) CM nosie current in

the DC bus. (c) CM noise current in the CAN cable. (d) Receiver
output voltage.
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In practice, a CM noise is non-ideally converted to a DM noise in the CAN
system, which is called mode conversion [88], [94]. Mode conversion is primar-
ily due to the impedance imbalance of the differential communication lines (e.g.,
twisted pair cable, receiver IC, etc.). The CAN receiver converted differential
signals in the CAN cable to a transistor—transistor logic (TTL) signal (0/5 V). Ad-
ditionally, the communication signal was set to a recessive state, and the receiver
output was to be maintained at 5 V during the measurement. However, in the
receiver output, there were logical flips caused by the mode conversion, which

resulted in communication failure.

4.3.2 Active Gate Driver Impacts on CAN Error Rate

The AGD controls voltage and current slopes through a power device by modu-
lating the gate signal, which enables control of the switching speed of the device.
Moreover, the AGD is one of the candidates for suppressing the EMI in CAN
communication since the converter switching speed affects the noise waveform.
However, many authors focus on the topology or the performance [11], [95], [96],
and only a few address its practical applications [97]. Thus, this thesis presents a

practical use of AGD with a focus on EMI suppression.

In this study, an AGD was implemented in the converter SiC MOSFET using
a commercialized gate driver IC (1EDS20I12SV, Infineon) [98]. The design pro-
cedure of the peripheral circuit was based on the product datasheet. Figs. 4.12
(a)—(c) show the experimental turn-on waveforms of the AGD-applied MOSFET
under the converter operation. The gate driver enabled the MOSFET to operate
with 11 gate current levels and it changed the switching speed. Next, the CM
noise current in the DC bus and the CAN receiver output were measured with
the changing gate current level. As shown in Fig. 4.12 (a)—(c), the CM noise cur-
rent amplitude varied with the gate current level, whose variation caused logical
flips of the receiver output. These results indicted a strong correlation between
the noise waveforms and the gate current control of AGD.
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FIGURE 4.12: Measured turn-on waveforms with changing gate cur-

rent level. (a) Gate-source voltage of MOSFET. (b) Gate current of
MOSFET. (c) Drain-source voltage of MOSFET.

As further experimental verification, the CAN BER was measured by varying
the DC bus voltage and gate current level of the AGD under the following con-
verter operating conditions: a switching frequency of 30 kHz and constant duty
ratio of 0.2. As shown in Fig. 4.13, the BER varied with the gate current level of
the AGD. When the DC bus voltage was above 100 V, the BER was almost pro-
portional to the gate current level and the switching speed of the MOSFET. In
contrast, when the DC bus voltage was less than 100 V, the BER varied irregu-
larly. This phenomenon resulted from the characteristic of the MOSFET output
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CAN BER%

The output capacitance largely varied in relatively low voltage region, which

impacted the noise amplitude and frequency in the DC bus and the communica-

tion cables. This will be detailed in the final paper. Based on the measurement

result, the gate current level of AGD can be increased with the DC bus voltage

(Fig. 4.13, Pattern A) to suppress the BER. Conventional gate drivers commonly

drive a MOSFET with a constant gate resistor. Thus, such a typical driver cannot

control the gate current level according to the DC bus voltage or other converter

operating parameters. Hence, the AGD has the advantage of adjusting the gate

current level for EMI suppression on the communication according to the con-

verter operation.
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4.4 Summary

This chapter presents experimental studies on switching waveform impacts on
the EM disturbance and time series control as an EMI reduction approach. A
waveform comparison between Si and SiC MOSFET shows that the dv/dt pri-
marily impacts the CM noise waveform and CAN error rate. Derived from this
phenomenon, the time series control of a variable-switching-speed gate driver
can prevent communication errors. Additionally, the control method can sup-
press the switching loss of the device by changing the switching speed for a data

transmission period and a bus idle period.

Moreover, a discrete AGD can dynamically suppress EM disturbance. A gate
driver IC was applied to the noise injection system to verify the effects on the
EMI. The AGD comprised a commercialized gate driver IC and it could drive a
SiC MOSFET with 11 gate current levels. In the experimental verification, the
gate current level of AGD corresponded to the switching speed of the MOSFET
and it influenced the noise waveform in the CAN communication cables. The ex-
perimental results indicated that the CAN BER depends on the gate current level
of the AGD. This correlation can be applied to an EMI suppression technique.
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Chapter 5

Time-Dependent Control of a Buck
Converter for EMI Reduction

This chapter describes a control method of the buck converter to reduce the EM
disturbance on CAN communication. As a fundamental study, the start—stop syn-
chronization method was used for error mitigation by avoiding a timing collision
of a converter switching and a CAN sample. Subsequently, as a more practical
approach, the timing-shift control was used to avoid the coincidence of a con-
verter switching and CAN sample point at which a bit error occurs. An experi-
mental verification indicated that the proposed method introduces a limitation to
the output voltage of the buck converter. Accordingly, a compensation method
to the timing-shift control suppresses the limitation. Finally, the experimental

results indicated that the timing-shift control mitigates communication errors.

5.1 Start-Stop Synchronization Control

Generally, SMPSs and serial communication systems are not synchronized. Thus,
a conducted noise of the communication line owing to a converter switching
appears depending on the phase relation between them. In other words, a co-
incidence of a switching timing and a CAN sample occurs depending on the
phase shift between the converter and communication signal. Focusing on the
phase relation, signal synchronization between the buck converter and CAN sys-
tem can prevent a timing collision. To realize the synchronization, we imple-
mented a start-stop synchronization method to the DM noise injection system.
The start-stop synchronization is a well-known technique for asynchronous com-

munication systems [99], [100].
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FIGURE 5.3: Prototype SSC board for the DM noise injection system
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FIGURE 5.4: CAN signal without synchronizing with the buck con-

verter
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FIGURE 5.5: CAN signal under the SSC operation

Fig. 5.1 shows the configuration of the DM noise injection system with an
embedded start-stop synchronization controller (55C). Fig. 5.2 shows the timing
chart describing the SSC operation scheme. When the start timing of a data frame
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is detected in the communication line, a switching timing of the buck converter
is re-synchronized with the operating clock of the communication signal. This
maneuver ensures the synchronization between the PWM signal of the buck con-
verter and communication signal. In this study, the switching frequency of the
buck converter was set to 15.125 kHz, which was a quarter of the communica-
tion signal clock (62.5 kHz), because the switching frequency must be a common

divisor of the operating frequency of the clock to synchronize.

Fig. 5.3 shows the prototype SSC board for the DM noise injection system.
The controller board primarily consisted of a frequency divider and a monostable
multivibrator. The frequency divider was used to generate a converter switching
signal based on the CAN operational clock. The monostable multivibrator was
used to detect the data frame and trigger a re-synchronization maneuver. Re-
garding the implementation, the board can be further downsized and integrated
into the converter MCU.

Fig. 5.4 depicts a transceiver output signal with a bit error. As mentioned
earlier, when a sample point coincides with a conducted noise, a bit error occurs
and it results in communication failure. In contrast, Fig. 5.5 depicts the signal
under the synchronized operation with the buck converter. Each conducted noise
appears on bit edges away from sample points. Thus, the timing collision never

occurs until the synchronization is active.

To verify that the start-stop synchronization control can effectively reduce
frame errors in CAN communication, we analyzed the serial bus while applying
start—stop synchronization control to the noise injection system. Fig. 5.6 shows
the measured number of errors. The result indicated that CAN communications

were successfully realized, and the FER was always 0%, irrespective of the DC
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bus voltage Viy.

However, some limitations were introduced when start-stop synchronization
control was applied. The switching frequency and duty ratio of the buck con-
verter were restricted because switching cannot occur near a sample point. This
restricts the flexibility of the switching timing of the power converter and affects

the control performance.

5.2 Timing-Shift Control (TSC) of a Buck Converter

5.2.1 Operation Principle of TSC

As described in the previous section, the SSC achieves an effective EMI reduction,
but it introduces restrictions on the converter control. This section presents the
timing-shift control (TSC) as a more flexible and practical solution. Fig. 5.7 shows
a timing chart of the TSC. The TSC prevents the coincidence of switching noise
and a CAN sample point by slightly shifting the switching timing. Hence, it can
realize EMI reduction without relying on conventional methods because noise
amplitude is not considered. The gate signal of a MOSFET is typically obtained
using PWM control. However, when the original switching timing occurs during
a switching-prohibited period, where the switching noise can coincide with the
CAN sample timing, the PWM output is slightly disarranged to prevent commu-
nication failure. Thus, the parameters for the switching-prohibited period should

be set carefully.

As mentioned previously, CAN sample timing varies slightly for each bit and
depends on the signaling status. Moreover, the logical flip can be multiple pulses
per switching action. Considering these factors, the switching-prohibited time

length is expressed as

Tep = 0.2 +Th
P~ "CAN baud rate [bps] flip

(5.1)

where Tsp is the switching-prohibited time length, and Tp;;, is the maximum
total time length of logical flips per switching action of the converter MOSFET.
Equation (5.1) assumes that the variation of a sample point is 10% of the bit time
length, and TSP is set after 60% of each bit. In this study, the CAN baud rate
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FIGURE 5.7: Timing chart of the TSC operation

was set to 125 kbps. Additionally, to employ TSC, the following relation must be
satisfied:

2
CAN baud rate [bps]

Thip < Tpit = (5.2)

where Ty; represents the bit time length, which can be obtained using the
inverse of the halved CAN baud rate. In the noise injection system, Tp;, was
approximately 300 ns, as derived from the measurement waveform; it was suffi-
ciently shorter than Ty (8 ps). Therefore, TSC was observed to be applicable to
the noise injection system, and Tsp was set to 1.1 us following these criteria.

5.2.2 Experimental Verification

To apply TSC to the noise injection system, the FPGA-based converter controller
was modified to implement the TSC function. The noise injection system config-

uration was not changed except for the FPGA program. Importantly, the noise
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injection system did not incorporate additional EMI reduction methods, such as

a filter circuit and shielded cable.

TABLE 5.1. Experimental results of the FER test

\ Without TSC \ With TSC

Test 1 4.6% 0.0%
Test 2 4.6(70 0.00/0
Test 3 6.1% 0.0%

The experimental results of the FER test are shown in Table 5.1. In this verifi-
cation, the FER represents how many CAN errors occur as an index. The FER is
calculated using

Error frames in Rx node

FER [%)] = 100 (5.3)

Transmitted frames from Tx node

When the CAN frame includes a bit error, the Rx node detects the error and
processes it following the protocol. Hence, the Rx node controller can log the
communication status. Because the FER fluctuates depending on the phase be-
tween the converter switching signal and communication signal, manifold frames
are required to obtain statistical data. For the verification test, the Tx node sent
1,000 frames, which contained exactly the same data, at a constant 50-ms frame
interval. Subsequently, the FER was obtained by extracting the number of frames
that included an error bit from the log of the Rx node. The test was conducted
three times. The converter operating conditions, with and without the TSC func-
tion, were as follows: a DC bus voltage of 100 V and a switching frequency of
30 kHz. In addition, the converter controller employed triangular modulation of
the duty cycle between 0.2 and 0.8 at 10 Hz to demonstrate the effectiveness of
TSC under a varying switching timing. According to the experimental results,
the FER was noticeably suppressed when the TSC function operated in the noise
injection system. Thus, the proposed method realizes effective EMI reduction
without relying on conventional EMI methods.
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5.3 Timing-Shift Control with Pulse-Width Compen-

sation Function

Although the experimental verification demonstrated that TSC suppresses com-
munication failure, there is a concern regarding the converter control perfor-
mance, because the TSC slides the switching timing regardless of the PWM con-
trol, and the switching duty ratio changes unintentionally. This results in an un-
desirable pulsation of the output voltage and may affect the lifetime of the load.
In addition to the feedback control of the output voltage that is straightforward
and effective, this paper proposes a duty cycle compensation scheme to compen-
sate the shifted duty ratio immediately as an approach to suppress disturbances

in advance.

The duty cycle compensation for suppressing the converter output distur-
bance owing to TSC operation is shown in Fig. 5.8. When converter switch-
ing timing is delayed to avoid a coincidence with a CAN sample point, the next
switching timing is adjusted to maintain the original duty ratio. The compensa-
tion control equalizes the shifted time length (Tys) and compensated time length
(Temp)- This function was built into the FPGA-based controller of the noise injec-

tion system.

The converter output voltage is a simple index for evaluating the control per-
formance because the voltage pulse characteristics depend on how the PWM con-
trol is disturbed by the TSC function. Thus, the proposed method was verified

by comparing the converter output voltage during the TSC operation. Because
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FIGURE 5.9: Timing chart of the compensated TSC operation

timing shifts occur randomly, the voltage amplitude of disturbances varies. Ac-
cordingly, the maximum amplitudes of a disturbance with and without the com-
pensation technique were compared for experimental verification. The converter
operating conditions, with and without the TSC function, were as follows: a DC
bus voltage of 100 V, switching frequency of 30 kHz, and constant duty cycle of
0.5.

The measured waveform of the converter output voltage and the Rx output
signal of the transceiver were recorded as shown in Fig. 5.10 to verify the compen-
sation method under TSC operation. To measure the output voltage accurately,
we observed only the AC components. The comparison results of the peak volt-
age indicated that the pulsation peak decreased by 64% without including a DC
component. Although the peak value depends on the total shifted time length
by the TSC function and the converter impedance, this compensation method is
effective in reducing the disturbance. In addition, as the FER tests shown in Table
5.2 indicate, the modified TSC still suppresses the FER sufficiently.
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FIGURE 5.10: Measured waveform of the converter output voltage
vout and Rx output voltage vryx to compare the performance of the
compensation method under TSC operation

TABLE 5.2. Experimental results of the FER test

\ Without TSC \ With modified TSC

Test 1 5.1% 0.0%

Test 2 5.3% 0.0%

Test 3 4.1% 0.0%
54 Summary

This chapter presents techniques for time-dependent error mitigation for the buck
converter. The SSC method reduces EMI by synchronizing a converter switching
signal and a CAN communication signal, but it introduces limitations in the con-

verter control.

Subsequently, the TSC method is developed as a more practical approach of
reducing the EM disturbance. The TSC avoids a timing collision between a con-
verter switching and a CAN sample by slightly sliding the converter switching.
Since a timing-shift control changes the switching duty ratio irrespective of the
target value, a converter output disturbance can occur. A compensation tech-
nique was applied to the TSC to solve the problem. The compensation method
maintains an original duty ratio and suppresses the output disturbance. Impor-
tantly, the experimental verification shows that the TSC perfectly prevents com-

munication errors.
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Chapter 6

Digital Denoising Methods for the

CAN Communication System

This chapter describes a digital denoising method for the CAN communication
system that prevents communication errors without conventional EMI reduction
methods. As the first step to developing the method, the synchronous denoising
method retrieves an error pulse based on a converter switching timing. Moreover,
the autonomous denoising method realizes the error retrieval without monitor-

ing a converter switching signal.

6.1 Synchronous Digital Denoising Method

For preventing the logical flip event in a CAN sample, this section presents a
synchronous digital denoising (SDD) method that is feasible in the CAN commu-
nication system. Fig. 6.1 depicts a timing chart for describing the operation of the
synchronous denoising. In the generic CAN physical layer, the controller sam-
ples a single point per bit of communication signal via a transceiver IC, which
converts a differential signal to a digital signal. Moreover, an induced CM noise
in the CAN bus barely flows to the receiver output (vgry) that is read by the con-
troller. Hence, by eliminating a logical flip of the receiver output when a con-
verter switching occurs, the controller receives a communication signal without
an error signal. This function can be realized by changing the CAN signal pro-
cess. However, modifications of the CAN protocol will not be practical for con-

ventional systems.
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Therefore, to implement the proposed method to the test system, the receiver
is connected to the controller via the FPGA that generates converter switching
signal assuming that the controller and the FPGA operate as a single processor.
Owing to this configuration, the controller operates without changing the proto-
col, which facilitates embedding of the proposed method even to conventional
systems. Hence, no additional hardware is required to apply this method to the

test system, which may results in a cost reduction of the system.

The FPGA processes the Rx output signal (vgry) to prevent logical flips based
on a converter switching timing. As depicted in Fig. 6.1, vry is held for 200 ns
after every converter switching action. The hold time may cause timing jitters of
the communication signal, but it does not deteriorate the signal integrity as the
hold time is sufficiently short. The hold time width derives from the time length
of the logical flip that is observed in the receiver output.

The CAN Rx error counter value is suitable for tracking the number of er-
rors due to the converter EMI noise [101]. The Rx error counter function is built
into the protocol for error confinement of CAN bus traffic. Several rules gov-
ern the incrementation of error counters when the controller detects an error or
their decrease during successful data transmission. When the Rx error counter is
over a 127, the Rx node first assumes an “error passive” state, and when the Rx
counter reaches 255, it transfers to the “bus off” state which means that the Rx
node does not participate in the communication. Therefore, the Rx error counter
should be suppressed to ensure slew-rate and reliable communications. Accord-
ingly, as the first verification of the proposed method, the Rx error counter value
was monitored by transmitting 1000 data frames from the Tx (transmitter) node.
The CAN system operated at 125 kbps and transmitted frames every 50 ms. For
the converter operating condition, the switching frequency was set to 30 kHz and
the duty ratio was kept constant at 0.5. Figs. 6.2(a) and (b) show the measured
Rx error counter value with a time series number of CAN data frames. The re-
sults confirmed that the proposed method is effective in suppressing the Rx error

counter value and it makes the communications more robust.

Furthermore, CAN FLR tests were performed under the same converter oper-
ation as monitoring the Rx error counter value. The FER is an index correspond-
ing to a slew rate of CAN communication. If the CAN loses a data frame owing
to an EMI noise, the Tx node sends the same data frame again, which results in

almost doubling data transmission time. Notably, the slew rate is a significant
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concern in systems where real-time performance is required. Again, by transmit-
ting 1000 data frames from the Tx node, lost frames were counted to calculate the
FLR in the Rx node. As shown in Table 6.1, the FLR was suppressed by 5.68%
compared with that without the synchronous denoising. Therefore, the proposed

method makes the communications more robust against the converter EMI noise.

TABLE. 6.1. Measured CAN frame loss rate

| Without synchronous denoising  With synchronous denoising
CANFLR | 6.68% 1.00%

6.2 Autonomous Digital Denoising Method

6.2.1 Implementation of the Denoising Method

An error in CAN communication occurs when the CAN controller reads the logic

flip that occurs in the output voltage of the transceiver during switching of the
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buck chopper circuit. This section presents an autonomous digital denoising
(ADD) method that can detect the timing of the logic flip using the noise voltage
on the communication bus and correct the flip signal using digital signal process-
ing. When the noise voltage is detected by measuring the midpoint voltage on the
bus, the noise voltage is superimposed on the communication signal; therefore, it
is necessary to separate the signal from the noise.

Tx Rx

— CAN bus —
- 500000000(://)0000000%_\
-4
/\ MCP2551 ;j MCP2551
\ J/ GND \ J
1 [ | | Omid
[ S
Tx Rx* Rx
[ —
RX62T FPGA

FIGURE 6.3: Configuration of the bit error rate test circuit with the
ADD function

In the CAN communication system, it is common to divide the termination re-
sistor and connect a capacitor for the common mode filter to the midpoint; thus,
the midpoint potential can be easily obtained. Fig. 6.3 shows the configuration
of a CAN communication system that applies the ADD method. In the target
CAN node, the communication signal (output voltage of the transceiver IC) and
the midpoint potential of the bus are input to the standard I/O pins of the FPGA.
Fig. 6.4 shows the timing chart of ADD. When a noise-induced voltage is gener-
ated at the bus midpoint potential (vy,;q) owing to the operation of the step-down
chopper circuit, a logic reversal signal is generated in the communication signal
Rx. In response to this, the logic reversal signal is removed in the FPGA, and the
signal Rx’ is transmitted to the BER measurement device to realize a series of op-
erations. However, if the noise voltage detection and error correction processing
for the communication signal are to be performed in real time, it is not practical to
perform the process from noise voltage detection to error processing within 10 to
50 ns. Therefore, a delay of 100 ns or more is always input to the communication
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signal in the FPGA to allocate sufficient time for error correction processing. In
addition, the intentional delay may make it easier to apply this method without

using a high-performance processor such as an FPGA.

Umid .
Noise voltage
URx Bit width
Logical flip |

Delayed UR

L B

/

URx H

Process time period

FIGURE 6.4: Timing chart of ADD operation

6.2.2 Experimental Verification

In a noise injection system using the ADD method, the BER was measured to ver-
ify the reduction effect of electromagnetic interference. The operating conditions
of the buck chopper circuit were set to an input voltage of 100 V, switching fre-
quency of 100 kHz, and constant switching duty ratio of 0.5. Table 6.2 shows the
measured BER when the ADD technique was applied; the error rate was signifi-
cantly suppressed compared with the condition without ADD. The BER changed
irregularly with the load current, and the principle in which the error cannot be

completely reduced will be investigated in the future.
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TABLE 6.2: Bit error rate measurement result

Load current [A] \ 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Without ADD 16.3% 16.3% 184% 194% 21.5% 22.4% 23.5%

With ADD 0.13% 0.06% 0.06% 0.11% 0.10% 0.14% 0.15%
6.3 Summary

First, this chapter describes a CAN synchronous denoising method to suppress
the EMI on the communication based on the EMI analysis of the communication
near a buck converter. In the test system, the buck converter generates a CM
noise with a switching action and induces a ringing noise in the communication
cables. The induced noise results in a CAN bit error when the noise timing co-
incides with a sample point. For prevention of the coincidence, the synchronous
denoising method is proposed and was verified through an experiment. Under
the synchronization with the buck converter, the method eliminates logical flips
of the Rx output by holding the signal in a moment without using additional
hardware components.

Second, the autonomous denoising technique is introduced. Owing to the
noise detecting function, the method enables a CAN node to eliminate error sig-
nals independently. An experimental verification demonstrated that it effectively
reduces communication errors. Furthermore, from the implementation perspec-
tive, the ADD method has a remarkable feature in that synchronization between

the buck converter and the CAN communication system is unnecessary.
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Chapter 7

Conclusion and Outlook

7.1 Conclusions of the Research

Chapter 1 clarifies the background and motivations of the research. Reviewing
the actual incidents caused by EMI noise of the SMPSs, the technical problems

that this research addressed are stated.

Chapter 2 provides a literature survey related to EMC of SMPSs and CAN
systems. The review reveals that, for solving EM disturbance on CAN, the time-
domain phenomenon is a significant factor in understanding the physics under-

lying the disturbance and developing effective solutions.

Chapter 3 presents the time-domain analysis of the disturbance caused by
a buck converter on CAN communication. Using experimental and simulation
verification, we analyzed the noise propagation and CAN error occasion mech-
anisms. Furthermore, the error rate tests quantified the EM disturbance, which
indicated that the noise waveform of the communication line corresponds to the

operating condition of the buck converter.

Chapter 4 proposes the time series control of an AGD to balance EM distur-
bance mitigation and converter performance. The proposed control of the AGD
realized an effective EMI reduction with a focus on the CAN data transmission

behavior.

Chapter 5 describes the timing-shift control of the buck converter that realizes
the EMI reduction using converter control. Unlike the conventional EMI reduc-
tion approaches, the control method prevents communication error even if the

buck converter induces a noise to the communication line. Despite the control



104 Chapter 7. Conclusion and Outlook

suppressing an EM disturbance, shifting a switching timing potentially under-
mines the converter control stability. To solve the problem, a duty compensation
method is added to the control and it improves the converter control stability.

Chapter 6, in contrast to the timing-shift control on the converter side, pro-
poses the digital denoising technique that enables a CAN processor to remove
error signals digitally. The denoising methods achieve effective EMI reduction
only by the digital maneuver. In the entire work, this thesis has presented pri-
marily three approaches, which are shown in Table 7.1.

7.2 Future Outlook

This research focused on the EM disturbance on CAN caused by a buck converter.
Accordingly, the time-domain analysis approach and proposed EMI reduction
methods can be extended to various applications. Moreover, the following are

the technical challenges that remain:
Future Work

¢ Extending the time-domain analysis approach and proposed EMI reduc-
tion methods to other PE converters, communication protocols, and various

topologies.

¢ Detailed study of EM coupling mechanism between PE converters and se-

rial communication systems.

¢ Clarifying the design criteria and technical restrictions of the proposed EMI
reduction methods.
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7.2. Future Outlook
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