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1.0

1.1

Main body

This research training report details the activities undertaken by research candidate in
the quest to define a researchable PhD problem in areas of modern power electronics.

Abstract of Research

Natural phenomena and advances in technology have worsened electromagnetic
energy emission to the environment. This electromagnetic energy emanate from both
intentional and non-intentional sources. This energy when it attains enough strength
affects and interferes with the operations of most electrical and electronic equipment.
Generally these effects are called electromagnetic interference (EMI) noise.

Power electronic converters are mostly either sources or victims, or both, at the same
time, of the EMI noise. Stricter EMI regulations, circuit miniaturisation along with
advances in semiconductor switching speeds have created difficult engineering
tradeoffs for designers of power electronic equipment. Faster switching requirements
on power devices in order to reduce losses and device size inherently result in
increased high frequency EMI noise. This noise brings about the problem of
nonconformity to electromagnetic compatibility (EMC) standards. Also, the
miniaturisation happening nowadays causes power electronic converters to become
susceptible to the noise they generate.

The oldest way to fight EMI has been to use filters, grounding and shielding.
However, filtering has been shown to be rife with a lot of shortcomings with regards
to size, weight and cost. A critical setback is due to the difficulties in understanding
noise interactions between converters and filters within a system made of several
converters and their filters. Also, filters will suppress part of the wanted signals.
Apart from filtering, other methods which have shown remarkable noise elimination
capability include confining the noise currents within a converter, optimizing the
circuit parameters and cabling to reduce the existence of nodes with high voltage,
reducing the voltage stress on converters during switching. Other methods include
switching of converters with voltage states which allow elimination of EMI, shunting
the noise currents to artificial grounds within a system, random modulation which
redefines the EMI energy from narrow-band to wide-band spectrum, selecting
switching frequencies with fewer distortions to the line voltages. However, there are
disadvantages resulting from using these methods such as additional circuitry,
complicated design and control, increasing ripple in the output, reducing efficiency
of the circuit, and at higher switching frequencies will cause resonances which add to
the noise content.

From this view, it is preferable to integrate the EMI noise mitigation techniques in
the early design stages to avoid the foreseen problems. Also, there exists a need to
identify and characterise the dominant noise emission modes in power converter
application frequencies, knowledge of which will enable application of suitable
corrective measures.

Within this work, an attempt has been made to review literature and perform
preliminary simulation. The simulation is still going on to identify suitable modelling
approaches to reduce EMI in power electronic converters. This was a pre-doctoral
research problem identification program which is expected to be carried out further
for pursuance of doctorate degree.



2.0 Researching Power Electronic Converters with Reduced EMI/EMC Effects

2.1 Introduction

Natural phenomena and advances in technology have increased the quantity of
electromagnetic energy pollution proliferation in the environment. This electromagnetic
energy emanate from both intentional and non-intentional sources. The energy has certain
effects on and interferes with the operations of most electrical and electronic equipment when
it attains sufficient strength [1, 2]. Broadly the effect is called electromagnetic interference
(EMI) noise. The intentional sources of EMI include various apparatus such as radio and
television broadcast stations, communication and radar and navigational aids. Unintentional
sources include electrical appliances such as atmospheric discharges, automobile ignition
systems, industrial control systems and household appliances. Figure 1 shows some of the
common sources of EMI noises in the ambience.
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Figure 1. Typical electromagnetic environment [4].

This electromagnetic environment involves three complex electromagnetic disturbance
phenomena described as: low-frequency phenomena (conduction and radiation, except
electrostatic discharge); high-frequency phenomena (conduction and radiation, except
electrostatic discharge); and electrostatic discharge phenomena (conduction and radiation)
[15].

Development of EMI subject has been extensively developed as in [1]. From the early
concerns of radio broadcasting interference with other electrical equipments, the setting up of
performance standards of EMI, and the establishment of several organizations which work
closely to define the limits and acceptable tolerances of emissions and susceptibility of
equipments in electromagnetic environment. Few of these organizations working on EMI
issues are International Electrotechnical Commission (IEC), Special Committee on Radio
Interference (CISPR), Federal Communications Commission (FCC) and British Standards



Institutions (BSI). These organizations at one time or another put forward some interference
limits to be met by electrical and electronic equipments. These set standards whereby
equipment is not affected or does not affect others with EMI is what is termed as
Electromagnetic Compatibility (EMC) standards.

Negative effects of EMI are possible malfunction or damage to the electrical and electronic
systems for example semiconductor devices and VLSI circuits. In [2, 4] the negative effects
of EMI are outlined, some of which are crashing of a Blackhawk helicopter due to strong
radar signal, several cases of diverting flights due to usage of cell phone by passengers inside
the plane thereby creating fear of interference of the plane navigation and communication
systems with the phone frequencies, several cases of medical device malfunction in Canada
and elsewhere e.g. RF interference causing death of a patient in ambulance, 10 MW power
converters interfering with telephone lines 12 miles away. For the case of industrial drives fed
with inverters, there is the problem of large noise currents circulating within the system which
deteriorate the insulation and causes trip of protective relays and sometimes damages the
drive system. However, this interference could be put to good use in electronic warfare
technology for example radio jamming.

Power electronics converters are one of the products which need to conform to the set
standards since, more than most they are either sources or victims, or both, at the same time,
of the EMI noise [1 - 14]. The tightened EMI regulations along with advances in
semiconductor switching speeds have created difficult engineering tradeoffs for designers of
power electronic equipment. The faster requirements of power devices in order to reduce
losses and device size inherently produce more high frequency noise that must be managed so
that the equipment will conform to the EMC standards. Furthermore, as the equipment shrinks
in size, it becomes increasingly susceptible to the noise that it generates.

2.2 EMI Sources and Coupling Paths in Electronic Power Converters

Rapid changing of magnitude and direction of voltage and/or line current are the most
important EMI sources in power electronic converters, though these results from required
power conversion action. The changes cause line current distortions which circulate in the line
and emit EMI. EMI is separated into several types for purposes of analysis and regulation.
First, EMI can be split into radiated and conducted emissions. Radiated emissions consist of
electromagnetic energy that is propagated through space. Conducted emissions represent
electromagnetic energy that is propagated through conductors. Second, conducted EMI is
several orders of magnitude higher than radiated EMI at frequencies less than 1 GHz and it
will be given the most focus in this research because most power conversion devices operate
in this frequency range. Transfer of conducted electromagnetic energy occurs due to coupling
paths created by reactive components i.e. inductors and capacitors as shown in Figure 2 [4, 5].
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Figure 2. EMI coupling modes [4, 5]

Conducted emissions can be further partitioned into common-mode (CM) and differential-
mode (DM) emissions. However, existing EMI standards do not make the distinction between
common-mode and differential-mode emissions. Therefore, it is often useful to make this
distinction for purpose of analysis and development of attenuation techniques [2]. CM noise is
conducted through all lines in the same direction, and always exists between any power line
and ground. DM noise is conducted through all lines in inverse directions, and always exists
between power lines. Take example of one type of switch mode power supply (SMPS) unit, a
front end PFC boost converter which in its operation generates noise whose path is depicted
in Figure 3.
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Figure 3. Front-end PFC boost converter with conducted noise paths [13]

In the figure above, the DM noise current is largely due to the normal switching (rapid
changing current magnitude and direction). This current flow between the phase and neutral
lines and its FFT contains harmonics. The CM noise current flows in the ground wire and
returns, in phase, via both the ac lines (P and N). This noise current is typically caused by
leakage (both capacitive, Cy, and inductive couplings, where also the Ly contribute) occurring
within the SMPS unit. In this case of a boost PFC unit, the CM noise is mainly due to the high
rate of change of voltage at the drain of the switching power device.



Operation of inverters to supply motor loads is plagued with existing leakage capacitance
within the converter, in the power lines, in the windings, in the rotor and stator, and between
stator and ground. These lead to the flow of CM current from the motor to ground and back to
converter and to the mains supply as well as accompanied DM due to the pulsating voltage
and currents drawn by the converter. The CM currents in motors causes deterioration of the
winding insulation, tripping of ground protection relays, and excessive bearing wear as well
as aggravating the EMI emission problem [40]. Also, there is oscillating voltage pulses which
are as detrimental seen at the motor terminals. This is brought about by the long cable
impedance mismatching with motor terminal impedance [38].

2.3 EMC Standards

EMC standards are the performance specifications stipulated in a standard providing for the
minimum requirements that a particular system will function satisfactorily within permissible
design tolerances in electromagnetic environment. To this end our power electronic systems
must meet the minimum EMC requirements so that the emission levels are tolerable and their
immunity is accepted. Some examples of these standards are the IEC and CISPR emission
limits.

It is quoted in [1] that the IEC/CISPR has divided the equipments into two broad categories
known as Class A and Class B with regards to their permitted emission levels. The first are
equipment for use in industrial, commercial, and business environments. The second are
intended for use in domestic environments. Figure 4 presents an adaptation found in [13] of
the respective limits of EMI emission levels as per CISPR 22 standards.
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Figure 4. Conducted Emission levels as per CISPR 22 Standards found in [13]

[17] For class B equipments, the frequencies below 0.5 MHz, the permissible noise level
increases inversely with frequency in approximate conformance to the atmospheric noise in
the ambient. Above 0.5 MHz, the level is constant to 5 MHz where the permitted level



increases by 4 dB to allow for rise in ambient noise. For class A equipments, the permissible
levels are constant up to 5 MHz and then drops by 7 dB because the ambient noise level is
lower at these frequencies.

24 Statement of the Problem

The oldest way to fight EMI has been to use filters, grounding and shielding as explained in
[1, 4, 13]. For the case of power converters, filters could be installed in the input side and
output side as deemed fit. This is a separate circuit that could be designed at a later stage after
product manufacture and testing, and then connected to the equipment. There are two types of
filters being passive filters and active filters. For example, a hard switched inverter’'s CM
noise could be minimised by increasing the value of the series power device gate’s
resistances. This is passive filtering. However this method is inferior to active filtering. Active
filtering is more advantageous since it optimises its performance using a feedback loop. For
example, one researcher [3], using active filtering achieved a switching loss 27% lower than
when using passive filtering for a hard switched power converter.

Further, filtering has been shown to be rife with shortcomings as pointed out in these works
[2-4, 6-11, 13, 14]. The drawbacks of the filtering methods are that they complicate the design
of the power converter in regards to weight, size, and efficiency since they mean additional
components added to the circuitry. Another setback is due to the difficulties in understanding
noise interactions between converters and filters within a system made of several converters
and their filters. Also, filters will suppress part of the wanted signals. From manufacturing
point of view [1, 2], it is better to integrate the EMI noise mitigation technique in the early
stages rather than leave it for later stages where cost implications will be high and the product
could be obsolete and impact on wasting man-hours. Furthermore, the challenge is to identify
which are the dominant emission modes in certain application frequencies [39] which will
enable application of suitable corrective measures.

2.5 Objectives of the Research
2.5.1 Main Objectives

The preceding discussions have showed what are the sources, paths, effects and existing
methodologies used to mitigate EMI in power converters. As such, this work intends to
investigate two issues namely suitable design and control strategies which will reduce EMI in
power converters. The work is compartmentalized in the research questions posed below.

2.5.2  Specific Objectives
This research will specifically try to answer the following questions:

1.  How to model physical topologies that eliminate or reduce the leakage capacitance and
inductances within a converter? [22, 20, 25, 24, 21, 23, 27, 4, 29, 28, 19].

2. How to use space vector modulation techniques with how many inverter levels to use in
AC drives to reduce the leakage capacitances existing within the inverter, between the
power lines, between the windings, stator and rotor, and between the system and ground
taking into account the effects of long motor cables? [20, 34, 35, 36, 30, 32, 31, 38].

3. How to effectively employ randomized modulation control techniques of converters to
reduce the EMI energy, reduce the leakage capacitances and inductances without
opening the converter? [23, 13, 21, 26, 4, 9, 29, 28, 19, 18].



4. How to model the high frequency AC machine fed by inverter depicting all leakage
capacitances, inductances, skin and proximity effect of cables and all couplings with
aim of finding a method to cancel them? [22, 27, 31, 39, 37].

2.6 Literature Review on Existing Methods to Manage EMI and Their
Shortcomings

Literature has proposed several methods to suppress EMI in power converters which include:
improvements on the layout of components and forcing the diode bridge to operate in
continuous conduction mode so as to reduce harmonics [7]; using a compensating transformer
winding and a capacitor [14]; auto-tuning systems/boards to effectively select switching
modes with less distortions of the current/voltage [8]; dithering of switching frequency to
spread the EMI energy over limited frequency range [6]; soft switching so as to reduce the
switching voltage [10, 11]; randomising the modulation action [4, 9]. One such random
modulation is chaos control strategy which results in spreading the narrow band frequency
EMI energy to a broad band frequency [4, 9]. Further, with space vector modulation control,
it is possible to switch the converter with states that results in elimination of either CM or DM
[20, 34, 35, 30, 32, 38]. In [7] there is considerable reduction in harmonic current level, and
maximum power transfer occurs with improved power factor in the continuous conduction
mode. Passive cancellation presented in [14] managed to reduce the choke requirement for the
filter, gate drive circuits, and no additional transistors. The compensation winding conducts
only the noise currents due to it being shunt connected to the power current flow. The work in
[8] achieves optimal converter assembly configuration. Its auto-tuning board enable selection
of converter switching frequencies which produce low disturbances on the control signals and
achieve self internal compatibility. The pseudo-random dithering of the switching frequency
achieves EMI reduction by virtue of spreading the noise signal frequency into broad band [6].
This method requires only software changes whereby it converts specific long-wave range
narrow band into broad band noise wave [6]. Soft switching technique of [10, 11] achieves
less transients on the switching waveforms resulting in less conducted EMI. Possible
combination of random variation of the switching frequency, delay coefficient, switching duty
ratio and carrier amplitude result in reduced conducted EMI noise shown by simulations in [9,
18] and experiments shown in [4, 19].

However, the work of [7] will add to the resistive losses due to the increment of the gate
series resistance, reduces active power and increases reactive power drawn from supply at
higher dc output voltages, and the added capacitive compensation and voltage boost add to
the components. The method in [6] is applicable to low frequency range only. Soft switching
technique presented in [10, 11] needs snubber circuits which could increase losses. The
compensating transformer and capacitor in [14] will increase size and will introduce
resonance between the capacitance and the inductances causing more noise especially at
higher switching frequencies. The auto-tuning approach described in [8] only focuses on the
internal EMC of the converter and it needs an additional board to perform the frequency
scanning. The randomized modulation adopted in [4, 9, 18, 19] results in ripple of the output
voltage and current which could be a source of increased EMI noise, and makes use of large
output filter capacitor. The use of space vector modulation to switch at zero voltage states is
problematic in the way it results in reduced CM and worst DM noise [31].

3.0 Research Activities

3.1 Self study of power electronics converters and industrial drives from online courses
[42] and books [1, 33, 34].



3.2

34

3.5
3.6

4.0

5.0

6.0

I have done one Seminar talk on 4™ January 2011. It enabled a broad discussion of
the issues with the faculty at the department and other postgraduate students.

I visited the SAMEER Centre for Electromagnetics [41]. I had an opportunity to see
the work done by the centre in EMI/EMC Test and seen their Design and
Consultancy facility.

I have started simulation work using SABER and SIMULINK.

I have been auditing two courses namely Electromagnetic Fields and Analog and
Digital Signal Processing to provide knowledge of the research problem.

Conclusion and Future Work

A case has been made that there is need to carry out investigation of reducing EMI
noise in power converters. The modelling work has started by simulations using
SABER and SIMULINK. It is expected to identify suitable modelling approaches for
reducing EMI noise effects of power electronic converters. Also, it is expected to
verify the simulation results by experimental work.
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