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ABSTRACT

Recent advancements in the insulated-gate bipolar transistor (IGBT) enable higher
switching speeds in power electronics and have improved the power conversion
efficiency significantly. Hence, pulse width modulated (PWM) variable frequency drives
(VFDs) are widely used in modern control of electro-mechanical drive systems. On the
other hand, higher switching frequencies cause the presence of high-frequency common-
mode (CM) voltage, which results in unwanted CM current flows through the motor
bearing and leads to premature motor bearing failures, such as frosting, fluting and pitting.
Consequently, new drive installations can fail within months, which results in unplanned
and costly system downtime. Thus, it is important to understand the different cause-and-
effect chains of different types of bearing current so that cost-effective mitigation
techniques for a certain drive configuration can be proposed. A prototype consists of a
commercially available inverter and a 5.5 kW induction motor is used as a system-under-
investigation to better understand the fundamental mechanism of bearing degradation

and the necessary countermeasures.

Modifying and hardening the bearing design may not be always possible and may
affect the overall operation of the motor. Hence, it is best to have an effective solution
without modifying the motor and adding an external CM filter to attenuate the CM
current entering into the induction motor is explored in this thesis. Optimal CM filter
design requires prior knowledge of both the source and termination impedances of the
filter. To facilitate the measurement of the source and termination impedances, an

inductive coupling approach is adopted to extract these impedances. To allow the

Xi



proposed inductive coupling approach be used in high-power motor drive systems,
further improvements are necessary to extract in-circuit CM impedance of a motor drive
system. Such improvements offer enhanced signal-to-noise ratio under a harsh electrical
background noise environment. With the successful extraction of in-circuit source and
termination impedances, a suitable CM filter can be designed systematically to achieve
the desired attenuation without guessing and overdesigning. In the evaluation of first-
order single-inductor and second-order LC filters, it is found that the second-order filter
may not be always a better choice due to DM-to-CM conversion in the motor drive
system, as the system is usually asymmetrical in nature. With the known information of
the CM noise source and termination impedances, one can also evaluate the effect of the

mode conversion on the CM filter design in a quantitative way.
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Introduction

Chapter 1 Introduction
1.1 Background

Performance improvements with competitive pricing of power electronic converters
have led to wide usage of variable frequency drives (VFDs) [1-3]. The use of pulse-
width-modulated (PWM) VFDs to control AC machines for motor drive systems has
been growing since the invention of insulated-gate bipolar transistor (IGBT) at 1980s [4].
The advancements of power electronics devices and their ability to operate at higher
switching frequencies have resulted in better motor torque and speed controls, as well as
improved efficiency, which contributes to substantial energy savings [5-7]. Hence, both
land- and marine-based applications have benefited from these significantly improved,

efficient and low-cost PWM VFDs [8].

Even though VFDs offer energy savings and great flexibility in AC motor operation,
PWM VFDs incorporating high-speed switching devices produce time-varying high-
amplitude common mode (CM) voltage with high dv/dt[9]. The CM voltage causes the
flow of undesired CM current in the motor drive system, which not only lead to EMI
associated problems but also results in premature motor bearing failures, such as frosting,
fluting and pitting as illustrated in Fig. 1-1[10]. High levels of CM voltage can also yield
motor winding and cable insulation degradation. Consequently, new drive installations
can fail within months after their operation, which contributes to unplanned and costly
system downtime[11]. It is reported that over 40% of all motor failure is caused by

bearing failure[12].
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Fig. 1-1 Premature motor bearing failure

1.2 Terminologies

Variable frequency drive Three phase cable

Induction machine

—_— c la
a — Stator
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Fig. 1-2 CM voltage and CM current in a motor drive system

Fig. 1-2 shows a simplified diagram of a typical motor drive system. The induction
motor is powered through the inverter via a three-phase cable. The metal frame of the
motor and the heatsink of the inverter are usually grounded for safety reasons. The stray
capacitances in the system provide the return path of the high-frequency CM current,
from motor stator winding to heatsink and then back to IGBT devices. The commonly

used terminologies in Fig. 1-2 are given as follows here:

e v, Upe and v, phase-to-phase voltage.
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® Vg, Vpg and v.4: phase-to-ground voltage.
* vy, Neutral-to-ground voltage.

e i, ipandi.: phase current.
e i,y CMcurrent.

®  Ugpqre: VOItage between motor shaft and ground.

A commonly used two-level PWM voltage source inverter consists of three-phase legs
and each leg is a series connection of two IGBT or MOSFET switches. The output
terminal of each phase is connected to either the positive dc bus or negative dc bus during
normal operation, so that the output voltage could be +V,./2 or -V,./2 referring to the
mid-point of dc bus as ground. Original CM voltage is defined as the average of the AC
terminal line to dc-link mid-point voltages [13]. Thus, the CM voltage at the inverter side

is calculated as:

_ Vao + Vho + Vo
chO - f

(1-1)

where v,,,, is the original CM voltage and v,,, V,,, and v,, are the terminal line to dc-link
mid-point voltages. The CM voltage is a high-frequency pulsed step waveform which
varies with the switching frequency. Fig. 1-3 and Fig. 1-4 illustrate eight operating states
of PWM control and their corresponding CM voltage levels. Sometimes, the terminal

CM voltage is defined as the average of the AC terminal line to ground voltages [14].
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Fig. 1-3 Eight switching states of PWM operation
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Fig. 1-4 CM voltage waveform
The CM current that is caused by the high-frequency CM voltage is defined as the
average of phase currents flowing from the inverter to the induction motor. The total CM
noise current passes through the whole bundle of the three-phase power cable and returns

to ground. Thus the CM current per phase is one-third of the total CM current:

ig +ip+ i
[ = 1-2
lcm 3 ( )
Fig. 1-5 illustrates the basic structure of a motor bearing, consisting of inner and outer

bearing races and bearing balls. The inner race of the bearing is mounted on the motor
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shaft with low-impedance solid contact. The outer race is stuck in the frame which is
grounded. The bearing impedance is capacitive in nature due to the lubricating film or
grease around the rolling elements. For the CM path, the two motor bearings are
practically connected in parallel. Once the bearing voltage exceeds a specific threshold
level, both bearings will discharge through the compromised bearing, which is

commonly called electrical discharge machining (EDM) [15].

Discharge
current

Q Inner race //_
Bearing
voltage Shaft /Q’
T
Bearing Bearing
voltage Q balls \

——=<__ Lubricating
film or grease

Quter race

Fig. 1-5 Structure of a motor bearing

1.3 Motor drive systems in the marine application

In contrast to conventional Terra-N (TN) and Terra-Terra (TT) system where the
neutral is always grounded, naval ships always use ungrounded insulated terrestrial (IT)
power networks to provide better reliability [8], as shown in Fig. 1-6. In an IT system,
live phases and the distributed neutral are all floating, i.e. not connected to ground, so
that if one phase is shorted to ground, it will not cause then overcurrent protection device
to activate. The protection device will only operate when a second insulation breakdown

arises in another phase.
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Fig. 1-6 Insulated terrestrial power system.

In the case of a single-phase fault, the presence of large line-to-ground filter capacitors
will induce a high leakage current which poses safety hazards to humans. Thus, there is
an upper limit on the line-to-ground capacitance in the filter, commonly known as the Y
capacitors. The power level of induction motors in the marine application can be as high
as several MW or even higher, which translates into multi-core power cables for the
motors. These cables are too rigid to be bend and therefore the number of turns fora CM
inductor has been constrained. Usually, multi CM inductors in series are necessary to
achieve large enough CM inductance in marine applications. Therefore, design of an
optimized CM filter for marine application to provide sufficient attenuation can be

challenging due to many design constraints.

Also, the mechanism of bearing degradation for MW motors may be different from
those with smaller power due to their relatively large stray capacitance. For large motors,
simply grounding the motor shaft is not an effective solution, as part of the overall ground
current can still pass through the bearings as rotor ground current and damages the

bearings within a very short time.
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1.4 Motivation

As both the CM voltage and current are characterized by their high-frequency spectral
content, proper modelling of the electric motor concerned is essential in identifying the
CM current path behavior so that the most effective methods for the reduction of CM
current can be adopted. With proper equivalent circuit models, time-domain simulations
for both single- and three-phase induction motors allows one to understand the
mechanism of bearing degradation in greater depth so that correct mitigation techniques

can be applied for the reduction of bearing current.

The subject of bearing failure has been studied extensively and there are three main
mitigation methods for bearing degradation: a) Mitigation at the source end (the inverter
side), such as soft switching method or advanced pulse width modulation (PWM)
techniques [16-19], b) Mitigation between the source and load ends (the interconnecting
power cable), such as CM filters at DC or AC side [14, 20, 21] and c) Mitigation at the
load end (the motor side), such as insulated motor bearings, shaft grounding rings and
Faraday shield [22-25]. For a large number of inverter-driven induction motors that have
already in use in the industries, using CM filter is more convenient, economical and

maintenance-friendly as compared with the other two mitigation methods.

Most filters available in the market have their filter attenuation measured based on 50
Q resistive source and load terminations [26]. However, the termination of a CM filter
in an inverter-driven motor system is far from 50 Q. Hence, the filter attenuation given
in the specification based on 50 Q terminations may not work well under the actual

operating environment. To design a CM filter that is effective for a specific operating
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condition, the actual CM termination impedances must be known. The CM load(motor)
impedance can be measured offline as the motor speed has little impact on the CM motor
impedance over the mid-to-high frequency range [27]. Online extraction of the CM
motor impedance is also possible based on the spectrums of CM voltage and CM current
[28]. As for the CM source (inverter) impedance, one could consider estimating it from
offline measurement or simply assume some typical values, but such estimates are not
reliable because the noise source impedance under actual operating conditions can be
very different[29, 30]. The in-circuit impedance extraction based on an inductive
coupling approach seems to be a viable method by injecting a high-frequency excitation
to the CM loop and monitoring the same signal simultaneously [31], but the presence of
significant background noise in high power motor drive systems cause poor signal-to-
noise ratio (SNR) to enable reliable and accurate extraction of in-circuit impedance.
Therefore, an improvement over the existing approach is necessary for the in-circuit

impedance measurement of high power inverter-fed motor drive systems [32].

1.5 Organization of Thesis

This thesis is organized as follows:
This chapter provides the introduction, background and motivation of the thesis.

Chapter 2 gives a review of the bearing degradation issues for inverter-fed motor drive
systems and commonly adopted mitigation methods. The causes of bearing voltage and

four types of bearing currents are described in detail for the readers to appreciate the
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remaining chapters of the thesis. In addition, existing methods to measure and extract the

noise source impedance of a converter are also reviewed.

Chapter 3 explains the development of equivalent circuit models of single- and three-
phase motor drive systems to enable in-depth study and analysis of the CM current
propagation paths. A controlled switch is designed to emulate the EDM process in the
motor bearings. Then, a 5.5 kW motor drive system is chosen for the test setup to
investigate the bearing degradation experimentally, as well as to evaluate various

mitigation techniques.

Chapter 4 describes the proposed improvements done on an existing inductive
coupling method to extract the in-circuit noise source impedance of a motor drive system.
The improvements enhance the SNR of the measurement setup and protect the
measurement instruments from transient events. The method with the improvements is
verified experimentally and then applied to the 5.5 kW prototype for the actual in-circuit

impedance extraction.

Chapter 5 describes a systematic design process of a first-order CM choke filter based
on the extracted noise source impedance. Firstly, two critical frequencies are selected to
give a quick estimate of the filter performance based on an analytical approach and then
comprehensive modeling using finite element method (FEM) is performed to extract the
CM choke’s parameters. Then, the performance of a second-order LC CM filter is

evaluated and the mode conversion of the second-order filter is studied quantitatively.

Chapter 6 concludes the thesis and discusses possible future work which is worth

exploring further.
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Chapter 2 Literature Review
2.1 Bearing degradation problem

To mitigate the bearing degradation problem effectively, the first step is to understand
the mechanism behind the causes of bearing degradation. The terminology of bearing
voltage ratio (BVR) is introduced to connect between the CM voltage and bearing
voltage. In general, the bearing currents can be sub-divided into four categories and two

of them are held responsible for premature bearing failures.

2.1.1 Motor capacitances and bearing voltage ratio

To analyze the CM current propagation paths, a motor side CM voltage source is
placed between the stator windings and the motor frame, as shown in Fig. 2-1. The stray
capacitances inside the induction motor are usually negligible at the differential-mode
(DM) line-operation of 50 Hz or 60 Hz. However, from CM perspective at higher
frequencies, the effects of the stray capacitances cannot be ignored and must be taken
into consideration. The four most critical stray capacitances are explained as follows [33,

34]:

Cy: stator winding-to-frame capacitance. It is the lumped capacitance between
the stator winding and the motor frame. As the dominant capacitor in the CM
current loop, C,,f is the largest among all the other stray capacitors inside the
induction motor. Its value depends on the winding insulation, winding placement,

the geometry of the winding slot and the power rating of the motor.
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C, Stator winding-to-rotor capacitance. It is the sum of the stray capacitances
between parallel conducting plates and the rotor, whose value depends on the
length of the rotor, the width of the conducting plates and the air gap of the motor.

* G,y rotor-to-frame capacitance. Its value depends on the surface area of the rotor,
the surface of the stator iron stack and the separation distance between them.

» (Cp: bearing capacitance. It is a dynamic capacitance during the operation of the
induction motor. When the motor speed is high enough (roughly larger than 100
rpm) [35], the lubrication film, which is regarded as insulating material, covers
the full surface of motor bearings, making the bearing a capacitor with the
capacitance C,. At lower motor speed, the lubrication film does not cover the
whole surface of bearing and there exists some metal contact between bearing

balls and races.

Stator J

Motor frame

Fig. 2-1 CM voltage across the stator winding and frame

When the lubrication film of the bearing is intact, the stator winding-to-frame

capacitance C,,r, stator winding-to-rotor capacitance C,,., rotor-to-frame capacitance

11
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C-r and the bearing capacitances at the drive end Cj, pr and opposite drive end Cp, opg

will form a capacitive voltage divider as shown in Fig. 2-2 and equation (2-1). Therefore,

the bearing voltage or the shaft voltage mirrors the CM voltage at the motor terminal

with a ratio defined as “bearing voltage ratio (BVR)” [36, 37].

Stator winding

Vem L

Cwf

Y Frame

Cb,ODE |

Fig. 2-2 Equivalent circuit of motor stray capacitances

BVR =

shaft voltage

CWT‘

2.1.2 Bearing current categories

CM voltage ~ Cpopg + Copr + Crp + Cypr

(2-1)

A voltage-source inverter (VSI) used in a VFD presents a high-frequency CM voltage

source and the CM voltage of an inverter is never zero under sinusoidal pulse width

modulation. Large and fast variation of the CM voltage stresses the motor terminals and

couples with the motor stray capacitors which are of no influence at line frequency.

Capacitive couplings from stator windings to the ground creates multiple bearing current

routes [35]. Four types of inverter-induced bearing currents are induced as shown in Fig.

2-3 and their flowing paths are illustrated in Fig. 2-4 and Fig. 2-5.

12
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dV/dt at motor terminal ‘

/ ~.

‘ Common mode ‘ HF ground current
Capacitive EDM- HF voltage Rotor ground
Bearing current (ii) along the currents (iv)
current (i) motor shaft

l

Circulating bearing
currents (iii)

Fig. 2-3 Bearing current of inverter-driven induction motors

Bearings
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E Rotor v
> S i == e -
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:[To Ground Motor frame To Ground B
Fig. 2-4 Bearing currents loops inside an induction motor (type i, ii and iii)
Bearings
— _ Winding -
o Rotor =
= [Shaft 9
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B {7} Stator
Grounding
- Brush
I To Ground Motor frame To Ground

Fig. 2-5 Bearing currents loops inside an induction motor (type iv)
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i. Capacitive bearing current:

Bearing voltage mirrors the shaft voltage at low bearing temperature (25 <C) and high
rotating speed (over 100rpm) due to the voltage divider rule. The bearing voltage thus
has a similar waveform as the CM voltage shown in Fig. 1-4 with high dv/dt. The dv/dt
across the intact bearing causes a small capacitive bearing current in the range of a few
milliamperes, which can be obtained with (2-2). The capacitive bearing current loop is
illustrated in Fig. 2-4 with the green dashed line, from the stator winding to the motor

frame via intact bearing lubrication.

dv
i, = Gy d—t” (2-2)

Bearing balls and bearing races may have metallic contact at low rotating speed or
elevated bearing temperature, making the bearing an ohmic resistance. Then, the bearing

voltage causes a small bearing current usually with amplitude less than 200 mA.[35]

Compared with other bearing currents, the capacitive bearing current has relatively
smaller amplitude and not contributes to the bearing degradation. Thus this bearing

current is not discussed any further.

ii. Electric discharge machining (EDM) current:

As mentioned before, bearing voltage mirrors the CM voltage and can be written as:

. Cor
“™ Cpope + Cppr + Crp + Cr

Vp = Vg - BVR (2-3)
The low-frequency to medium-frequency components of the bearing voltage stress
bearing balls which are surrounded by thin lubrication film with low dielectric strength.

Lubrication film may breakdown when the bearing voltage exceeds a certain discharge

threshold voltage. The energy in both bearing balls (capacitors) will be released instantly,

14
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resulting in arcing over the bearings and the races. Consequently, melted and vaporized

crates are produced in the bearing raceway, as shown in Fig. 2-6 [38].

‘ = ,Zones 4
) with
| / vaporization

/ melted /

zones \ 2

.

I
20um

Fig. 2-6 Melted and vaporized crates

EDM current path is illustrated with the violet dashed lines in Fig. 2-4. Although EDM
current has the same current path as the capacitive bearing current, its peak amplitude
can reach a few amperes and is the dominant cause of bearing degradation for small-

sized motors.

iii. Circulating bearing current:

The current flows through the winding to the rotor is the source of capacitive bearing
current and EDM current, while the current from the winding to the stator is the source
of circulating bearing current [39]. To facilitate the understanding of circulating bearing
current, the grounding current flowing axially through the stator winding will be briefly
introduced. Fig. 2-7 illustrates the physical structure of the embedded copper coil and its

per-phase equivalent circuit.
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L1 L2 Ln
—>
i~Ai
1+Al Cl‘l‘ 2T cn—l—
> N A ¥ i (Normal mode)
4 i \/ (Common mode)
L2n L2n-1 Ln+1
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< 4 ¢ \/ (Common mode}

Fig. 2-7 Physical structure of the copper coil and per phase equivalent circuit

Cy, Ca.... Con are winding-to-frame stray capacitances between each winding and the
motor frame. The ground represents the motor frame that is usually connected to ship
hull. These capacitances provide paths for the flow of CM current to ground. Ly, Lo... L2n
are the inductances of each winding of the stator. Hence, Fig. 2-7 is a full equivalent
circuit model to describe the stator winding and the motor frame. When a current of i+Ai
flows into the stator winding input, part of the current (i-Ai) flows out of stator winding
back to the source and the rest flows to the ground via the winding-to-frame stray
capacitances. In other words, for each phase, there is a total leakage current of 2Ai. This
noise current propagates from line to ground is considered as common-mode (CM)
current. The propagations of normal-mode (NM) or differential-mode (DM) current and
CM current are clearly indicated in Fig. 2-7. The CM current flows from line to ground
through the winding-to-frame stray capacitance and the DM current flows through the
windings between the phases and has no direct interaction with the winding-to-frame
stray capacitance. The flow of the leakage current in the stator coil is shown in Fig. 2-8.
Assuming parasitic capacitors are distributed in the conductor uniformly, current
entering the stator winding will be dissipated to the frame through the parasitic

capacitances. For any given position Yy in the Y-axis, stator winding current at both coil
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side can be expressed as i+Ain and i-Ain, respectively. The current distribution in the coil

thus can be illustrated as Fig. 2-9.

F 3
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Fig. 2-8 Flow of current in the stator winding

A
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Coil Side a-n
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I-Al .

0 H
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Fig. 2-9 Current distribution in the stator winding

The net leakage current that flows through the stator windings in the axial

direction equals to:

D i = [l + 8ig) = (ig = Big)] + [(iy + Biy) = iy = 4]
+ [(i. + Aip) — (i. — Aip)] = 2(Ai, + Aiy + Aiy) (2-4)
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Y. iis enclosed by a Gauss surface & inside the stator case as shown in Fig. 2-10,
the cross-section of the motor in the radial direction. By Gauss’ Law, there exists a time-
varying magnetic flux surrounding the motor shaft, and this flux will induce an end-to-
end shaft voltage [39]. If this shaft voltage exceeds the threshold voltage of the
lubrication film, the bearing insulation property will be destroyed, and consequently the
shaft voltage will cause a harmful circulating bearing current. The flux in the motor and

the paths of circulating current are illustrated in Fig. 2-11.

Phase V \

[ ! [ \ v
:‘ ( >_— _"h‘.—PFaseW

- W
/ Frame
/
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Fig. 2-10 Gauss surface inside the stator case
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v

Fig. 2-11 Flux in the motor and circulating bearing current

18



Literature review

The circulating bearing current can also be thought as the result of the transformer
effect [40]. In this case, the motor can be considered as a transformer where the CM
leakage current acts as a primary and induces the circulating current flowing through the

shaft or secondary. Equivalent transformer circuit is shown in Fig. 2-12.

r———"—-"=-—-=-=-= T T T T T == T - -"-"-"-"-"-"-"-" """ ~""="""=""=""=~""=""="—""—/—"=—"—"—-= 1
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Fig. 2-12 Transformer effect causing the circulating bearing current

The amplitude of the circulating current strongly depends on the shaft length and the
high-frequency ground current. The former one is proportional to the frame size and the
later one is proportional to the stray capacitance between stator winding and the frame.
Distance between the stator winding and the frame does not change much with the motor
size but the area of overlap is proportional to the square of the motor frame size.
Therefore, the flow of circulating bearing current increases with the cube of the motor
frame size [35], i.e.

Vond—to—end™iglshae~ (Size)?(Size) = (Size)? (2-5)

iv. Rotor ground current [9]:

The use of grounding brush reduces the shaft voltage with respective to the grounded

motor frame and hence, eliminates the occurrence of the EDM bearing currents. However,
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if the rotor is connected to the ground with significantly lower impedance than the stator
frame grounding impedance, part of the overall ground current will flow through the
bearing as the rotor ground current. The rotor ground current path is illustrated with the
dashed line in Fig. 2-5. Also, the grounding brush adds to the existing circulating bearing
current, which can be significant for large motor size and cause premature damage to the
bearing. The bearing without grounding brush or the one at the no-load side may suffer

from a higher circulating current.

To sum up, bearing current of type i is considered as harmless no matter the motor
ground current can be avoided by using ungrounded shaft or insulated coupler. The
electrical motors are usually MW level in the marine propulsion system, so the
circulating bearing current is more dominant than the EDM current. Mechanism of the

harmful bearing currents is summarized in Fig. 2-13.

Electrostatic discharge machining o Vo . Cwr
(EDM) Current Veom Cwr*Crr* 2Cp

Due to high-frequency

Circulating bearing current |
stator ground current

Due to high-frequency
Rotor ground current = stator ground current and
grounded rotor

Fig. 2-13 Mechanism of harmful bearing currents
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2.2 Mitigation Techniques

2.2.1 Outline of mitigation

People are looking at the bearing degradation problem from two perspectives: the
inverter end and the motor end. Many different mitigation techniques at both ends have
been proposed to deal with the bearing degradation problem. Some well-known methods
are briefly listed as follows,

1. To address the EDM bearing currents [41-43]

e [Inverter End

1) Passive filter at inverter side: sine filter, dv/dt filter, etc.
2) Active filter
3) Soft-switching technique
e Motor End
1) Passive filter at motor side: shunt filter
2) Grounding brush or ground ring
3) Insulated motor bearings or insulated bearing seats
4) Hybrid bearings
5) Conductive lubrication grease
6) Faraday shield

2. To address the CM current and the circulating bearing current [22, 44-48]
e Inverter End
1) Passive filter at inverter side: CM filter, etc.

2) Active filter
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3) Advanced modulation strategies
e Motor End
1) Grounding filter at motor side
2) Insulated motor bearings or insulated bearing seats

In general, dv/dt filters, sine filters and CM filters are mitigation techniques that can
reduce the bearing currents but their effectiveness depends strongly on the type of
bearing current that is of interest to suppress.

1. The EDM bearing current

In a motor drive system with short cable where the overvoltage is low, the EDM
bearing currents generated in the motors are unaffected by all three types of filters
because they do not eliminate the CM voltages. Hence, the voltage buildup in the
bearings remains unchanged [9]. The sine filter leads to nearly sinusoidal line-to-line
voltages, but not sinusoidal line-to-ground voltages.

For a motor drive system with electrically long cable, i.e., the physical length is
comparable to the wavelength of the frequency of the analysis, voltage reflection can
occur at the motor end if the motor’s characteristic impedance is much higher than the
cable’s characteristic impedance. Under this situation, the dv/dt or sine filters can help
reduce the overshoot of the CM voltage and further reduce the consequent EDM events.

2. The circulating bearing current

For larger motors with higher power ratings, the bearing current is dominated by the
CM circulating current. Under such situation, the CM filters are more effective to reduce

the CM circulating currents than the dv/dt or sine filters. This is because the CM filters
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can provide high CM impedance at high frequency. Therefore, most commercially
available filters always add a separate CM filter to their sine filter products [49].

To deal with the CM current problems for a large quantity of inverter-driven induction
motors which have already been used in industrial applications, passive CM filter is more
convenient, economical and maintenance-friendly compared with other remedial actions.

Thus, CM filter design and optimization will be the emphasis of this project.

2.2.2 Passive CM filter design method

An EMI filter suppresses the noise by providing the impedance mismatch between the
filter and the propagation paths. The attenuation of an LC filter can be derived by the
following procedures [50], considering the case of the source voltage Vsoyrce cm, the
source impedance Zgqy-ce cp @nd the load impedance Zy,44 i, as shown in Fig. 2-14(a)
and (b). Ly, represents a CM choke or CM inductor while Cy represents the sum of the

Y capacitors.

Zsource,CM

vel]

Vsource,CM ~ | Zload,CM

@)
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Lcm

Zsource,CM

ot T Vc[]
Vsource,CM | Zload,CM

(b)
Fig. 2-14 Mismatched source and load without(a) and with(b) filter

1) Calculate the output voltage without the filter, 1/,

Vsource,CMZload,CM
]/;) =

2-6
Zsource,CM + Zload,CM ( )

2) Calculate the output voltage with filter, V.

Vc — Vsource,CMZCZload,CM (2_7)
(Zsource,CM + Zload,CM)(ZC + Zload,CM) + ZCZL

3) Calculation the attenuation as 20log (V, /V.)

4) Following the above procedures give the result for attenuation

(Zsource,CM + Zload,CM)(ZC + Zload,CM) + ZCZL

Azg = 20log
a5 (Zsource,CM + Zload,CM)ZC

(2-8)

Commonly used filter topologies are summarized in Fig. 2-15 and Fig. 2-16 [51]. As
long as knowing the source impedance and the load impedance, attenuation of certain

EMI filter under certain frequency can be calculated following the same steps.
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Fig. 2-15 First order and second order filter topologies

Zload High Low

Zsource

LT m

Fig. 2-16 Higher order filter topologies

For the load impedance, the military considers the worst-case environment by using a
10 F feedthrough capacitor with 15 mQ series resistance. This capacitor provides the

worst-case low impedance and through which the current is measured [26].

Another condition for the EMI filter design is that the mains is considered as a load.
Mains impedance under a variety of situations has been examined and the results show

that the mains impedance is dynamic [52]. Hence in the interest of test repeatability, a
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line impedance stabilization network (LISN) is put between the EMI source and the

dynamic load to develop a stable load impedance, as shown in Fig. 2-17.

: YA :
! ;
To Power ! 50 uH i To EUT
Source i !
1 i — . 1
p— — 1
| 8 uF 0.25 uF !
: .
i ! To 500
i 5 Q§ 1kO i termination
]
: i

Fig. 2-17 LISM schematic of MIL-STD-461F

In the motor drive system, the load faced by the CM filter is a three-phase cable and
an induction motor, whose impedance can be measured offline with an impedance

analyzer.

Source impedances in communication and microwave applications are usually well
defined as 50 Q but things are different when it comes to the motor drive system. The
noise source of an EMI filter for an inverter is unfortunately not readily available. One
could consider estimating this value from off-line measurement or simply assume some
typical values, but such estimates are not reliable because the noise source impedance
under actual operating conditions can be very different. Therefore, online extraction of

the source impedance of an inverter is necessary for the optimal EMI filter design.

2.3 Impedance extraction methods

Through a comprehensive literature review, existing online impedance measurement

technique includes the resonance method [51], the inductive coupling approach [53], and
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the ABCD network approach [31, 54]. In this section, these three approaches are

reviewed, and their merits and shortcomings are discussed.

2.3.1 The resonance method

The resonance method is a way to determine the source impedance of a black box.
Physically, there is an insulation layer between the electronic devices and the grounded
heat sink and chassis, which is capacitive in nature. Therefore, the black box is assumed
to be a Norton circuit with a capacitive source impedance. Insight into the source
impedance can be obtained by cleverly choosing the load impedance and examining the
resonance between the source and load. Conceptual schematic of the resonance method

is shown in Fig. 2-18.

Current Probe Inverter

ol

|
|
L 5\9 |c == R§ (@)
|
|

Fig. 2-18 Conceptual schematic of the resonance method

The value of the current source can be directly measured using a current probe by
shorting the load. Then connect the noise source to an inductive load to create a resonance
at certain frequency and the Q of the source may be found at this frequency. The Q of

the source is defined as
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0= 29

ISC

where I, is the short circuit current, and I, is the current when the inductive load

resonates with the source impedance.

Q can be also used to calculate the resistive and capacitive components of the noise

source
R = wlLQ (2-10)
Q
== 2-11
¢ wR ( )

where R is the source resistance, L is the load inductance, C is the source capacitance

and o is the resonant frequency.

Although the resonance method can extract the source impedance under operating
condition, it is different from the real working environment. The load of the system needs
to be replaced by a known inductor to introduce the resonance, which means the
interruption of the normal operation of the induction motor. For the CM source
impedance measurement, the short circuit is achieved via large capacitors between
phases and the ground, causing the change of resonant frequency and adding to the source
capacitance. Besides, large leakage current could be a potential threat to personal safety.
Q is calculated by the short circuit current and the inductive load current under the same
frequency. Therefore, it may take efforts and a long time to choose load inductance by
trial and error method and find a resonant frequency where the short circuit current at

this frequency point is pronounced and stable.

The noise source in the measurement is considered to be capacitive, which is realistic

at low frequency before the equivalent series inductance (ESL) of the stray capacitance
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becomes dominant. After hitting the resonant frequency, the source impedance behaves
like an inductor, thus the resonance method may not be able to capture the resonance

point and fail to estimate the source impedance at high frequency.

2.3.2 The inductive coupling approach

The inductive coupling approach has been developed to determine the CM noise
source impedance of a switched mode power supply (SMPS) which allows the online
impedance measurement without interrupting the normal operation of the system. The
idea of this approach is to inject a high-frequency signal into the system via an injecting
probe and obtain the loop impedance by comparing the injected signal and the received

signal. The concept of this method and its equivalent circuit is illustrated in Fig. 2-19 and

Fig. 2-20.
Spectrum
Analyser Receiving
lw a Probe b
> (&) ;
> \¥) T
Injecting
Probe
D) | |Vu | []
; r-————" """ - |
Signal : | AA—YYY
Generator ¢ | | b
a | C Rec Lc |

_—— e —_——_— —_— —_— —_— ——

Coupling capacitor

Fig. 2-19 Basic setup of the two probes approach

29



Literature review

lo o @ Zee P

P ——* 1 *—
M iOA
Zsig [] * ¢ : :
SN N PR i

szg@ : :
* T ——

a' b'

Fig. 2-20 Equivalent circuit of the two probes approach

The radio frequency (RF) coupling circuit for the impedance measurement consists of
two current probes and one coupling capacitor. Injecting probe and receiving probe
clamped on the cable are connected to signal generator and spectrum analyzer
respectively. Injecting probe at a-a” works as a transformer whose ratio is N:1. Self-
inductances of the primary side and secondary side are denoted by L, and L,,while the
mutual inductance between the injecting probe and the wire loop is M. Output voltage
and output impedance of signal generator are presented as Vy;, and Z;,. Induced voltage
and current into the system at the secondary side of the transformer are presented as V,,

and I,,. The relationship between source voltage and induced voltage can be illustrated

as:
joMVg, ) joM
=———(jwL, ———)I 2-12
Y Zgig oLy ol Zsig +]a)Lp) W (2-12)
(2-12) can be simplified as:
Vi = Vg — Zyl (2-13)
JoMVgg

Vy = —>9 -
M Zgg +jwly (2-14)
Zy = joL e 2-15

30



Literature review

where V,, and Z,, are the equivalent source voltage and source impedance.

The impedance of DUT can be obtained by

%4
Zy =7 = Ty + Zyec + 20) (2-16)
w

The current in the wire loop I, is measured by the receiving probe

% (2-17)

I, ==

where V, is the voltage measured by the receiving probe and Zy is the transfer

impedance of the receiving probe.

Substituting (2-15) and (2-17) into (2-16)

_ JMVsig Iy g 20 (2-18)
x Zsig +ijp V;, M rec c
Then (2-18) can be simplified as
kVg;
Zy = =7 — Zin (2-19)
Vo
where k = 22227 ang Zin=Zy + Zrec +Zo. In (2-19), kVy;4 and Z;, are both
Zsig+]wLp

constant coefficients for a given frequency. kVy;, can be determined by replacing the

load with a large standard resistor Ry;q > |Z;|, thus

szig = Rstdl/;alzszstd (2'20)
To obtain Z;,, Z, is replaced with a short circuit and is calculated as:
kVsig
in = (2-21)
mn ‘/p

Finally, the impedance of DUT can be determined by (2-21) with known kV;, and

Zin-
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The most attractive feature of the inductive coupling approach is that the current
probes can avoid direct electrical contact to the electrical system. Although the
conventional inductive coupling approach can extract the source impedance online, the
setup in Fig. 2-19 must be carefully calibrated with the power source disconnected. Thus,
this method will not interrupt the operation of the system during measurement, but the
system has to be stopped for calibration, which may not be feasible if the system is
mission critical. For calibration, the device under test (DUT) is first replaced by a known
standard precision resistor and then a short circuit. However, for many practical

applications, the DUT cannot be easily replaced due to either the size or inaccessibility.

Output frequency of the signal generator is fixed during the measurement so that the
measured impedance of DUT is also under certain frequency, which is not enough to
show the impedance change with frequency. One possible way is to repeat the
measurement for different frequency points, but it also means time-consuming work.
Another way is to use the two-port ABCD network approach with a vector network

analyzer (VNA) for frequency sweep.

2.3.3 Two-port ABCD network approach

In this method, the inductive coupling probes and the electrical system are treated as
three cascaded two-port networks. By obtaining the ABCD parameters of the electrical
system, the loop impedance can be calculated with ease. Basic setup of the two-port
ABCD network approach and its equivalent circuit consisting of two-port networks are

shown in Fig. 2-21 and Fig.2-22, respectively.
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Fig. 2-21 Basic setup of two-port ABCD network approach
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Fig. 2-22 Equivalent circuit of two-port ABCD network approach

Here V; is the power source of the electrical system whose internal impedance is Z,.
Z,, is the impedance of the wiring connection. Z, is the impedance of the electrical

system under actual operating conditions.

Through two clamp-on type current probes, an RF signal is injected from VNA’s port
1 to the circuit loop and then is detected at VNA’s port 2. Each current probe, one as
injecting probe and another as receiving probe, can be treated as a transformer and

represented by a two-port network, as shown in Fig. 2-22, named as M;,,; or M,...

M,y stem Tepresents the two-port network consisting of the electrical system, the power

source, and the wiring connection. The injecting probe, receiving probe and the electrical
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system are modeled as three cascaded two-port networks. M represents the equivalent
two-port network between port 1 and port 2 which can be characterized by the VNA and

expressed as

A Bl _[A Bl [A B A B
c Dl [C D]inj C Dlsystem [C Dl.,. (2-22)

A Bl [A B A B A B
where [C D] e ol [C D Systemand [C D]rec are the ABCD parameters

of M, My, Mgystem, and M., respectively.

My and M, can be first characterized with the VNA and the test fixture before the

actual in-circuit impedance measurement, thus the unknown ABCD parameters of

Mgy stem Can be obtained through (2-22) as well as Zsyen,, Which is the sum of Z,, Z

and Z,,,.

Two-probe network approach has the ability to extract in-circuit impedance of the
noise source by injecting a high-frequency excitation to the CM loop, but it has
limitations when applied to a high-power motor drive system. First, the background noise
in a motor drive system can be very high due to the fast switching of IGBTs or MOSFETS,
so the signal-to-noise ratio of the measuring device is far from enough. On the other hand,
the high-frequency noise could exceed the receive limitation of the VNA and damage
the measurement ports. Therefore, an improved method suitable for the high-power

systems is strongly desired.
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Chapter 3 Investigation of premature
bearing degradation

This chapter introduces the time domain simulation of both single- and three-phase
induction motors driven under PWM operation. Besides, a prototype using a 5.5 kW
motor drive system is built as a case study to investigate the bearing degradation and
evaluate various mitigation techniques. To make the simulations considerably more
realistic, parameters in the models are obtained from either measured results or published
papers. Comprehensive modeling of the 5.5 kW induction motor is accomplished with a
three-phase universal model and the process of electrical discharge machining is

emulated by a voltage-controlled switch.

3.1 Single-phase induction motor driven by a CM voltage

source

The advantage of single-phase equivalent circuits is that they avoid the complexity of
three-phase circuits by ignoring the differential mode behavior of the system while
providing a useful insight into the motor’s CM behavior. In the CM viewpoint, all the
three phases can be considered as one single conductor as the CM current is the average

of three-phase currents and the CM voltage is one-third of the total voltage.
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3.1.1 Circuit model of the single-phase equivalent circuit

The single-phase equivalent model of a motor drive system is represented in Fig. 3-1

with a motor zero sequence impedance and a capacitive voltage divider [55].

Single-phase motor cable

A

-
»-

Motor zero sequence

impedance
P Vsng CI"IW Vb

Lpig Reiz Lpig Reiz Lpi% Rpi§;|_/vw_/"w " Ro

Cuwf = Crf 5
CM Voltage Cpi== = Cpi:= = Cpi== = G

]

L = = == = = = Motor stray
= capacitances

Fig. 3-1 Single-phase motor driven by a CM voltage source

A piecewise linear source is used in the circuit to present the CM voltage at the output
terminal of a 2-level voltage source inverter whose value is one-third of the sum of phase-
to-ground voltages. The inverter uses sinusoidal PWM with a modulation index of 0.8

and a switching frequency of 3 kHz.

The motor zero-sequence impedance is one-third of the stator resistance in series with
one-third of the stator leakage inductance. The zero-sequence impedance for the 15 kW
motor is adopted from [1], 300 pH and 59.8 Q. Stray capacitances in the motor include
the winding-to-frame capacitance (C,,f), winding-to-rotor capacitance (C,,.), rotor-to-
frame capacitance (C,f), and the bearing lubrication capacitance (Cp). Ry, is the bearing
resistance in series with the bearing capacitance. Vg, and V}, in Fig. 3-1 are the stator
neutral-to-ground voltage and the bearing voltage respectively. The 5 m single-phase
cable is connected between the CM source and the motor. It can be represented by

cascaded lumped Pi electrical model with subsection length AL. For each lumped Pi sub-
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section, the resistance R,;, the inductance L,; and the capacitance C,; can be calculated

by using the per unit length distributed parameters multiply by AL. For the given power
cable, the per unit length distributed parameters are 160.28 m€/m, 163 nH/m and 124

pF/m, respectively.

3.1.2 Simulation results for a single-phase induction motor

In the simulation, the cable length is 5 m and the rise time of the CM voltage source
is 30 ns. Fig. 3-2 compares the CM voltage (top plot) and the neutral-to-ground voltage
(bottom plot) for the 15-kW motor. The CM voltage is a step waveform with the values
of +Vu./2 , +V4./6 , -V4./2 and -V, /6 and the neutral-to-ground voltage has a similar
waveform. As shown in Fig. 3-2, the CM voltage has a fundamental frequency of 3 kHz.
The stator’s neutral-to-ground voltage exhibits considerable overshoot due to the
impedance mismatch between the motor and the cable. From the viewpoint of differential
mode, a single inverter switching event may cause up to double the dc bus voltage at the
motor terminal, while for common-mode, the overvoltage can achieve 2/3 of the dc link
voltage. In the simulation, the largest overvoltage caused by the 5 m cable and the 15

kW motor is as high as 35% of the CM voltage.
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Fig. 3-2 CM voltage and neutral-to-ground voltage

Of all the parasitic capacitances in Fig. 3-1, C,, is the largest one and dominates the

motor CM impedance. The effect of C,, on the bearing voltage is shown in Fig. 3-3.

T T
—— Cwf=10nF
—— Cwf=30nF 7
—— Cwf=50nF
—— Cwf=70nF

| ——Cwf=100nF | |

Bearing voltage (V)

200p 300u 400 500p
Time (s)

Fig. 3-3 Effect of the stator-winding capacitance on the bearing voltage

The variation of the bearing voltages is generated by sweeping the value of C,, s from
10 nF to 100 nF while keeping the values of C,,,, C;.f, C,and R,constant. Provided the

bearing impedance is insulating, bearing voltage which is also the rotor-to-ground
voltage mimics the neutral-to-ground voltage because of the voltage divider rule. As

shown in Fig. 3-3, the steady bearing voltage for each switching operation is constant for

38



Investigation of premature bearing degradation

all the conditions. For an intact motor bearing, the steady state voltage is not affected by
the change of C,,; as the BVR of the motor is calculated in (3-1) when neglecting R,,.

BVR = Cur (3-1)
Co + Crp + Cyr

Note that C,,r has a rounding-off effect on the bearing voltage in that the dv/dt of

bearing voltage and overshoot decreases with increasing C,,s.

3.0m

T T T T T
i —=— Cb=100pF]| |
Senl A —e— Cb=200pF

MERSEa=====

0.0 . L . . . .
0 20 40 60 80 100
Winding-to-frame capacitance (pF)

Capacitive bearing current (A)

Fig. 3-4 Maximum capacitive bearing currents

If the motor bearing insulation is not punctured, a small capacitive bearing current will
flow through the bearing whenever the CM voltage transitions from one level to another.
The maximum capacitive bearing current for different bearing capacitances is calculated
in Fig. 3-4. Larger bearing capacitance means smaller bearing impedance, thus resulting
in a higher capacitive bearing current. However, as shown in Fig. 3-4, the capacitive
bearing current is negligible for all three values of C,. Although the bearing current can
attain values of 2.5 mA or even higher with larger bearing capacitance, it is still

considered to be too small a current to cause permanent bearing damage.
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An actual ball bearing impedance is a nonlinear function of the motor and lubrication
parameters and it also depends on the operating condition of the motor, temperature of
the environment and the aging degree of the grease, so that the threshold voltage of the
motor bearing is dynamic and irregular, which means the bearings can randomly alternate

between insulating and conducting states[1].

3.2 Three-phase induction motor driven by a 2-level voltage

source inverter

In this section, a high-frequency simulation of a three-phase 5.5 kW motor is presented
for the study of the CM voltage and CM current. Since the bearings can alternate between
insulating and conducting states at random, a controlled switch is designed to simulate
this transition of bearing impedance from one state to another, so that it is possible to
examine the variation of bearing voltage and the EDM current that flows through the

compromised bearing.

3.2.1 Determination of motor parameters

A well-known IEEE 122 per-phase T-equivalent model is shown in Fig. 3-5 which can
represent the low-frequency behavior (50, 60 and 400 Hz) of a three-phase induction
motor. The IEEE 122 equivalent circuit is expressed simply in terms of the following
components: stator resister and leakage inductance (R; and L), rotor resister (R,.),

leakage inductance and slip (L;- and s), magnetizing inductance (L,,,) and core loss
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(Rcore ). Parameters of a 6-pole TECO 5.5 kW induction motor in a Y-equivalent

connection is listed in Table 3-1.

Phase , R,S, . .L‘i N Nﬂ;m_
Ln@ She S R
Neutral

Fig. 3-5 IEEE 112 per-phase low-frequency equivalent model

Table 3-1 Parameter of 5.5 kW induction motor per phase (Y-equivalent)

s=1
Rs 0.89 Q
Lis 3.93 mH
Rr 091Q
Lir 4.65 mH
Lm 102.94 mH
Rm 418.10 Q

High-frequency response of the induction motor is hard to be achieved with the T-
equivalent lumped circuit as the applied voltage is not uniformly distributed through the
stator windings and the stray capacitances of the stator windings are not considered.
Thus an improved universal model from [56] is adopted to simulate the high frequency
behaviors of the induction motor by adding more stray parameters to the conventional

model, as shown in Fig 3-6.

41



Investigation of premature bearing degradation

R
]
Csw
Phase n Lis Rs Lir
(1-r] )Lls

Cst

L % chore § RS/S
Rt

Frame

Neutral
Fig. 3-6 Per-phase universal induction motor model

The leakage inductance of the stator winding is divided into two parts, nL;, for the
first few turns and (1 — )L, for the rest coils because the high-frequency rise-time-
related effects of the PWM voltage on the DM reflected voltage mainly depends on the
first few turns at the first coil group. Effective winding-to-frame stray capacitance of the
first few slots and resistance of this fraction of windings are denoted as Csf and R Ry,
and Cy,, are the loss equivalent resistance and interturn winding capacitors of the stator
coils. These additional components create a few resonances and anti-resonances in the
motor’s CM and DM frequency response, thus careful selection of these values can help

to simulate the induction motor in a wider frequency range.

Equivalent Y-connection for the actual A-connection of the stator windings in a three-
phase induction motor is shown in Fig. 3-7 where the neutrals of the three-phase circuit
are connected together to the parasitic capacitors in the induction motor, Css, Cs;, Crf,
C, and the series resistance of the motor bearings, R, . Ly and Ry are the frame
inductance and frame resistance from the slot to the ground reference point. A switch is
placed across the bearing to simulate the EDM process when the bearing voltage exceeds

the threshold value.
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Fig. 3-7 Equivalent Y-connection for the actual A-connection of the stator windings in a three-
phase induction motors

The following two impedance measurements are required to estimate the high-
frequency parameters in the universal induction motor model as well as the stator and

rotor leakage inductances.

¢ DM impedance of the motor

e The winding (one lead) to frame capacitance at low frequency and high frequency

The measurement setup and results for the 5.5 kW induction motor are shown in Fig
3-8 and Fig 3-9 and a few key points for the calculation of motor parameters are marked

in the figure. The impedances are measured offline when the slip rate s = 1.
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Fig. 3-8 Measurement setup (a) DM impedance; (b) one-lead-to-frame impedance
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Fig. 3-9 Impedance measurement results of the 5.5 kW motor (a) DM impedance; (b) one-lead-
to-frame impedance
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The marked points (A)-(E) shown in Fig. 3-9 are used to estimate the high-frequency

parameters of the induction motor according to equations (3-2) to (3-6). The selection of

these marked points is summarized below and the measured results are given in Table 3-

2.

(A) Frequency and the corresponding impedance magnitude where the impedance

phase angle has its maximum value.

(B) Frequency and impedance magnitude at the first resonant point.

(C) Frequency and impedance magnitude at the anti-resonant point.

(D) The winding (one-lead) to frame capacitance at low frequency.

(E) The winding to frame capacitance at high frequency.

Table 3-2 Measured data of the 5.5 kW motor

Steps Magnitude Phase Angle Frequency
(Q) (degree) (H2)
A 35.40 84.7 230
B 4937.02 6.4 25122
C 13.01 -26.0 20408017
D 102.17 —-83.9 2021288
E 11566.03 -89.7 1111

C

Z(Zwr)leSCsf -1

W (zwr)les((zwr)lesCsf -1

2
Rsf = § |Z ] anei-r

nLls

2
Rgy, = § |Zmax — |Rcore//(].2n'frl'lr)|

_ 1
B Csf(zr[fa)z

(3-2)

(3-3)

(3-4)

(3-5)
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Csf_O = Csf(LF,one—lead—to—frame) - 3Csf(HF,one—lead—to—frame) (3'6)

The bearing stray capacitances in the high-frequency model, i.e. Cg,, C,.r and Cp, are
hard to be measured directly but can be estimated through experiential equations
introduced in [1] or electromagnetic numerical methods, such as finite element method
(FEM). However, both experiential equation estimation and electromagnetic numerical
methods require the material property and exact geometry structure of the motor bearings,
which are difficult to obtain without dismantling the motor. In the three-phase model,
bearing stray capacitances of the 5.5 kW motor in Table 3-3 is determined based on the

measured bearing voltage ratio and the calculated data from [1], as shown in Fig. 3-10.

Table 3-3 Estimated bearing parameters

Parameters Cer Cr Co Rob
Value 50 pF 2.4 nF 300 pF 5Q

i

Capscitancs { pF )

T

Horsepower { Hp ]
Fig. 3-10 Normalized Capacitances Curves until 1000Hp rated power motors [1]
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With the low-frequency parameters from the data sheet in Table 3-1 and the obtained

data points mentioned in steps (A) to (E) in Table 3-2, parameters for the high-frequency

model of the 5.5 kW induction motor are then calculated and given in table 3-4.

Table 3-4 High-frequency parameters of the 5.5 kW induction motor

Parameters

Cow

Rsf

nLIs

Rsw

Csf_o

Value

1nF

8.66 Q

78 nH

2896.08 Q

10 nF

The measured and calculated DM and CM impedance of the 5.5 kW induction motor

are demonstrated in Fig. 3-11. It has shown that the calculated results and the measured

results are in good match with each other, particularly at the low- and high-frequency

spans. The difference at mid-frequency around 100kHz is mainly due to the decrease in

the magnetic core permeability, which leads to a significant decrease in the magnetizing

inductance (L,,,).
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Fig. 3-11 Measured versus modeled impedance of 5.5 kW induction motor. (a) DM impedance
(b) CM impedance

3.2.2 Determination of the cable parameters

Three-phase cable is modeled based on [57] to take care of the power loss in the
transmission wire and the variation of the stray capacitor with frequency. Fig. 3-12 shows

the distributed parameters per phase per ft of the power cable.

. L.
Nodei /\/F;S/\( N"YSV‘\ Node i+1
Rp2
Rpl g
= Cpl
Cp2_|
—|_ Neutral

Fig. 3-12 Per-phase model of the power cable per-unit length

Parameters for the simulated cable are summarized in Table 3-5 and the model is
validated by examining the cable characteristic, open- and short-circuit impedances as

shown in Fig. 3-13.
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Table 3-5 Distributed parameters (per ft) for a three-phase Beldon cable

Parameters Rs Ls Rpt Rp2 Cp Cp2
Value 2 mQ 0.4 uH 48.01 MQ 884.29 kQ 13 pF 51 pF
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Fig. 3-13 Cable open- (a) and short- (b) circuit impedances and characteristic impedance (c)

3.2.3 Circuit model of the three-phase motor drive system

The three-phase simulation presented in this section involves a three-phase universal
model for a 5.5 kW induction motor and 0.9-m long unshielded cable driven by a PWM
2-level voltage source inverter, as shown in Fig. 3-14. C,4, L, Cy, and C,3 are the LCL
filter connected between the power grid and the input of the commercial inverter. The

two Y capacitors C,, each of which is 2.5 nF, are mounted between the positive and
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negative rails of the dc link and the grounded enclosure. C;, is the experimentally
measured stray capacitances between the collector of each of the IGBTs (S1 through S6)

and the enclosure. In the figure only the stray capacitor for S1 is shown to avoid clutter.

All the parameters for the inverter are given in table 3-6.

Ls Vi LA J: J JQ} JQ}
Input PO Cdc Ch sil” S3 S5 Output
YUY |
J_ aaas L
Cpl== == C2=—==—=F &~ &~ &L = J 1 ]
T Sa Se S2
Cp?’ T C\/ - ==

Fig. 3-14 Equivalent circuit for the Vacon inverter

Table 3-6 Parameters of the VVacon inverter

Parameters

Cp]_

Ls

sz

Cp3

Cdc

Gy

Value

1uF

600 uH

300 nF

300 nF

1.0 mF

2.5nF

As mentioned in the previous section, bearing impedance can change from its

insulating to conducting states at random. This random behavior of the bearings in Fig.3-

7 is modeled via a “switch” whose model is shown in Fig. 3-15.

50



Investigation of premature bearing degradation

AM—]| T i ™
Rv Cb Csr Neutral

iD >— Rd :
Vsen

[Cif TCsf

Fig. 3-15 Switch model for emulating the passage of EDM currents through the bearings

A voltage sensor(V;.,,) is connected across the bearing capacitance(C,) and bearing
resistance(Rj), as shown in the figure. V,,,, monitors the bearing voltage and provides a
trigger voltage signal to the controlled switch. When a trigger voltage signal exceeds a
pre-defined threshold value(V,,), the signal at point A will change from low to high,
indicating the beginning of one single electric discharge. The transition of the bearing
impedance from insulating to conducting state occurs when the switch closes because of
the applied pulse, whose amplitude and width are configurable. The closure of the
controlled switch is accompanied by a harmful EDM current which flows through the
compromised bearing. Time delay TD1 and TD2 help to avoid the malfunction of the
controlled switch at the unstable stage of the system, thus the discharge during normal

operation is captured. Pulse width is controlled by TD3 and is set to 10 us in the
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simulation. R; represents the equivalent discharge resistance and determines the

amplitude of discharge current.

3.2.4 Simulation results for the three-phase induction motor

Figs. 3-16 and 3-17 show the phase-to-phase voltage, the CM voltage, the phase

current, the CM current and the bearing voltage based on different time scales. Fig. 3-16

is based on the output-frequency time scale while Fig. 3-17 based on the carrier-

frequency time scale. These two figures show simulation waveforms when the bearing

IS intact, that is, the controlled switch in Fig. 3-15 is always open.
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Fig. 3-16 Simulation waveforms based on the output-frequency time scale when the bearing is
intact. (a)Phase voltage (b)CM voltage (c)Phase current (d)CM current (e)Bearing voltage
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Fig. 3-17 Simulation waveforms based on the carrier-frequency time scale when the bearing is
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The voltage-source PWM inverter with a carrier frequency of 3 kHz was operating at
an output frequency of 40 Hz under the so-called “voltage-per-hertz control”. The 400-
V 5.5-kW six-pole induction motor was unloaded and operated at 800 rpm. As shown in
Fig 3-16 and Fig. 3-17, the CM voltage from a two-level PWM voltage source inverter
is a high-frequency step waveform with 150 Hz oscillation which comes from the ripple

of dc-link voltage.

A close-up waveform of the CM voltage, CM current and bearing voltage is shown in
Fig. 3-18. The top plot shows the variation of the CM voltage whose high dv/dt causes a
current spike each time when an IGBT switches. When the bearing impedance is
insulating(capacitive), the ratio of the bearing voltage to the CM voltage can be
expressed in terms of the values of Cy,, C.r and C,. The magnitude of the resulted
bearing current ratio in Fig. 3-18 is consistent with that given in [58], which states that
the ratio typically ranges from 2% to 10% for standard squirrel-cage induction motors

with power ratings <500 kW.
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Fig. 3-18 Close-up waveforms of the CM current, CM voltage and bearing voltage

As can be seen in Fig. 3-19(a), the two bearing voltage curves are identical until the
controlled switch closes (bearing impedance becomes conducting), at which point the
voltage across Cj, is shorted for approximately 10 ps (determined from the time delay
TD3 in Fig. 3-12). After the bearing impedance becomes capacitive again (e.g., when the
lubricating film is reestablished in the space between the bearing balls and races) and the
controlled switch reopens, bearing voltage starts to follow the CM voltage over the
capacitive voltage divider in Fig. 3-18. The bearing voltage drops suddenly to zero at the
time of discharge. After the discharge transient, the bearing impedance restores back to
capacitive again and then the bearing voltage follows the CM voltage waveform through
the capacitive voltage divider. The bearing voltage can be charged up to twice the normal
level by the bearing current [22], which is not due to the reflection of long cable. The
closing of the controlled switch is accompanied by the passage of EDM bearing current,

shown in Fig. 3-15(b), whose magnitude is determined by the resistor in series with the
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controlled switch. At intact lubrication film, the normal capacitive bearing current is
usually much smaller than the EDM bearing current, thus a sudden bearing voltage
dropping together with a pronounced bearing current spike can cause an arcing in the
bearing. Such repeated arcing through a compromised bearing can lead to premature

bearing failures.
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Fig. 3-19 (a) Bearing voltage (top) and EDM bearing current (bottom) for the 5.5-hp motor
when the controlled switch is momentarily closed (red curve, EDM event). (b) Close-up
waveforms of the discharge bearing current
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The proposed model is also employed to perform a parameter analysis of the EDM

process. Due to the pollution effect of the grease caused by metallic particles, an aged
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motor bearing usually have increased bearing capacitance [59]. In Fig. 3-20, as bearing
capacitance varies from 100 pF to 5 nF, the peak value of bearing voltage decreases from
around 24 V to 8 V. Therefore, it's harder to puncture an aged bearing or in other words,

the waiting time to puncture an aged bearing is longer.
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Fig. 3-20 Bearing voltages with different bearing capacitances

3.3 Experimental analysis of bearing degradation

In this section, an IGBT-based VFD system with a 5.5 kW induction motor is set up
to understand the cause of bearing degradation and effectiveness of mitigation techniques.
By analyzing the experimental results of the VFD system, it allows an in-depth
understanding of the cause and effect chain of the bearing degradation. The effectiveness

of shaft grounding brush and CM filter are also evaluated for the reduction of CM current.

3.3.1 Experimental setup

Fig. 3-21 shows the experimental setup connecting a voltage source PWM inverter and

a 5.5 kW induction motor via a 5m unshielded cable. In the PWM controller, three-phase
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balanced reference signals are compared with a repetitive 3 kHz triangular carrier signal
to generate the sinusoidal PWM (SPWM) gate signals for the IGBTs. The presence of
LISN is necessary because it prevents externally conducted emission on the mains from
contaminating the measurement and provides stable and clean power to the inverter. All
the subsystems including the induction motor are placed on a large metal sheet according
to the conducted emission testing requirement of CISPR 25 [60]. All the measurements
are performed under no load condition, which represents the worst-case scenarios of CM
current [61]. As shown in Fig. 3-22, a tip made of carbon fiber is attached to the shaft to
obtain the shaft voltage and a grounding brush of the same material can be used to
provide a low impedance path between the rotating shaft and the motor frame. Motor
bearings are modified to provide direct access to the bearing current as shown in Fig. 3-
22. Both the drive and non-drive ends bearings are covered with an insulating support
layer and the bearing outer surface and frame are connected via a short wire which

facilitates the measurement of bearing current.

U
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Fig. 3-21 Experimental setup of a PWM inverter and a 5.5 kW induction motor
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Shaft grounding
brush ~

Fig. 3-22 Test instrument for the shaft voltage and bearing current measurements

In the experiment, an oscilloscope (Tektronix MD04104C, 1 GHz bandwidth, 3 GS/s
sampling rate) is chosen for the measurement. Three differential probes (THDP0200,
200 MHz bandwidth) and a passive probe (Tektronix P2220) with AEGIS probe tip
(SVP-TIP-9100) are selected to measure the inverter terminal voltages and shaft voltage,
respectively. The CM current and the bearing current are measured with the same RF

current probe (Solar Electronic 9134-1, 100 MHz bandwidth).

3.3.2 Causes of bearing degradation

Fig. 3-23 shows the measurement results when the motor rotating speed is 800 rpm
and different time scales are chosen to illustrate the operating behavior of the motor drive
system. Fig 3-23(a) is based on the inverter output frequency while Fig. 3-23(b) is based
on the carrier frequency. The DC voltage after diode bridge rectifier is around 580 V.
The voltage-source PWM inverter with a switching frequency of 3 kHz is operating at
an output frequency of 40 Hz under V/f control. The line frequency voltage and current

shown in Fig. 3-23(a) will not interact with the parasitic capacitances inside the motor.
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However, the high-frequency CM voltage with high dv/dt capacitively induced a high-

frequency shaft voltage according to BVR, as shown in Fig. 3-23(b).
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Fig. 3-23 Measurement on a 5.5 kW, 6-pole induction motor at 800 rpm, switching frequency
fow=3 kHz

As the bearing impedance is a nonlinear function of the lubricating film parameters,
the electric discharge occurs in a random manner. Fig. 3-24 captures one instant when
the EDM process occurs. A breakdown in the lubricating film is observed and it causes
the discharge of the bearing capacitor and results in a sharp pulse current. The pulse

current in an unmodified motor could be more pronounced than the value shown since
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the external wire and its bonding add to the loop impedance. After the bearing impedance

restores back to capacitive, the bearing voltage starts to follow the CM voltage over BVR,

thus the bearing voltage charges up to almost twice the normal level.

It is observed in Fig. 3-25 that the circulating bearing currents at both drive and non-

drive ends, i,_pg and i,_ype have a current ripple with a peak-to-peak amplitude of 15

mA and a frequency around 3 MHz, which matches well with the CM current. Therefore,

the high frequency circulating bearing current can be considered as a result of the

transformer effect, where the secondary side bearing current mirrors the primary induced

CM current.
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Fig. 3-24 The EDM current (top) and bearing current (bottom) for the 5.5 kW induction motor
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Fig. 3-25 CM current and circulating bearing current at both ends of the bearings

The cause and effect chain of bearing degradation is summarized in Fig. 3-26, where
PWM CM source generates high-frequency CM voltage and CM current, causing bearing
degradation via both capacitive and inductive couplings. Shaft grounding brush bypasses
the bearing voltage to reduce EDM current while the CM filter attenuates the CM current
to suppress the circulating bearing current. The effectiveness of these remedies will be

evaluated as follows.

| PWM CM source |
| CM voltage | | CM current |
Capacitive Inductive
coupling coupling
Bearing Circulating
voltage bearing current

l

Electric machining
discharge

Fig. 3-26 Cause and effect chain of the bearing damage
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3.3.3 Bearing grounding brush

Fig. 3-27 shows the motor shaft voltage waveforms for both ungrounded and grounded
conditions. The grounding of the motor rotating shaft is achieved by a carbon fiber brush

as shown in Fig. 3-22.

The grounding brush provides a low impedance path in parallel with the bearing
lubrication film. Thus, the peak-to-peak shaft voltage drops from more than 8 V to less
than 2 V at the instant when the brush touches the rotating shaft. Therefore, the EDM
process can be prevented. However, there is no obvious reduction of the CM current and
bearing current, as the CM impedance of the motor is dominated by the stator winding-

to-frame capacitance, not the bearing capacitance.

The grounding brush helps to prevent bearing degradation caused by the EDM bearing
current but has no impact on the CM current, which can be as high as tens of amperes in
high-power motors. It is reported that in a 500-kW motor, the bearing current induced
by the CM current can reach as high as 5 A peak-to-peak, which is good enough to
destroy the insulating property of the lubricating film [35]. In order to reduce the CM
current and the induced bearing current effectively, CM filter will be a more feasible

solution.
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Fig. 3-27 Comparison of the shaft voltages of the ungrounded condition and grounded
condition: shaft voltage v, (top), CM current i.,,, (middle), bearing current i;, (bottom)

3.3.4 CM filter

High-power motor drive system usually requires thick multicore power cables to
handle large current ratings. It’s difficult to bend the rigid cables and therefore winding
just a few turns or simply one turn on a magnetic core is usually adopted to provide the
CM inductance. CM chokes with nanocrystalline core are selected in the test because of
their high permeability, high saturation flux density and low core loss. For the experiment,
four one-turn CM chokes are added between the inverter and the induction motor to

suppress the CM current. The size of the chokes and the CM impedance of the four

chokes together are shown in Fig. 3-28.
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Fig. 3-28 CM impedance of the four one-turn CM chokes together

Fig. 3-29 shows the measured the CM currents with and without the CM chokes in
time-domain. It is clearly observed the current spikes have reduced significantly due to
higher CM impedance in the current propagation path. Fig. 3-30 shows the CM currents
in frequency-domain and the CM chokes begin to show their effect above 500 kHz. The
attenuation offered by the CM chokes is clearly observed by comparing the spectrum
envelops of the CM currents with and without the CM chokes. For better visibility, the
attenuation contributed by the CM chokes is plotted as a red curve in Fig 3-31. Most
filters available in the market are designed and tested based on 50 Q source and load
terminations. Based on this assumption, the attenuation of the CM chokes can be

estimated as follows:

100 + Zcyc
Att = ———— 3-7
tt 50 (3-7)

where Z .. is the total CM impedance of the four chokes in Q.
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Fig. 3-29 Time domain waveforms of CM currents with and without chokes.
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Fig. 3-30 Frequency spectrum of CM currents with and without chokes.

The estimated attenuation is also plotted as a blue curve in Fig. 3-31. A large
discrepancy between the estimated and measured attenuations is observed. The reason is
that in the motor drive system, the CM filter will rarely be terminated with 50 Q source

and 50 Q load. Therefore, the actual filter attenuation is very much dependent on the
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actual source and load impedances in a specific application. Detailed information of the

source and load impedance will be indispensable in evaluating the filter performance.
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Fig. 3-31 Estimated attenuation based on 50 Q terminations and measured attenuation.

3.4 Summary

This section discusses the high-frequency simulations of single- and three-phase
induction motor circuits under PWM operation. High-frequency simulations are
important in providing valuable insight into the motor's CM behavior which is especially
useful in identifying remediation techniques for the reduction of CM noise. The model
of the three-phase motor drive system with an improved controlled switch is introduced
to study the bearing discharge process. Proposed model is integrated into the motor
circuit and it takes care of the unstable state at the beginning of the simulation. EDM
process is observed in the simulation and a parameter analysis is performed to understand

the influence of bearing capacitance on the bearing discharge.
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The cause and mechanism of the bearing current is also investigated. Mitigation
techniques using grounding brush and adding CM filter are both experimentally studied
and evaluated. It is found that the grounding brush can only help to prevent bearing
degradation caused by the EDM bearing current but has no impact on the CM current.
CM filter is preferred for high-power motors where the circulating bearing current is

dominant.
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Chapter 4 In-Circuit Impedance
Measurement

4.1 Introduction

The CM filter is usually preferred over a dv/dt filter or a sine filter to suppress the CM
current, as it can provide high CM impedance that reduces the resulted circulating
bearing current in high power motor drive systems. CM filter designs have been well
documented in [62, 63] and usually, the filters available in the market provide their
attenuation specifications under the well-defined 50 Q terminations [21, 50]. In reality,
the noise source and load termination impedances in an inverter-drive system are far
from 50 Q and thus, off-the-shelf CM filters in the market are not always optimal for a
specific operating condition. Results in the previous section have shown that the
estimated attenuation based on the 50 Q terminations and measured attenuation in the
real system could be very different. Another option is to design the filter by considering
the source and load impedance to be 0.1Q/100Q or 100€/0.1Q [21], but the results still

remains different from the real case.

To design a CM filter with desired performance, prior information of both the CM
noise source and load termination impedances have to be known. The CM impedance of
the motor (load) can be measured offline as the motor speed has little impact on the
motor’s CM impedance. Online extraction of the motor’s CM impedance is also possible
based on the spectrums of CM voltage and CM current. To obtain the CM impedance of

the inverter (noise source), one could either estimate it from offline measurement or
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simply assume some typical values, but such estimates can deviate significantly from the
noise source impedance under the actual operating conditions. An indirect way to
estimate the online source impedance was proposed in [29] by inserting a known-
impedance component after the source and comparing the insertion loss. However, it is
difficult to find the exact same time offset in time domain measurements, thus, the phase
information of insertion loss may not be accurate enough [30]. As introduced in the
literature review, the in-circuit impedance extraction based on an inductive coupling
approach has been reported as a feasible method by injecting a high-frequency excitation
to the CM loop and monitoring it simultaneously. However, for high-power motor drive
systems with much higher background CM noise, the signal-to-noise ratio to yield good
measurement results is an issue. This section improves on the existing in-circuit
measurement approach in two aspects: firstly, enhances SNR under high background
noise and secondly, provides protection to the test instrument in the measurement setup.
The improvements allow the method to be extended to a high-power inverter-driven

motor system for systematic CM filter design.

4.2 Proposed Improvement on In-circuit Impedance

Measurement

4.2.1 SNR enhancement and surge protection

To improve the SNR of the in-circuit impedance measurement based on inductive
coupling approach for high-power motor drive systems, an amplifier is added at the

signal source output of a vector network analyzer (VNA) and an external directional
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coupler is used to protect the two input ports of the VNA from possible damage due to
switching transients of the inverter. The reflection and transmission coefficients are

measured based on the test setups shown in Figs. 4-1 and 4-2, respectively.

Vector Network Analyzer

Source Ml M2
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50 Ohm J—
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Induction machine

Inverter

—
34—
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33—

Fig. 4-1 Measurement of the reflection coefficient.

Vector Network Analyzer

Source M1 M2

Attenuator

>

Amplifier

Inverter

Induction machine

Fig. 4-2 Measurement of the transmission coefficient.

A VNA (Bode100 Omicron-Lab, 10 Hz to 40 MHz) measures the S-parameters. Its
signal output feeds an injecting inductive coupling probe (Solar 9144-1N, 10 kHz to 100
MHz) through an amplifier (AR 100A250A, 10k Hz to 250 MHz, 100 W). Another

inductive coupling probe (same model) tracks the same injecting signal and is measured
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by another port of the VNA. As shown in Fig. 4-1, the reflection measurement is
performed with the RF amplifier in combination with an external bidirectional coupler.
The amplifier boosts the VNA output signal and protects the output from possible reverse
power due to the motor drive system. M1 and M2 measure the coupled backward and
forward signals through the directional coupler [64]. In the measurement, a directional
coupler with 40 dB coupling coefficient is chosen and the loss of the coupler can be
compensated through short, open and load (SOL) calibration. By using the external
coupler, it is possible to boost the VNA source signal without damaging the measuring
ports. The receiving probe is terminated with 50 Q, which allows the extraction of S-
parameter, S11. By swapping the injecting probe and the receiving probe, Sz, can also be

obtained similarly.

For the transmission coefficient measurement in Fig. 4-2, an amplified RF signal is
injected into the motor drive system and then measured by M2 through an external
attenuator. The injected signal will be much higher than the existing CM background
noise in the motor drive system for good SNR on the received signal at M2. M1 is
coupled to the amplified output source of the VNA to measure the output signal. It is
necessary to perform through calibration to de-embed the gain and phase introduced by
the connection cable, the RF amplifier and the external attenuator. Therefore, the
measured Sp1 becomes the transmission coefficient from the input of the injecting probe
to the output of the receiving probe. Similarly, Si» can be measured by swapping the
injecting and the receiving probes. Ideally, swapping the probes makes no difference
since both probes are identical. However, the individual difference of the same model of

probe exists and may cause a slight difference of the measurement results, which will be
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explained in the next section. Thus, two sets of measurements are conducted to minimize

error due to such differences.

After calibration, the measured S-parameters describe a lumped two-port network
consisting of the motor drive system and the two probes, as illustrated in Fig. 4-3(a). The
CM equivalent circuit model of the motor drive system consists of the inverter (noise
source) impedance Z, induction motor (load) impedance Z;,,4 and the three-phase
cable bundle impedance Z,,;.. The injecting and receiving probes can be modeled as
two transformers with the ratios of N:1 and 1:N, respectively. Therefore, the two-port

network between ports 1 and 2 is My,4;, Which is a cascaded network of M;,,;, Mgy stem

and M,..., as illustrated in Fig. 4-3(b). With the measured S-parameters, we can convert

them to two-port ABCD parameters and M;,,; can be expressed as:

[AB

4 D]toml=[,4 B] A B A B

c D (4-1)

inj ¢ D system C D rec
A B] 1[A B]

where [C Dl lc D

and [A B ] represent the ABCD parameters of
C Dlyec

system

Minj, Mgystem and M., respectively.

Port 1 Port 2

Inverter

T

-

Induction machine

T
4
N —

(@)
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Fig. 4-3 (a) Two-port network consisting of current probes and motor drive system. (b)
Equivalent circuit model.

A B A B . —
[C D]inj and [C D]rec can be determined through pre-calibration of the probes.

A B

can be determined, where
C D system

Based on the matrix inversion of (4-1), [

parameter B is the system impedance. By subtracting the load and the cable impedances
from the system impedance, one can extract the source impedance under its actual
operating condition as follows:
Zs = Bsystem — Zioad — Zwire (4-2)
Flow chart of the proposed online impedance extraction method is shown in Fig. 4-4.
Reflection (S11, S22) and transmission coefficients (Si2, So1) here are measured separately
with different device configurations. After obtaining the S parameters, loop impedance

Zsystem 1S Calculated with the same equation in (4-2).
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Characterization of injecting and
receiving probes
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Calibration of VNA for Calibration of VNA for
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y Y
Measurement of Measurement of
S11 and 8§22 S21 and S12

\ /

Convert S parameters to ABCD
matrix and calculate 7, gem

v
Subtract 7. to obtain Z,

End

Fig. 4-4 Flow chart for the proposed approach with an amplifier

4.2.2 Characterization of Inductive Coupling Probes

As mentioned before, the probe with the cable being clamped can be represented by
a transformer, which has to be characterized beforehand. A calibration fixture (Solar

9125-1) is used to measure the S-parameters of the injecting and receiving probes so that

A B A B
and
¢C D inj C D rec

can be obtained, respectively. Figs. 4-5 and 4-6 show the
measurement setup to characterize the probe. The injecting or receiving probe is clamped
onto the inner conductor of the test fixture. One end of the test fixture is terminated by a
BNC short, which connects the frame and inner connector to form one side of the two-
port network and the probe under test gives another side. At high frequency, both

inductive and capacitive couplings exist between the current probe and clamped

conductor, thus characterization of the current probe is necessary.
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Inner
conductor

Shorted end

Probe side port

Fig. 4-5 Test fixture to characterize the injecting and receiving probes

Erctronic Syster Massuremnts Lab 181028
510100016551

INATNN

Fig. 4-6 Setup for the S-parameters measurement of the probe.

For the receiving probe, ports 1 and 2 of the VNA are connected to the frame-side

port and the probe-side port, respectively. Whereas, for the injecting probe, ports 1 and

2 of the VNA are swapped. The measured amplitude of the S-parameters of the injecting

and receiving probes are given in Figs. 4-7(a) and 4-7(b), respectively.
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Fig. 4-7 Measured S-parameters. (a) Injecting probe. (b) Receiving probe.

4.2.3 Front-end protection and improved SNR

The background noise in a high-power motor drive system can be very high. Also, the
fast switching of the IGBTs can cause front end damage to the measurement ports of
VNA. Fig. 4-8 shows the time-domain signal captured directly from the output of an
inductively sensing probe (Solar 9144-1N) whose peak value can be as high as 37 V and
has well exceeded the input voltage limit of both ports M1 and M2, even with the internal
attenuators set to their maximum values. Therefore, to use the inductively coupling
method for high power inverter-driven systems, front-end protection is necessary, which
can be achieved by adding the bidirectional coupler and the external attenuator for ports

M1 and M2.
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Fig. 4-8 Captured signal from current probe 9144-1N

The SNR of the existing inductively coupling approach is also examined
experimentally. Considering the capacitive behavior of the CM path at low frequency,
relatively high CM impedance is expected, and it attenuates the injected signal, which
causes degradation of SNR. To evaluate the SNR performance, a test signal sweeping
from 100 kHz to 1 MHz from the signal output of the VNA is injected into the CM path
of the motor drive system. The captured signal from the receiving probe versus frequency
is plotted in Fig. 4-9 and indicated as the dotted line, which is about 5 to 10 dB higher
than the background CM noise in the system, plotted as the solid line. With the proposed
setup, the amplified injecting signal provides a significant improvement in SNR, as
observed in Fig. 4-9. The enhanced SNR ensures reliable measurement results with good

confidence for high-power systems with high background noise.

78



In-Circuit Impedance measurement

T T r
Background noise
''''' Received signal without amplifier
- - - -Received signal with amplifier

20

10 - 1

st
pam

NTAaa
~

20

Amplitude of received signal (dBm)

=30 -

40 I 1 1 1 1
0.0 200.0k 400.0k 600.0k 800.0k 1.0M

Frequency (Hz)

Fig. 4-9 Comparison of the background noise and received RF signal between the conventional
setup and proposed setup with amplifier and front end protection.

4.2.4 Experimental Validation

To validate the proposed online measurement method, the motor drive system shown
in Figs. 4-1 and 4-2 is replaced by several known passive components. The components
under test include three through-hole resistors: 50 Q, 220 Q and 2.2 kQ; two film
capacitors: 120 pF and 2.2 nF; and two axial-lead inductors: 100 pH and 660 pH. The
impedance of each passive component is extracted by subtracting the wire loop
impedance from the measured impedance. Fig. 4-10 compares the measured results with
the impedance analyzer and the proposed approach in the frequency range of 100 kHz-
40 MHz. It has shown that for all both magnitude and phase of the measured impedance
are in close agreement with each other. The self-resonant frequencies of the inductors

and capacitors are expected and also match well.
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Fig. 4-10 Measured impedance of passive components (a) Resistors: 50 Q, 220 Q and 2.2 kQ
(b) Capacitors: 120 pF and 2.2 nF (3) Inductors: 100 H and 660 iH.

4.3 Source impedance measurement

4.3.1 Experimental setup

Now the proposed method is used to extract the CM source impedance of a motor
drive system consisting of a variable frequency drive (Vacon NXP 00225A2H1SSS), a
5.5 kW induction motor (TECO 1071033064C-1) and three-phase cable, as shown in Fig.
4-11. The VFD and induction motor are connected via a short cable of 0.4 m. Two fixed
positions are marked on the cable for the injecting and receiving probes. The proposed
method is able to extract the CM impedance of the total circuit, then the source
impedance is calculated based on the assumption that the CM impedance of the induction

motor is speed-independent.

e

Induction
* machine

I
!
i
i
L.

Fig. 4-11 Online measurement setup of an operating motor drive system
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4.3.2 Extracted online source impedance

Fig. 4-12 shows the measured resultant CM impedance as well as the impedances of
the motor and the cable. Then the noise source impedance is obtained by subtracting the
CM impedances of the induction motor and the cable from the resultant system
impedance, which is also shown in Fig. 4-12. CM impedance of the cable and the
induction motor is obtained by the offline measurement with an impedance analyzer. CM
impedance of the motor is usually stable as the operation condition does not affect the
stray capacitance between the stator winding and the motor frame. Offline measurement

of the motor CM impedance has been widely accepted in the study of CM current. [65-

67]
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Fig. 4-12 Online extraction of the noise source (inverter) CM impedance.

By observing the frequency response of the noise source impedance, it is capacitive
in nature at low frequency and becomes inductive as frequency increases. Such behavior

is expected, as the insulation layer between the electronic devices and the grounded
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heatsink and chassis formed a capacitance but the equivalent series inductance in the CM
path dominates with increasing frequency. Given the frequency response, the CM noise
source impedance can be represented by an equivalent series circuit of a 3 Q resistor, a

95.5 nH inductor and a 19.9 nF capacitor.
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Chapter 5 CM Filter Design

To suppress the CM current, a CM filter is preferred between the inverter and the
induction motor. Usually, the designer will experiment with CM filters with different
components and until the resulted CM current is below the required limit. Even if the
designer can select off-the-shelf filters, he still has to experiment with different filters to
achieve the desired attenuation. However, such a trial-and-error process can be
cumbersome. The extracted noise source impedance allows a CM filter to be designed
systematically without overdesigning. In the evaluation of first order single-inductor and
second order LC CM filters, it is found that the second order CM filter is prone to DM-
to-CM conversion, especially at the resonant frequency caused by the leakage inductance
of the CM choke and the equivalent DM capacitance of the line-to-ground capacitors.
Therefore, an additional DM inductor is necessary to curb the mode conversion, which
may not necessarily result in final size reduction as compared to that of first order single-

inductor filter.

5.1 Determination of the filter attenuation

5.1.1 EMI standard

CM filters are inserted between the inverter and the induction motor to reduce the CM
current at the inverter output side and the resulted circulating bearing current. Since the
bearing impedance is dynamic and uncertain during operation, it’s hard to quantify the

limit of CM current for the bearing degradation. Therefore, in this study, a standard
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suggested in DO 160, as shown in Fig. 5-1 is selected as a reference for the filter design.
Most of the EMI requirements and limits for electrical motor drive systems are only
applicable to the incoming power mains. With increasing trend of more sophisticated
power conversion system, such as more electrical aircraft in aerospace applications, the
EMI requirements are applicable to both power mains side, as well as load side, where
DO160 is the most comprehensive standard with applicable limits based on their installed
locations. Based on DO160 standard, the limit for our intended application is 72 to 40
dBpA for 150 kHz to 2 MHz, respectively; and 40 dBpA for 2 to 30 MHz. These limits
are applicable to both the power mains side (Category B) and the load side (Category L,
M and H). The full frequency range of DO160 conducted emission limit covers from 150
kHz to 152 MHz. As the in-circuit impedance extracted earlier is up to 30 MHz due to
the bandwidth limitation of the inductive probes, the results to be presented here will be
from 150 kHz to 30 MHz. Also, the conducted emission from an inverter driven motor

drive expects to diminish above 30 MHz, and filter design up to 30 MHz is usually suffice.

80 T T

N
T
1

Amplitude (dBuA)

10|

i 1 1
M 10M
Trequency (Hz)

Fig. 5-1 Standard DO 160

Although the standard in DO 160 is typically used in the aerospace application, it can

be used as a reference since the performance of a designed filter is independent of the
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limit and the design methodology is pertinent for all the motor side CM filters in the

motor drive system.

5.1.2 Experimental setup

Fig. 5-2 shows the 5.5 kW induction motor driven by a PWM inverter with a 5 m
unshielded cable in between. Marked with the CM current path, Fig. 5-3 illustrates the
system configuration, except an additional isolation transformer and a three-phase line
impedance stabilization network. The LISN is to provide a well-defined main impedance
as well as to prevent externally conducted emission from contaminating the measurement
results. A mixed signal oscilloscope with a built-in spectrum analyzer (Tektronix
MDO04104B-3) and a current probe (Solar Electronics 9134-1N, 100 MHz bandwidth)

are selected for the CM current measurement at the output of the inverter.

Current

probe

Fig. 5-2 5.5 kW induction motor driven by a PWM inverter.
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Fig. 5-3 CM current path of a motor drive system.

For the given inverter-driven motor drive, the conducted emission reference to be
complied with is the DO160 standard. Fig. 5-4 shows the measured CM current without
filter and it is obvious that the CM current fails to meet the required DO160 limit. The
design target is to suppress the CM current below the limit with the smallest possible

choke size.
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Fig. 5-4 Measured CM conducted emission without filter.

5.2 Design of CM choke

As a cost-effective method, three-phase CM chokes have been widely utilized for the

AC power cable bundle between the inverter and the motor to suppress the CM noise
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generated by the switching devices in order to meet certain regulations [68-72]. However,
the size of the CM magnetic component could be a big issue as it can even take up to 25%
of the system volume [73]. Thus, to avoid overdesign, the optimization of performance
and size of CM inductors is necessary in the motor-drive system. Usually, the designer
will experiment with CM chokes with different inductances and until the resulted CM
current is below the required limit. Such a trial-and-error process can also lead to a final
CM filter that meets the required attenuation. However, it takes a longer time to
experiment and finalize the desired component value and has a tendency of
overdesigning. In the case of high-power inverter-driven motor systems in the range of
several hundred kW or higher, the CM chokes have to handle much high current rating
and may not be readily available in the market. Several different values of CM chokes
will have to be pre-designed and fabricated for trial-and-error, which can be costly and

impractical.

Normalized attenuation is calculated in [74] for the optimization of CM chokes but the
estimated attenuation could have large error since it assumes the inductance of the CM
choke is always constant at both low frequency and high frequency. Reference [62] and
[75] try to design a CM choke by simplifying the motor-drive system as a series LRC
circuit but this simplification makes it impossible to predict the frequency response of
the choke. Prediction of the choke performance requires prior knowledge of both noise
source and termination impedances. Therefore, based on the online extracted inverter
source impedance, this section introduces a step-by-step design methodology that leads
to a specific value of CM choke in the early design phase before it is finally designed

and fabricated.
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5.2.1 Nanocrystalline magnetic cores

Nanocrystalline cores are widely adopted in the design of CM inductor due to their
unique combination of properties [76-78]. Nanocrystalline core materials are well-
known for their high magnetic flux saturation level and high permeability across the
frequency range of interest [79]. In general, core material with high permeability is
preferred to reduce the core size and the number of turns. Fig. 5-5 compares the real,
imaginary and complex permeability of nanocrystalline material and the conventional
ferrite material. For high-frequency modeling, it’s very important to consider the
complex permeability, u* = u’ — ju", since real part of the impedance accounts for the
major share of the attenuation and at high frequency the imaginary part of the complex
permeability u''becomes dominant. At high frequency, the material becomes more
resistive than inductive as the complex permeability angle arctan (u''/u") is larger than

45 degrees.

The permeability of nanocrystalline is significantly higher than that of ferrite in the
low-frequency range and remains higher even at very high frequencies, which means it
can help to reduce the volume of EMI filters notably. A magnetic core with high
permeability provides high inductance with fewer turns but it is also prone to core
saturation. There is always a trade-off between high permeability and core saturation,
which is the reason why nanocrystalline core is chosen, as it has a high permeability, as
well as a relatively high core saturation level. Toroid core shape is also preferred due to
lower cost and higher effective permeability compared with other structures. Therefore,
off-the-shelf magnetic cores made of nanocrystalline material VITROPERM from VAC

are utilized for the choke design and Table 5-1 summarizes the core specs.
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Fig. 5-5 Material properties: (a) Ferrite; (b) Nanocrystalline
Table 5-1 Parameters of nanocrystalline cores
No. 1 2 3 4 5
Maggft“rfocore L2040-W424 | L2050-W516 | L2063-W517 | L2090-W518 | L2102-W947
Core outer 40 50 63 90 102
diameter (mm)
Core inner
diameter (mm) 25 40 50 60 76
Core height (mm) 15 20 25 20 25
Iron CI’OSSZSGCtIOI’] 0.86 0.76 124 528 247
(cm?)
Mean path 10.2 14.1 17.8 23.6 28
length(cm)
Weight(g) 64 79 161 395 508
Typical saturation
current 10kHz(A) 0.5 1 12 L7 4.9

5.2.2 Analytical estimation

Two critical frequencies are selected to give a quick estimation of the core size and the

number of turns based on analytical calculation before proceeding with the full-modeling
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using finite element method (FEM). The first frequency is the lowest frequency specified
by the DO160 standard, where its attenuation determined primarily by the choke
inductance Ly,. The second frequency is at a higher frequency where the maximum
attenuation is required. At this frequency, the real part of the choke impedance Ry
accounts for the major share of the attenuation because the imaginary part u''of the

complex permeability becomes dominant.

Assuming the three-phase winding is symmetrical, and the core permeability is
homogeneous, a lumped parameter L, can be used to represent the CM inductance of

the choke which is a strong function of frequency [79]:

#(f)

G010 KHZ) | &1

Ley(f) = NLZAL )
where N, is the number of turns, A; is the inductance per turn at a specific frequency of

10 kHz and p' is the real part of the complex permeability fi.

Resistive part of the choke CM impedance is caused by the core loss and winding loss.
Both are related to the frequency because the permeability and skin depth depends on the
frequency value. The CM resistance at frequency f can be modeled by two resistors in

series:

1
RCM(f) = Reore (f) + §Rw(f) (5-2)
where R, (f) is the associated resistance for core loss and R,,(f) is the series winding

resistance for each phase. Following [45], R.o. (f) can be modeled as

1)

[A(10 kH) | 3)

Rcore(f) = 27TfNLZAL ’

where p'" is the imaginary part of the complex permeability and R,,(f) can be modeled
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as [45]:

_ w3 \eY AN,
Rolf) = h 5 —=""0ga

Pw
o f

(5-4)

(5-5)

where ¢,, is the wire diameter, d,, ;s IS the estimated distance between two adjacent
conductors, [, is the average length of one turn of the winding, p,, is the resistivity of
the wire material and § is the skin depth. This equation is valid only when the CM choke
is designed on a single layer which is usually preferred so that the winding parasitic

capacitance is low, and the proximity effect of the wire is negligible.

Without considering the stray capacitance, the total CM impedance of the choke at

frequency f can be calculated as

1
ZCM(f) = Rcore(f) + §Rw(f) +j2nfLCM(f) (5-6)
Core loss resistance R.,-.(f), copper loss resistance R, (f) and choke CM
inductance L¢y, (f) are all frequency dependent and can be calculated following previous

procedures. Therefore, Zy,(f) can be further written as:

Zey(f)=A-NZ+B-N, (5-7)
B U N ( () _
A= 27TfAL m +]2T[fAL m (5 8)

Bz(ﬁ)%_ Véi  4lepy
4 6\/ dwires nd)"z" (5-9)

With the known information of the CM noise source, the CM choke and CM load
termination, the CM filter attenuation can be determined. Fig. 5-6 shows the measured

CM source and load termination impedances and the attenuation of the CM choke at
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frequency f can be calculated with:

Zs(N)+Z,(f) + Zem(f)
Zs(f) + Z,.(f)

where Zs(f)and Z, (f) are the measured CM impedances of the source and load.

Att(f) = 20log

(5-10)

Source impedance | E
CM load impedance

Amplitude (€2)

| n n i PR | i i " PR |
100k IM 10M
Frequency (Hz)

Fig. 5-6 Impedance of the CM source and CM load

Performance of the CM choke at the two selected frequencies have to meet the
following requirement to achieve the desired attenuation:

Zs(H +2,() + Zem(f)
Zs(f) + Z2,.(f)

where Att_r(f) is calculated by subtracting the DO160 limit from the measured CM

20log

> Att_r(f) (5-11)

emission as shown in Fig. 5-4. By substituting (5-7) into (5-11), the number of turns has

to satisfy the following inequality:

Z5(F) + Zu() + A-NZ 4 BN 210" 20 - |75 + 2, 612

Toroid core window area imposes another design constrain for the CM choke. The

maximum number of turns is limited by the inner diameter of the core according to [80]:

< (ID - Dw)gmax
L= 2D,

(5-13)
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where D,, is the diameter of the wire, ID is the inner diameter of the core and 6,,,,, IS
the maximum angle that one phase covers. If N, obtained with (5-12) fails to fit the
window area, a larger core should be chosen from the product list until N, satisfies both
(5-12) and (5-13). In some extreme cases, where there is no commercially available
magnetic core with the suitable window or large inductance is needed without core

saturation, two or more CM chokes can be added but at the expense of overall size.

5.2.3 FEM simulation

Parasitic capacitances of the CM choke, especially the winding-to-core capacitance
degrades CM choke performance at a higher frequency. Thus, accurate prediction of the
parasitic parameters is crucial in determining the attenuation of the CM choke in high
frequency. High-frequency behavior modeling of the CM choke has been presented in
[44, 81], but the choke parameters rely on the previous measurement results. In [80, 82],
the total parasitic capacitance in the choke is modeled by a network of series and parallel
connection of the turn-to-turn capacitance and the turn-to-core capacitance. This model
considers the distribution of the choke winding and its parasitic capacitance but the
proposed analytical estimation makes quite a lot assumptions and is only valid when the
number of turns is larger than 10. Thus, a more accurate design is necessary using FEM

(Ansys Maxwell).

In the CM filter design, core saturation is also an important consideration. The
maximum magnetic flux density caused by the CM and DM currents together should be
less than the saturation flux density of the core material. The peak value of the DM

current can be directly measured or estimated from the rating of the power converter.
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However, the estimation of the CM current is not as straightforward, as it depends not
only on the operating system but also on the CM filter performance. Therefore, the
estimation of maximum flux density in the core have to be calculated with FEM
simulation based on the measured CM and DM currents when the CM filter is tested. In
the design stage, only the DM current at the critical frequency range is considered, where

the magnetic fluxes due to DM currents do not cancel completely [83].

As a summary, the proposed CM choke design procedure is shown in Fig. 5-7. Once
the core size and the number of turns are finalized, the CM choke can be fabricated

accordingly.

(Input Z(f), Zr(fl and At r(f )

Increase core size Y

:I Select a relatively small core |

v

Estimate N: based on the attenuation at
the selected two frequencies
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window area?

Y

k4

N fit the
window area?

FEM simulation and calculation
of the overall attenuation

Increase Ny
r'y

Satisfy A 1(f1 ?

C Eabricate the choke for field ‘res‘r)

Fig. 5-7 Proposed design procedure for the CM choke.
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Based on the above-mentioned procedure, a CM choke with magnetic core VAC
L2090-W518 and 10 turns per coil is designed for the motor drive system. The measured

inductance of the choke at 10 kHz is 7 mH. Fig. 5-8 shows the FEM model of this choke

and the refined mesh after iteration is also plotted in the figure.
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Fig. 5-8 FEM modeling of the designed CM choke

Fig. 5-9 compares the simulated CM impedance of the designed choke using FEM and
the measurement result with an impedance analyzer. It shows that the simulated

impedance agrees rather well with the measured impedance.
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Fig. 5-9 Measured and simulated CM impedance of the designed choke
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Based on choke impedance obtained from FEM simulation, the core’s attenuation

versus frequency is calculated and shown in Fig. 5-10 as the dashed line, which is higher

than the required attenuation over the given frequency range. The effectiveness of the

designed choke is validated with the measurement result shown in Fig. 5-11, where the

CM current with the choke added is much lower and within the limit.
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Fig. 5-10 Simulated and required CM attenuations
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Fig. 5-11 Measured CM current

With known CM and DM peak currents, the resultant maximum magnetic flux density

within the core is calculated using FEM as shown in Fig. 5-12. It shows that the

maximum flux density is 0.27 T, which is far below the saturation flux density of

nanocrystalline 500F (1.2 T). Therefore, the designed choke will not suffer from the flux

saturation issue.

Fig. 5-12 Resultant magnetic flux density under known CM and DM peak currents.

This case study based on a 5.5 kW induction motor has confirmed that the online

extracted noise source impedance can lead to a systematic CM inductor design approach
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without the usual trial-and-error. Analytical estimation and FEM simulation help to
choose the core size and the number of turns thus the desired attenuation can be achieved

by a CM inductor with minimized size.

5.3 Second-order filter

Although the first order filter with a CM choke is able to bring the emission below the
limit, the design of a second order LC filter is explored with the intention to reduce the
size of the CM choke for a more compact filter. However, it is found that the second

order CM filter is prone to the DM-to-CM conversion.

5.3.1 Measurement of the LC filters

A CM choke of 1.5 mH is selected with three Y-capacitors added and grounded via a

22 Q damping resistor [80], as shown in Fig. 5-13.

Inverter Motor
CM Choke Cable

1 ALLS
Y Y Y\

Y capacitors

Damping
resistor

Fig. 5-13 Setup for the output-side second-order LC filter

The CM emissions for the second order filter with two different values of Y-capacitors
(1 nF and 4.7 nF) are measured and shown in Fig. 5-14. Ideally, higher attenuation is

expected from the second order filter as compared to the 1.5 mH CM choke alone.
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Interestingly, it is observed that the second order filter exhibits higher CM emissions at
some frequencies. For investigation purpose, the DM emissions are also measured and
shown in Fig. 5-14. It reveals that the frequencies where higher CM emissions are
observed are related to the resonant frequencies of DM emissions, as marked with the
vertical dotted lines in Fig. 5-14. It indicates that there is a strong DM-to-CM conversion
at these resonant frequencies, which is caused by the CM choke leakage inductance and
the CM capacitors in the second order LC filters [84-86] but not so for the case of the

CM choke alone.
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Fig. 5-14 The CM and DM emissions for different filter configurations

5.3.2 Simulation of the mode conversion

Unbalanced parameters in an EMI filter, as well as the unbalanced source and load
terminations can lead to mode conversion, as reported in [87-90]. To better understand
the mode conversion, a simulation model shown in Fig. 5-15 demonstrates how the
imbalance impedance of the induction motor converts to CM current under a DM

excitation. In the model, C;,,, is the stray capacitance of the switching devices, Ljcqkqage
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is the leakage inductance of the CM choke and C,, is the CM capacitors between each

phase and ground. An electrical model of a three-phase motor [91] is also included in the

model for simulation purpose. The CM current is simulated with an emulated imbalance

by a small variation of 2.5 % and 5% for the winding stray capacitance C,,rand winding

inductance L,,. The results in Fig. 5-16 shows the DM to CM noise conversion with the

imbalance impedance of the induction motor.

3 Phase Motor

Lienkage ____________
M [ YN
N, NN,
SN

i——i

Fig. 5-15 Demonstration of DM-to-CM noise conversion through simulation
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Fig. 5-16 Simulated CM current results with only DM excitation

With the in-circuit extracted source impedance, quantitative analysis of CM filter

attenuation becomes feasible. It can also be used to show whether there is any mode

transformation that degrades the CM filter performance.
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5.3.3 Mode transformation in an LC filter

Based on the aforementioned noise source and load impedance, one can evaluate the
effect of the mode transformation on the CM filter design quantitatively. Take the second
order LC filter with 1.5 mH CM choke and 1 nF Y-capacitors for further study, the

attenuation provided by the LC filter can be estimated by:

ZL(ZS + ZCMC + (ZY—cap + Zdamping)”ZL)
(ZS + ZL)((ZY—cap + Zdamping)”ZL)

where Zy_.4, is the CM equivalent impedance of the 1nF capacitor branches and

Att = 20log

(5-6)

Zgamping 1S the impedance of the damping resistor. The parasitic effects of the
components have already been included based on their respective measured impedance
responses. The impedance frequency responses of these components are substituted into
equation (5-6) to compute the CM filter attenuation. The observed DM-to-CM
conversion leads to a discrepancy between the calculated and measured results, as shown
in Fig. 5-19(a). For the LC filter to function without the influence of mode conversion, a

suitable value of DM inductor has to be added, as shown in Fig. 5-17.

Inverter Motor
CM Choke DM Choke Cable
Y Y Y Y YY)
Y Y Y Y Y YL
Jg} AAAS
Y Y Y Y Y Y

Y capacitors

Damping
resistor

Fig. 5-17 Setup for the output-side LC filter with addition DM inductor
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Fig. 5-19(a) shows the calculated and measured CM attenuation of the designed
second order filter. The measured attenuation matches rather well with the calculated
attenuation, except at 2.6 MHz, where the measured attenuation is 26 dB below the
calculated attenuation. It indicates that there is a DM-to-CM conversion of about 26 dB
at 2.6 MHz. It means that the DM emission must be suppressed by at least 26 dB at 2.6
MHz. With a 6 dB margin, the required DM attenuation by adding a DM inductor must
be 32 dB at 2.6 MHz. The DM attenuation with the additional DM inductor can be

computed by comparing the DM emission with and without the DM inductor, given by:

ZL_DM + Zo + ZS_DM + anp I IZload_DM

Att_DM = 20lo
- g Za + ZS_DM + anp”Zload_DM

(5-7)

where Z; pp is the DM impedance of the DM inductor, Z,; is the leakage impedance of
the CM inductor, Zg p, is the measured DM source impedance, Z.,;, is the equivalent
DM impedance of the Y-capacitors and Z,,q4 pm IS the DM load impedance. Based on

the in-circuit impedance extraction method, these DM impedances are measured and

plotted in Fig. 5-18.
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Fig. 5-18 DM impedances of source, load, Y-capacitors and leakage inductance of the CM
choke

From (5-7), the calculated DM inductor is found to be 25 pH. A commercially
available 30 uH DM inductor is selected. Compared with the CM choke, this DM

inductor has negligible CM impedance but it is also included when calculating the CM

attenuation as follows:

ZL(ZS + ZCMC + ZDMC + (ZY—cap + Zdamping)”ZL)
(ZS + ZL)((ZY—cap + Zdamping)”ZL)

where Zp ¢ 1S the CM impedance of the DM inductor.

Att = 20log

(5-7)

The performance of the LC filter (CM choke and three 1 nF capacitors with a 22 Q
damping resistor) without and with the DM inductor are shown in Figs. 5-19 (a) and (b),
respectively. Although the CM impedance of the DM inductor contributes little in the
CM attenuation, it plays a crucial role by controlling the DM-to-CM conversion and thus

the measured attenuation in Fig.5-19 (b) is a much higher than that in Fig. 5-19 (a).
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Fig. 5-19 Calculated and measured attenuation for the LC filter. (a) Without DM inductor. (b)
With additional DM inductor.

Due to the asymmetry of motor drive system, DM-to-CM conversion has a significant
impact on the CM filter performance of the second-order LC filters, which could lead to
the discrepancy between the designed and measured attenuation of the filters. Thus, the
second order CM filter may not necessarily lead to a more compact CM filter due to the

need of an additional DM inductor to suppress the mode conversion.
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Chapter 6 Conclusion and Future
Work

6.1 Conclusion

Inverter-driven induction motors often suffer from premature bearing failure due to
the high-frequency CM voltage and induced CM current. This thesis discusses the high-
frequency simulations of single- and three-phase induction motor circuits under PWM
operation. High-frequency simulations are important in providing a valuable insight into
the motor’s CM and DM behaviour. A controlled switch is integrated into the high-
frequency model to study the bearing discharge process. EDM process is observed in the
simulation and a parameter analysis is performed to understand the influence of bearing
capacitance on the bearing discharge. Bearing degradation problem is also investigated
experimentally and the result shows that CM voltage capacitively induces a high-
frequency bearing voltage which has the potential to penetrate the bearing lubrication
film while CM current drives a circulating type bearing current. Therefore, CM filter is
suggested for high-power motors where the circulating bearing current is dominant, like
in marine applications. Performance of a CM filter is also examined and the difference
between calculation and measurement illustrates the necessity of online extraction of

source impedance for filter optimization.

Existing in-circuit impedance measurement approaches have been reviewed
comprehensively. This thesis proposed an inductive coupling approach with the ability

to extract online impedance in a high-power noisy system. As compared with
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conventional impedance measurement method, the merit of the proposed approach is

summarized below:

e Front-end-protection of the VNA device is provided to avoid the damage of
measurement ports caused by the fast switching of IGBTs in the motor drive
system.

e Higher SNR is achieved to ensure reliable measurement results with good

confidence for high-power systems with high background noise.

Information of the in-circuit noise source and load termination impedances of the
motor drive system is the precondition of CM filter design. It allows an optimized CM
choke to be designed systematically without the usual trial-and-error approach. With the
known desired noise attenuation, two critical frequencies are selected to give a quick
estimation of the core size and the number of turns based on analytical calculation, and
then the full-modeling using finite element method provides more accurate evaluation of
the choke performance. This design procedure is first described and then validated
experimentally with a 5.5 kW motor drive system. Also, based on the noise source and
load impedance, it is possible to evaluate the effect of the mode transformation on the

CM filter design quantitatively.

6.2 Future Work

Based on the proposed online impedance measurement approach for the high-power

noisy system, the following future work is worth exploring:

107



e Any fault of the stator winding will be reflected in the impedance difference and
resonance shift. Therefore, proposed method can be applied in the condition
monitoring of the motor stator winding by measuring both CM and DM
impedance.

e Mode transformation in the filter design could be investigated with the detailed
information of both load and termination impedance. The parasitic capacitance
and the mutual inductance of the filter components need to be carefully modeled.

e Study the feasibility of the proposed method in an on-site marine system to select

a proper filter for the MW motor with thick cables.
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