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Problem Description

The use of Permanent Magnet machines in electric vehicles is interesting due to the machine
type's compactness and low weight. However, contrary to the case with induction and reluctance
machines, the permanent excitation is a concern in fault situations and has to be handled with
care.

The thesis will adress implementation of PM motors in electric vehicles, with focus on design

requirements, controls and how to handle faults in a feasible way.
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Abstract

This thesis has studied permanent magnet motors in electric vehicles (EVs) under
the assumption that they are tractable due to a low weight and high compactness.
The implementation has been investigated through a case study, which resulted in
an EV simulation model. The model contains a maximal torque per ampere and a
closed-loop field weakening controller.

Faults are a special concern in permanent magnet motors. Fault sources and
faulted behavior are addressed separately. The EV model was used to simulate
faulted behavior.

Two passive fault measures are suggested as the most attractive for propulsion
purpose motors; these are shutting down the inverter and imposing a balanced
short to the machine terminals. The balanced three phase short circuit showed
a considerable transient behavior not seen during inverter shutdown. This results
in an increased requirement to the inverter rating using the balanced short. Also,
demagnetization risk of rotor magnets is higher under the balanced short.

The maximal braking torque during inverter shutdown was high for the simu-
lation model, and exceeded the braking torque of any fault. This concern led to a
mathematical examination of the inverter shutdown, resulting in two equations that
may be of use during design. The resulting equations are based on simplifications
done in the literature, and show the relationship of the balanced short to the inverter
shutdown.



vi



Preface

This thesis is the result of five years of studying energy and environmental engi-
neering, with specialization electric power engineering. During the last year, I have
written one project and this thesis for the Energy Conversion Group (ENO) at
the Department of Electric Power Engineering here at the Norwegian University of
Science and Technology (NTNU).

After five years at NTNU and TU Dresden, I am grateful to the lectures who
have made me first of all curious. I think I see the power of the tools that I have
learned, and I am anxious to see if I can get them to work in real life. I realize that
as a master student, I really know much less than I though I knew coming out of
high school.

I would like to thank my supervisor, Tom Nestli, for his practical and down-
to-earth comments, which inspired me to try to combine industrial feasibility with
what I have learned and the articles that I have read.

iRk @»«%cp

Eirik Elvestad
July 17 2008
Trondheim, Norway

vii



Viil



List of Abbreviations, Symbols,
Sub- and Superscripts

Abbreviations

EMF electromotive force

EV  electric vehicle

IC internal combustion

IPM interior permanent magnet (machine)
PM  permanent magnet

PWM pulse width modulation

SPM surface permanent magnet (machine)
UCG uncontrolled generator (behaviour)
VA  volt-ampere (rating)

VSI  voltage source inverter

Sub- and superscripts

3ph  three phase

a active damping (used toghether with axis subscripts q and d)
ag air gap

base base quantity

d direct axis

i integral term

p proportional term
q quadrature axis

ref reference
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S stator

sat  saturation
sc short circuit
wh  wheel
Symbols

B flux density

E electromotive force
F force
~ field weakening controller gain

I,i current

J intertia
L inductance
1 length

Am  peak magnet flux linkage (assumed sinusoidal)

m mass
np number of pole pairs

Wy rotational speed of the rotor, motor viewpoint, electrical degrees
P power

r radius

R resistance, reliability

S laplace variable

T torque

v voltage, speed

£ rotor saliency ratio Lq/L,
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Chapter 1

Introduction

In this chapter, the context of permanent magnet motors in electric vehicles will be
briefly introduced. This will include an historical viewpoint, and a brief summary
of work previously carried out. In addition, the motivation and goal for the current
inwvestigation will be stated.

1.1 The electric vehicle

The idea of an electric vehicle (EV) is not a new one. Already in 1830, the first
vehicles were demonstrated, and they were about as popular as petrol cars with
internal combustion (IC) engines up to about 1910, when the oil prizes fell. Today’s
popularity of petrol can be understood realizing that petrol may store up to 300
times more energy per weight than a battery. Taking the reduced efficiency of the
IC engine into account, petrol will still provide driving ranges that exceed those of
the electric vehicle.

With growing environmental concerns and improvements in battery technology,
electric vehicles may gain new popularity. Pure electric vehicles have zero tailpipe
emissions, and are energy flexible since they are fed from the electric grid. Both
batteries and hydrogen solutions are predicted as energy carriers for electric vehicles
in the future. These solutions both require an electric motor to transform electric
energy to mechanical energy.

1.2 Why permanent magnet machines?

One of the really substantial differences between traditional (induction) electric
motors and internal combustion engines may be found looking at the torque to
weight and volume ratios, and the average to peak power capability. In both these
senses, the internal combustion engine outperforms the induction motor [42].

The permanent magnet (PM) machine has got a low weight and can be made
significantly smaller and lighter than induction machines for the same torque and
power. The peak to average power is generally better than induction machines, but
depends on the design.



CHAPTER 1. INTRODUCTION

The main reason why permanent magnet machines are more compact than for
example induction and reluctance machines, is that excitation by permanent mag-
nets is more compact than using current. In addition, current excitation needs
cooling, which further increases mass and volume.

1.3 Previous work

Permanent magnet motor implementation in electric vehicles has been studied in
the literature. In 1997, an axial flux PM machine was used in a concept solar race
car, and demonstrated the potential efficiency of PM technology [41]. In the same
article, means of increasing the base speed was suggested, and has been addressed
in [27] and [25]. Faulted behavior of vehicle traction drives was addressed in [21],
where the balanced short was suggested as a fault mitigation method. As almost a
cookbook to control implementation of PM motors in automotive applications, [28]
will be a much used reference in this thesis. It also addresses the faulted behavior
of PM motors, together with some fault tolerant topologies. In [40] and [39], it
was argued that the PM machine, with some design restrictions, can be made with
the same fault tolerance as switched reluctance drives, though more compact. In
addition to these articles, many others adress PM machines directly, or other aspects
of electric power engineering in electric vehicles. Some of them will be used in this
thesis, and are given in the reference list.

As an introduction to this masters thesis, an introductory project has been writ-
ten [5]. The project argues that PM machines will be a compact and tractable choice
in electric vehicles. It also introduces some design concepts of permanent magnet
machines, some of them will be repeated in this thesis. The claim that PM motors
are tractable in electric vehicles, will therefore be treated as a presumption in this
thesis.

1.4 The goal of this thesis

The goal of the present thesis is to investigate the realization of permanent magnet
machines for propulsion purpose in electric vehicles. An introduction to the drive
demands and design regimes shall be made. It is a goal to make a typical model of an
electric vehicle, that can be used for implementation discussion and fault analysis.

Faults shall be considered specifically, in order to point out concerns that have
to be addressed during design stages. Passenger safety is the ultimate concern in
fault situations. Practical fault measures shall be discussed and presented.

The current thesis is a presentation of publications on permanent magnet ma-
chines and their control, with focus on their use in electric vehicles and on faults.
Simulation results are presented and used to strengthen the discussion on faults and
their mitigation measures.

Faults were shortly addressed in the introductory project, and two mitigation
methods were mentioned. The balanced short and inverter shutdown followed by
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adjustable DC link voltage will be further investigated.

1.5 Outline of thesis

Chapter 2 will present introductory theory to the implementation of PM machines
in electric vehicles. The vehicle model is presented along with the theory.

Chapter 3 presents theory and simulation results on faults. This will include clas-
sification, identification of the main sources to faults, and faulted behavior.

Chapter 4 presents fault mitigation methods from the literature, along with an
introduction to fault detection.

Chapter 5 discusses fault handling in permanent magnet motors for traction ap-
plications. Some design trade-offs and suggestions will be presented.

Chapter 6 contains the key findings of this thesis.






Chapter 2

Design and operation

Vehicle propulsion has special demands on the drive. This chapter shortly introduces
these demands, together with their design and operation specific consequences. De-
sign regimes are briefly presented together with control basics, and used to introduce
the electric vehicle model which will be used throughout this thesis.

2.1 PM machine fundamentals

In permanent magnet machines, torque is generated by two mechanisms. Force gen-
erated by the interaction of current and magnetic flux, called the magnetic torque,
may be calculated by

F = By,,Il (2.1)

The uniqueness of the permanent magnet machine, is the free source of air gap
flux B,, created by the permanent magnets. The other source of torque, called
the reluctance torque, comes as a result of a preferred magnetic direction in the
rotor, called saliency. A preferred magnetic direction may be designed using that
permanent magnets have high magnetic resistance (reluctance).

By Faraday’s law, varying magnetic fields induce voltage, and for a conductor
moving in an electric field, this induced electromotive force is,

E = Byl (2.2)

2.2 Desired torque-speed characteristics

The in-printed experience driving cars equipped with conventional engines, is the
requirement of a high torque at low speeds for accelerating, and a lower torque
at higher speeds for cruising [37]. Because internal combustion engines themselves
have quite narrow torque-speed characteristics, a variable reduction gear is used to
complete the torque-speed characteristic for all speeds. Using a gear, about the
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same amount of power, depending on losses in the gear, can be delivered at a higher
torque and lower speed, or vice versa.

Torque

Power

omega

Figure 2.1: Desired power- and torque-speed characteristic for vehicle motors.

Electric motors typically exhibit the desired characteristic inherently. In the
base speed region, a high torque can be demanded, limited by the current rating,
which is mostly a thermal constraint. In this region, the supplied voltage increases
linearly with speed. Above base speed, no more voltage can be utilized. Working at
the voltage limit, speed can be increased by field weakening!, where a higher speed
is achieved on the cost of a lower torque.

Since the size of an electric motor is mostly torque dependent, using a gear can
reduce motor mass and volume significantly. Because torque can be delivered at
zero motor speed, this gear can be fixed.

2.3 High speed operation - field weakening

As commented, delivering power at high speed can significantly reduce the required
motor size and weight, since motor size is mostly torque dependent. Because of this,
and the reduced requirement of torque at high speed, operation in field weakening
is very relevant for operation in electric vehicles.

Field weakening is achieved when the phase currents lead the induced EMF.
In this situation, armature reaction in the machine acts to oppose the flux linkage
produced by the magnets [1]. Armature effect (or reaction) can be described as the
stator current’s ability to interferer with the air gap flux. Therefore, in order to
have good field weakening capability, the armature reaction effect needs to be large.

1A more correct term would be “flux weakening”, since it is the air gap flux that is being
weakened. However, field weakening seems to be the usual term in the literature, and will be used
in this thesis.
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Figure 2.2: Phasor diagram illustrating field weakening in a non-salient machine. T, constant; w,
higher in (b); stationary conditions

Since field weakening in permanent magnet machines is done driving field current
into the machine, current transportation losses increase. The field current may be
utilized to create torque, if the machine is designed with negative saliency. Because
of this, in [43], highly salient machines were argued to have the best field weakening
possibilities.

The need to work in field weakening operation may be reduced by adding a
variable gear to the drive train, a solution chosen in the Tesla roadster electric
vehicle [Tesla Motors(2008)].

2.3.1 Increasing the base speed region using voltage

The base speed region can be extended by increasing the maximum phase voltage,
as suggested in [41] and [25]. This can be done by adding a boost converter to
the DC link. A conventional hard switched boost converter submits energy from a
current source to a voltage source. That is, the boost converter “pumps” current
from a lower to a higher electric potential. The ability to force current to a higher
electrical potential requires an inductance to be fitted to the DC link, increasing the
cost, weight and part count of the drive train.
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Actively Clamped Resonant DC Link Converter with Boost.

Figure 2.3: The actively clamped resonant DC link boost converter from [27], used to extend the
base speed. A hard switched boost converter uses the same principle, but would not require the
upper part of the circuit (gray box).

In [27], a resonant DC link with boost capability is realized using an LC-
resonance circuit and controlled switches. Resonant boost converters use the same
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basic idea as the traditional hard switched converter, but switching losses are mini-
mized due to the soft switching.

The DC link voltage may be utilized better if it can be used over the entire phase.
Using individual H-bridges for each phase will increase the maximum available volt-
age by a factor of v/3 ~ 1.73. A volt-ampere silicon-cost ratio was introduced in
[33], and used to show that a dual-inverter solution has a cost factor of 115% over
the traditional 3-phase inverter, assuming that the prize is directly proportional to
the VA-rating of power electronics.

2.4 Machine design

Permanent magnet machines may be divided into two main types from the shape
of the back EMF. Machines with trapezoidal-shaped back emfs, driven by trape-
zoidal shaped line currents are called brushless DC (BLDC) machines. Synchronous
permanent magnet machines (PMSM) are driven with sinusoidal line currents, and
have sinusoidally shaped back emfs. Synchronous machines are claimed to have less
torque pulsation than BLDC machines [14], especially during field weakening oper-
ation. The focus in this thesis will be on the synchronous machine. However, the
same basic principles exist for both type of machines.

Different design regimes exist for permanent magnet machines. Typically, a di-
vision into interior permanent magnet (IPM) and surface permanent magnet (SPM)
motors can be made.

2.4.1 Surface mounted PM machines

Surface permanent magnet machines have large effec-
tive air gaps, and therefore require strong (high coercive
force) magnets. Because of the large effective air gap,
armature reaction effects are usually small. Due to small
armature effects, these machines have traditionally been
considered poor candidates for field weakening operation
[27]. However, new design methods exist for SPM ma-

chines with high speed capability [38]. These machines
use concentrated windings and the fact that, for the same
Figure 2.4: Surface mounted  flyx linkage, armature inductance (effect) can be made
permanent magnet rotor. significantly higher with concentrated windings.

SPM machines have simple designs, and may be con-
structed with high pole numbers to minimize iron and copper weight and volume.
In a comparison carried out in [38], the SPM machine is significantly smaller than

the interior PM machine.
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2.4.2 Interior mounted PM machine

Interior permanent magnet machines are made with
smaller air gaps and have larger armature effects. They
have traditionally been considered the natural choice
for high speed applications [43]. IPM machines can be
equipped with lower performing magnets, using flux con-
centration and a small air gap with lower reluctance. A
reluctance torque component can be utilized if negative

saliency is constructed using the permanent magnets.
Methods exist and are being explored to increase the
saliency ratio and thereby utilize more reluctance torque Yigure 2.5: Interior mounted
permanent magnet rotor.

[13], which is especially tractable in the field weakening
region.

2.4.2.1 Radially mounted interior PM machines

A special case of the IPM machine is the radi-
ally mounted machine.  This machine has positive
saliency, i.e. it has a higher reluctance in the g-
axis than in the d-axis. Therefore, these machines
behave more similar to traditional wound-field motors
than to PM machines with negative saliency. Since
the reviewed literature and the simulations are car-

ried out for machines with negative saliency, the re-

sults will have limited accuracy for this type of ma-

chine. Figure 2.6: Radially interior
mounted permanent magnet
rotor.

Based on this presentation, it is not generally possible to say what type of de-
sign an electric vehicle should have. SPM machines have the potential to be the
most compact per torque, but IPM machines are still most common for high speed
operation. In IPM machines, the magnets are protected from armature behavior
[7], whereas in SPM machines with large armature effects, magnets may suffer from
demagnetization under high currents due to overload or in a fault situation.

2.5 Controls

2.5.1 Machine description - controlled equations

When all harmonics in inductance variation and flux-linkage are left out (not sim-
ulated), the current dynamics are described by (see appendix, section B.2):

dia

Vd = Rsid + Ld dt

— Wy Lyig (2.3)
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d
vy = Ryig + Lqﬁ + wy Lgig + WA (2.4)

The d and q voltages are transformed to switching signals to the inverter using
space vector modulation, (see section B.1 and [12]).

For a definition of of the dq axis system used in this thesis, see section A.2. The
produced electromagnetic torque is derived from the co-energy:

3n, .. ..
T, = 7” [igAm + (La — Lqg)iaiy] (2.5)

2.5.2 Current control

The current controller is presented in [28, referring to a 3rd article]. The controller
controls the d- and g-component currents (described by eq. 2.3 and 2.4). Since the
motor is fed by a voltage source inverter (VSI) the controlled variables are the line

voltages.

The control output are the d- and g-component voltages, and they are controlled

as:
ref ref - kAl~7‘ef_~ . Li — R i 2.6
Vq - pd(zd 1d)+ zds(ld Zd) Wy qlq adld ( . )
PI—controller decoupling, damping
VT = by (T = i) + kg (7 — i) + Wy Laia — Ragi (2.7)
With
kpd =a.Lg, Rua=acLg— Ry, kig= OézLd
and

kpg = acLy, Rag=acly— Ry, kig =a2L,

Choosing these parameters for the controller gains (as in [28]), the current axes
are decoupled, and the resulting transfer functions are,
Qe s

14 O iq
- _° = — A
it (5) s+a,’ ired (5) s+ a.  Ly(s+ ac)? mtr

See section B.4 for the derivation of the transfer functions. The bandwidth of
the current dynamics are now chosen by «., and the disturbance from the back EMF

is well damped.

10
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2.5.3 Torque and speed control

For non-salient machines, full decomposition in field and torque for the current
components is realized. Torque is only produced by adjusting the 7, current, and a

torque reference may be directly translated to a q component current using equation
2.5:

Z'Tef — 2Tgef
4 3npAm

(2.8)

Machines that have saliency can also produce reluctance torque, using both cur-
rent components (eq. 2.5). For salient machines, it may therefore be favorable to
have a controller outside the current controller that transforms a torque reference to
both a d- and gq-component current reference. A simple maximal torque per ampere
controller will be presented for the EV model (section 2.6.2.1).

In this thesis it is assumed that the accelerator (gas pedal) is coupled to a torque
reference. This can be defended by the experience driving conventional vehicles.
Implementing a speed controller outside the torque controller (cascade) can be done
if for example cruise control is adopted, or if the accelerator pedal is coupled to a
speed reference. A speed controller is presented in [28].

2.5.4 Field weakening control

For high speed operation, field weakening is achieved by setting iy negative. The
amount of required field weakening current can be decided by an offline calculation
and a feed forward controller (table, function etc.) from the speed. This method has
the advantage that the z'g‘ff will be quite calm, because of the mechanical inertia.
However, deciding the @'gef current in advance also has some drawbacks; it is not
robust to changes in parameters that may occur because of the operating conditions
and other phenomena.

The second method requires an iy current to limit the controller output voltage
reference to stay below a maximal voltage of V0. = Vie/ v/3, which is the maximum
phase to neutral voltage the inverter can utilize (see section B.1).

A pure I-controller is used in order to avoid a direct algebraic loop, as proposed

by [8];

d-ref

2] _ 2 o ref\2 _ ref\2
= (Vi = (0 = (07 7?) (2.9)

The controller output must be limited to —1I,,,,, < izef < 0, and the integrator
clamped when these boundaries are met (anti wind up).

Delay of the field weakening controller and current controller will make the cur-
rent controller request a voltage that exceeds the maximum output voltage, causing
the inverter to over-modulate. When entering the over-modulation region, integral
terms in the current controllers will wind up, typically causing current over-shoots.
An anti wind up feedback to the integrators is suggested in [8].

11
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Originally adopted for an induction motor [8], a suggestion for 7 is presented.
This value may be chosen as a starting point when tuning the controller.

2.6 Case study simulation model

During the work on this thesis, a car model was build in MATLAB/Simulink and
PLECS. The simulation tools are shortly described in the appendix (section C.3).
The EV model includes a machine and inverter, implemented in PLECS, a current
controller and a field weakening controller. References to the simulation model is
made throughout the text.

2.6.1 Motor and inverter

The car is equipped with an interior permanent magnet motor rated to 50 kW
continuous power. A standard three-phase inverter with 6 switches is adopted,
coupled to a battery and filter capacitor. The voltage at the DC link is 320 V. More
data is presented in the appendix (sec. C.1). The motor is assumed to have no
harmonics in the flux linkage or inductance distribution (ideal PMSM), and can be
described using the equations presented in section 2.5.1.

The motor may be overloaded for shorter amounts of time, because of the thermal
inertia. However, since the heat capacitance of power electronics is far below that
of the motor, the inverter needs to be rated for continuous operation in overload.
Due to this trade off between inverter rating and overload, an overload capability
of 2 times the rated current is suggested for this motor. This will imply that the
maximal torque is around 150 Nm, which is the same as for many ICEs that are
fitted to smaller family cars, for example, the most common 1.6 liter petrol VW
Golf [Volkswagen(2008)].

2.6.1.1 Inductance model

The simulated machine has no mutual inductance between the phases. This is not
realistic for distributed winding arrangements. For a distributed sinusoidal winding
distribution, and three fully pitched phase windings, the mutual inductance is %
of the self inductance?. For some combinations of slots per pole and phase, using
concentrated winding arrangements, mutual inductance can be very low [38].

The simplification assuming no mutual inductance done for numerical reasons,
since it reduces the amount of states when using PLECS, and significantly reduces
the running time of the simulation. The implications of this assumption on the
simulation will be addressed during the presentation of faulted behavior (section
3.4).

An inductance model for the EV model machine that accounts for the first har-

monic of salient components is showed if figure 2.7.

2Lm = 3Ls since foQﬂ N(@)- N0+ 2)do = %fo% N2(0)df, for N(0) sinusoidal. N is the

winding distribution function.

12
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Inductance model for the PMSM

osf \
/ / Ly )
04l Armature
saliency /

Inductance [mH]

Figure 2.7: Tllustration of the self inductance for an interior synchronous PM machine with only 2.
order harmonics (saliency) included. This graph may be generated measuring the self inductance
of one phase, while turning the rotor 27 electrical degrees.

A distinction between leakage inductance and inductance mutual to the rotor
has been made. The rotor-mutual inductance interfere with the air gap flux and
is called armature inductance. Rotor saliency is possible by changing the armature
inductance of the axes in the rotor.

The d and q axis components of the inductance are derived from the periphery
inductance by (see section B.2 and [28]).

Ls,2 Ls,?

Ld = Ls,O + - Lm,O + Lm,2 Lq = Ls,O - - Lm,() - Lm,2 (210)
Where the L-values are the amplitudes of the n-th harmonic of the self- and
mutual inductance. Note that the L o-term is negative for most types of salient PM

machines, leading to Lq > Lq.

2.6.2 Adopted controls

The machine is equipped with the current controller presented in section 2.5.2, with
a. =900 rad/sec. The bandwith could have been increased further, but had to be
relaxed to insure stability during saturation. The closed loop integral field weakening
controller of section 2.5.4 was chosen with v = 0.5.

Because the inverter current capability is limited, the input to the current con-
troller is limited to \/ (i71)2 + (i5)2 < Inee. The field weakening current iy has the
highest priority. The torque component ¢, current is dynamically saturated. The

saturation block is constituted so that

L < i <0, =\, — i< il < 12, — i3

The current controller does not allow overload conditions, although the inverter
was overrated for overload. Overload can be included in the current controller by
adjusting I,.x, for example using thermal sensors.
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CHAPTER 2. DESIGN AND OPERATION

2.6.2.1 Simple max. torque per ampere strategy

The implemented motor has a saliency ratio £ = Ly/Lq of 2.43, so it is expected
that the maximal achievable torque per ampere may be realized using both current
components. To verify this, a simple non linear optimization problem was formulated
in MATLAB, and solved using the optimization toolbox (see section B.5). Utilizing
the full stationary current capability of the motor, the maximal torque was plotted
against the speed (figure 2.8):

Max. avaliable stationary torque Current components for max. torque
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Figure 2.8: Maximal torque and corresponding currents. Note that the ig current has been inverted
in the plot.

This result may be compared to setting iy = Inax, which would yield a maximal
torque of 70.6 Nm. Further, the minimal current needed to produce 50 Nm of
torque up to about 80 km/h was calculated. The result is depicted in figure 2.9. For
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Figure 2.9: Minimum current needed to produce 50 Nm. Note that the iy current has been inverted
in the plot.

comparison, using only q component current would require i, = 160.2 A to deliver
the same amount of torque below base speed. Realizing that less current is needed
to produce the same torque when both current components are activated, a simple
controller was designed in order to minimize current transportation losses.

The optimization results reveal that the relationship between the optimal i, and
iq current is a function of the torque below base speed. The optimization problem
was therefore reformulated to identify the minimal current components as a function
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2.6. CASE STUDY SIMULATION MODEL
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Figure 2.10: Minimum current needed to produce a required torque below base speed.

of the torque, at zero speed. Since the results of the optimization (figure 2.10) are
relatively linear, a linear regression was carried out, and the current components
where simply calculated by

i =T i = kT

Where k; = —1.28, and ky = 2.43. This will not give a fully correct torque to
current components reference, but since there are no controllers outside the torque
controller, the approximation will not affect the stability.

Since iq is also used for field weakening, the controller that requires the lowest ig
current decides the reference. This leads to a smooth transition into the high speed
field weakening region, where the field weakening controller dictates the iy current.
This will imply that the ko gain should be altered for high speeds to give the correct
torque reference, this is however not implemented in this model.

This maximum torque per ampere scheme is also straight forward to implement
for overload capability. Carrying out the current optimization for up to 2 times
rated torque results in the same nearly linear relationship between the currents.
However, since iy current may risk to demagnetize rotor magnets, and create very
strong fields in the motor, it should be saturated at some value.

A long simulation was carried out with T = 80 Nm. To speed it up, and
prevent memory allocation failure, a relatively noisy solver had to be chosen, so the
results needed to be filtered. They are shown in figure 2.11. Torque is delivered
near the current limit I,,,.. In field weakening, the maximum torque is somewhat
below the optimal solution found earlier, but only differs with 5-10 Nm.

2.6.3 Simulation circuit

The implemented circuit topology is depicted in figure 2.12.
The PMSM model that is implemented in PLECS consists of three inductances
and resistors in series with back emfs.

In Simulink, the inverter and the PMSM machine where implemented in the
PLECS block. The DC link was modeled as a Thevenin equivalent. The motor

15



CHAPTER 2. DESIGN AND OPERATION

Noise reduced simulation results
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Figure 2.11: Simulation result to test max torque per ampere.

Tm Machine_measurements

Gates

Figure 2.12: Connection setup of the PMSM used in the simulations

current and speed controller were implemented outside the PLECS circuit.

2.6.4 Mechanical parameters

The total vehicle mass is 1200 kg, and it has a fixed gear with a ratio 1 : 14 from
the motor to the wheel.

The vehicle body and wheels is modeled as stiffly connected to the rotor shaft.
The total equivalent shaft inertia is found by:

I
(wr [ wWin)?

For more data on the simulation model, see section C.2.

Jiot = + (4Jn + mr?) (2.11)

2.6.5 The difficulty of simulating unbalanced conditions

Motor models of the PMSM found in simulation software are typically simplified to
fit balanced operation. The simplifications typically do not account for;

o The non-zero neutral voltage, with respect to DC link center point. The
neutral voltage does not coincide with the DC center voltage under unbalanced
condition.
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2.6. CASE STUDY SIMULATION MODEL
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Figure 2.13: PMSM circuit used in simulations.

e The mutual inductance can easily be removed from the equations under bal-
anced conditions. This is not the case in non symmetrical fault situations,
where the behavior depend on the mutual inductance.

The behavior of a motor under unbalanced conditions is more design dependent that
under balanced conditions. This implies that the simulation results will have limited
accuracy for different PM machine designs.
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Chapter 3

Faults

The concept of permanent excitation implies that electromotive force is permanently
induced when the motor is in motion. Permanent excitation, though mostly desirable,
has the ability to drive currents and create torques, and this is a concern if the motor
suddenly comes out of control. This chapter will discuss the likelihood of faults, their
classification and behavior. The results will join the discussion on fault mitigation.

3.1 Introduction

The excitation in a permanent magnet machine cannot be removed, and as a con-
sequence, electromotive force will be induced as long as the rotor magnets are in
motion. The permanent back EMF possesses the ability to drive currents, even
when the controller and inverter are passive. In fault situations, permanent exci-
tation may lead to uncontrollable and high torques and currents, that eventually
influence passenger safety and could make faults escalate further.

In field weakening operation, the back EMF of the motor exceeds the terminal
voltage, and if field weakening current is interrupted, the motor has the ability to
force the voltage up on the DC link, and damage electrical components such as the
inverter and the battery.

3.2 Fault classification

Faults occurring in the drive train can be classified into three categories: short
circuit faults, open circuit faults and sensor faults. Fault mitigation techniques will
be discussed based on the type of fault.

3.2.1 Open circuit faults

Open circuit faults may occur in the inverter and in the motor. In addition to the
two single phase faults, inverter shutdown also falls into this category.

Single-switch open circuit is the situation in which the transistor fails to be turned
on, but the integral diode is still intact.

19



CHAPTER 3. FAULTS
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(a) Single switch open circuit (b) Full phase open circuit (¢) Inverter shutdown

Figure 3.1: The different open circuit faults

True open circuit is different from the single-switch case because the free-wheeling
diode is no longer present, and the motor phase is fully disconnected from the
inverter.

Inverter shutdown is the equivalent situation of a motor directly connected to an
uncontrolled diode rectifier.

3.2.2 Short circuit faults

Short circuit faults may also occur in the inverter and motor. The three phase
balanced short circuit is also included in this category. Short circuit faults in the
winding arrangement of the machine include short circuits between windings of the
same phase, winding and the chassis, and between windings of different phases.

Single-switch short circuit is created when one of the inverter transistors are per-
manently gated on.

Phase-to-phase short circuit may occur at different places in the affected phase
windings, and is hence a family of faults in it own.

Intra-winding shorts occur between turns of the same winding.

Phase-neutral short circuit is the situation in which the phase terminal is directly
connected to the neutral point of the motor. It may be considered as a special
extreme case of the intra-winding short circuit, where all the turns have been
shorted.

Balanced three phase short circuit may be imposed by gating either all upper
(ppp) or lower (nnn) transistors in the inverter.

3.2.3 Sensor faults

Sensor faults are presented in [15]. The motor must be equipped with current sensors
on at least two of the phases. In addition, a DC link voltage sensor and an angle
sensor may be adopted to the drive to increase the system stability. A fault in any
of this sensors will affect the decision made by the control unit, finally influencing
the physical behavior.
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3.3. FAULT SOURCES

3.2.4 Mechanical faults and rotor faults

Faults in the rotor, due to for instance a bent shaft or corrosion of permanent
magnets can influence the air gap flux. Such type of faults will not be treated in
this thesis, as only electrical faults are investigated.

3.3 Fault sources

What can cause a fault situation in the drive train, and how likely are the various
fault situations to occur? Although passenger safety must be insured for any type
of fault, different faults must be considered together with their expected occurrence
frequency. It is expected that fault mitigation techniques may not be economically
motivating if the likelihood of the fault is minimal and passenger safety is insured.

It is evident that the electric vehicle is a harsh environment. Mechanical influence
by the surroundings include considerable vibrations, dust, humidity and difference
in ambient temperature. Without statistics and information regarding the specific
designs, only a conceptual discussion on faults and their occurrence can be carried
out.

3.3.1 Inverter faults and lifetime

Determining the lifetime of the inverter in an electric vehicle is difficult. Difference
in thermal expansion of bond wire metal and silicon results in mechanical stress
under thermal cycling, causing the bond wire to eventually loose contact with the
chip. This effect is frequent for appliances where the inverter experience much
thermal cycling, which is common in EVs because of the variety in load conditions.
Individual differences also exist because each vehicle is driven differently. This type
of fault is expected to be a dominant mechanism in the inverter in an electric vehicle
[28, 4]. The common fault following from the bond wires loosing contact with the
chip, is the full phase or switch open circuit.

In [11], a simulation model is made to observe thermal cycling and operating
temperature of IGBTs used in hybrid electric vehicles. This model uses an advanced
loss model and thermal cycle detecting algorithm, together with a driving cycle
standard (suburban driving cycle). The area of reliability of power electronics in
automotive applications seems to be active on the research agenda [28].

A failure of the gating unit to gate the transistors, will create a switch open
circuit. The reliability of the gating unit will not be commented here, but must be
considered in the combined reliability of the inverter.

A short circuit fault in the inverter can also follow from a fault in the gating
unit. IGBTs contain a parasitic thyristor that can be turned on under high amounts
of current (typically short circuit). If turned on, this thyristor cannot commanded
off. However, the likelihood of such “latching” in modern IGBTs is small.

The load changing test (“Lastwechseltest” [20]) is used to determine the amount
of thermal cycles a component can withstand before it fails. The cumulative prob-
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ability for the amount of cycles before a component fails, is well described by the
Weibull function [20]. It is well-known in the field of redundant systems, that an
increased part count generally reduces the total reliability of the system [11]. To
illustrate this for the inverter, defining the reliability function R;(t) to be the prob-
ability that a switch still functions after the time t, the total system reliability is
defined by

n

Rioe(t) = [[ B;(2) (3.1)

i=1

If the main failure mechanism of the inverter is due to thermal cycling, the
reliability of the inverter may be well modeled by the Weibull distribution. Using
data from [20], the reliability can be approximated and compared for the amount of
switches n:

Approximate reliability of an inverter

Figure 3.2: The probability that the component or inverter has not failed due to thermal cycling
after a number of thermal cycles. Data for one switch from [20].

In addition, all other fall out-mechanisms that are not accounted for here, will
reduce the total reliability and increase the difference due to the part count. It
is clear that, under the assumption that the reliability function of the switches
are equal, a larger part count will reduce the total system reliability. This will
probably have the effect that the inverter must be replaced earlier, which has further
implications for the manufacturer.

3.3.2 Machine failure

A considerable source of faults in the machine is expected to be short circuit faults in
the armature. Short circuit faults in the armature (stator) are caused by insulation
breakdown. Faults following from such breakdowns are usually phase-to-casing or
phase-to-phase faults, that have been initiated by turn-to-turn short circuits [16, 10].
If much of the insulation in one phase is destroyed, and the turns shorted together,
the phase will approach a short circuit to the neutral point of the machine. For
induction motors, reliability test have shown that intra-winding shorts are a common
reason for machine failure [22]. Many of the same failure mechanisms exist for
permanent magnet machines:
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3.4. FAULTED BEHAVIOR

Inverter fed machines experience voltage surges due to high frequency harmon-
ics caused by rapid switching. Potential differences with steep flanks between turns
stress the insulation. Phenomena such as partial discharge, dielectric heating and
formation of space charges are known to occur [36]. These effects are design de-
pendent, and can substantially influence the lifetime of the enameled wire in the
machine. A typical result of electrical insulation stress is intra-winding short cir-
cuits in the first turns. Such an intra-winding short will produce heat which further
evolves the short, so that phase-phase or phase-casing shorts can occur.

The though mechanical environment can initiate faults directly. Since the insu-
lation of the enameled wire is thin, relative motion and friction between windings
due to vibration may tear insulation leading to short circuit between turns.

In distributed winding arrangements, it is common that windings from different
phases share the same slot. This significantly increases the likelihood of short circuits
between phases.

Open circuit faults originating in the machine may be caused by mechanical
failure of a terminal connector or an internal winding rupture [35].

3.4 Faulted behavior

The behavior of the drive under various types of faults is of particular interest in
the implementation of a vehicle drive system. Together with various publications
on faulted behavior of PM drives, the EV simulation model is used to model the
behavior under faults. The goal is to identify faults that have to be mitigated, and
maybe point at fault conditions that are less severe, or even temporarily tolerable.

The model used for simulations does not consider damping that occurs between
the motor and vehicle. It is expected that this damping will affect the perceived
vehicle behavior. To discuss the perceived operation driving the vehicle, the average
torque will be calculated.

~

Figure 3.3: Various rotational damping effects occur between gearing and wheel

In the simulation and following discussion, what interests the driver and manu-
facturer is related to safety and economys;

What currents and torques occur in the given fault situation?

Does the voltage increase on the DC link?

Can the fault situation be sustained?

Is the fault situation dangerous for the driver and passengers?
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o Will the fault situation escalate and threat to destroy other components?

Stable fault conditions are preferable over oscillating ones. For the currents, even
short over shoots can damage the inverter switches (to be commented in section
3.4.2). An oscillating torque can stress the mechanical parts of the vehicle, and be
a threat to passenger safety.

The per unit quantities of current and torque can be found in the appendix
(section A.1).

Mutual inductance. The simulation model does not contain mutual inductance
between the phases. It is assumed that the general behavior of the faults that occur
can be well simulated without the mutual inductance. For each phase, the back
EMF will be present and contribute to a permanent current driving force when the
motor rotates. When considering the ability for continued operation, the mutual
inductance is important. The faulted phase can have circulating currents that affect
the healthy phases if the mutual inductance is high.

3.4.1 Effect of g-axis saturation in IPM machines

Iron channels in the rotor q axis of interior permanent magnet machines (IPMs) may
saturate under high levels of current, causing L, to decrease. The saturation effect
reduces the saliency of the machine, which acts to limit the torque and q component
current under faults [13, 32]. To demonstrate what effect q axis saturation can have
on simulation results, two simulations are compared under identical conditions. For
machines that have low cross coupling effects between the q and d axis current, the
saturating characteristic of L, can be modeled as a function of the q axis current.
Then, only the q axis voltage equation (eq. 2.4) needs to be altered;

Vg—sat = Rslq + (Lg(iq) + %fqu;f + wy Lgiq + we A, (3.2)

q

saturation term

The new Lg-term in equation 3.2 accounts for the changes in magnetic stored
energy. Mathematical models to fit the saturation characteristic can be found in
[13] and [35]. The EV model IPM machine was fitted to a modified version of the
model found in [35];

C11|Z'q|C2 if Ld S Lq S Lq—max
Lq - Ld if Lq S Ld (33)
Ly—maz  otherwise

For the derivative;

= (3.4)

L, | C1Colig) ™V if Ly < L < Lg—max
0 otherwise
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3.4. FAULTED BEHAVIOR

The C; and C, terms where adopted to fit the saturation data in [28] (see section
C.1). Some minor modifications needed to be done to make the model stable. The
middle term in eq. 3.3 was added to limit the amount of saturation to the d axis
inductance. The d axis is chosen as a lower limit because it is limited by the relative
permeability of the rotor magnets, which is equal to that of air. Because air does
not suffer from saturation, it is expected that the inductance will stop saturating
when the air value of the inductance is reached.

Results from a severe fault, a one switch short in the inverter, is compared in
figure 3.4. The motor runs at 2000 rad/sec electrical, which is just above the base
speed, while it delivers 35 kW. Here, the result shows that saturation acts to limit
the peak torque by a factor of 7.5.
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Figure 3.4: Simulation results showing the effect of q axis saturation

The result shows that the saturating characteristics of the q axis has a remarkable
impact on the peak torque. It also strengthens the claim that the faulted behavior,
because it is sensitive to saturation effects, depends on the design.

3.4.2 Saturation characteristic of a modern IGBT module

The EV model was chosen with an overload capability of twice the rated continuous
current of the machine, to allow temporary overload operation. IGBTs have an
absolute limit on their current carrying capability, the saturation current. It is not
possible to carry a current above this level of current, so actually, IGBTs may be
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good over current protectors. Note however, that thermally, power electronics can
only sustain overload conditions for very short time periods.

Using a real life IGBT characteristic from the industry, as an install candidate
for the EV model, typical data for modern IGBTs may be presented. IGBT modules
typically start at 600 V blocking voltage. With a DC link voltage of 320 volts, this
allows for considerable voltage peaks due to di/dt. The rated current for the module
was chosen near the overload current, I = 2v/2 - 160 ~ 450 A (2 pu).

Using data from eupec [Infineon(2008)], the “EconoDUAL™ Modul mit Trench/Feldstop

IGBT3 und Emitter Controlled Diode 3” with Ips = 450 A was chosen. Using a
gate voltage of 15 V, this IGBT saturates around 2 kA, which it can withstand for
6 ps. It can resist repetitive peaks of up to 900 A (4 pu) for 1 ms .

3.4.3 The DC link stiffness and its role in fault situations

The DC link is modeled as a Thevenin equivalent for transient behavior, to estimate
the voltage rise on the DC link during faults. The behavior of the DC link is mostly
determined by the battery. If the voltage on the DC link rise too much during a
fault, the battery and filter capacitor may be damaged, and the inverter voltage
rating crossed. The simple Thevenin battery model that will be used for transient
behavior was provided by Think [Think Global(2008)].

3.4.4 Single phase- and switch short circuit

This fault was examined in [32], where it was shown that saturation effects have a
major influence on the faulted behavior. The results depicted in the article agree
well with the results that have been simulated for the EV model.

Single switch short circuit. The inverter is shut down after the fault has oc-
curred, to avoid a direct short of the DC link. The simulation has limited accuracy
since the severity, with high currents and torques, makes rapid evolvement to open
or other short circuits likely.
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Figure 3.5: Simulation results of the single switch short circuit.
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The faulted braking torque is around half the continuous torque, or 1/4 of the
maximal torque. The high currents implies that the inverter and motor will be
stressed, and it is not likely that this situation can be sustained for long. The intu-
itive consequence of inverter over current is the burn out of one or more transistors,
resulting in an open circuit fault. Mechanical stress is high due to large torque
amplitudes.

Phase terminal to neutral short. This is the extreme form of the intra-winding
short circuit, and may result if a turn to turn short circuit is allowed to produce heat
over time. After shutting down the inverter, the faulted torque is lower than for the

Electromagnetic shaft torque Phase currents

0095 0.4 0105 0.11 0115 012 01 0.101 0102 0103 0104 0.105 0106
Time [s] Time [s]

Electromagnetic shaft torque Phase currents

Torque [pu]
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Figure 3.6: Simulation results of the single phase short circuit. With continued operation (top),
and after inverter shutdown (bottom).

switch short circuit. Because of large torque amplitudes, mechanical stress will be
high.

Phase-phase short circuit. The behavior of the :m:l

phase-phase short circuit will depend on the location
Figure 3.7: Phase-phase short.

. . . Depending on the inductance
detailed motor model. It is expected that this type of and resistance of the short cir-

of the fault, and is difficult to simulate without a more

fault may span from a more severe behavior than the cuited path, and the flux linking
it, a large circulating current can

phase-to-neutral fault to a less severe one, depending -

on the parameters of the short circuited path. How-
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ever, since this fault includes more than one phase, it
may be a difficult fault to interrupt.

Intra-winding short circuit. If short circuits occur between neighboring turns,
it is not a severe fault in itself. Seen from the terminals of the motor, the inductance
only changes minimally, so the terminal currents and voltages will hardly change.
However, at the location of the short circuit, a large current will flow resulting in
high heat production.

3.4.5 Balanced three phase short circuit

Analytically derived stationary behavior.  The balanced three phase short
is treated analytically in [32]. Stationary currents and torques can be found by
shortening the voltages in eq. 2.3 and 2.4. Setting time derivatives to zero yields
for the currents:

, W2 LA

1d—3ph—sc = _(JJZLqu T R2 (35)
T q S

. R, M\,

Lq—3ph—sc = —m (3.6)
Am .
wh£>noo id73phfsc = _f s whinoo 1q—3ph—sc = 0
r d r
And for the torque:
3n —w W3L

T sph-se = —LRN, | ———"— + (Lg— L r 4 3.7
3ph 9 m szqu +R§ +( d q) (wELqLd +R§)2 ( )

Because both the impedance and the back EMF increases linearly with speed,
the current asymptotes at high speed. Theoretically, seen from the equations, the
current will approach —\,, /Ly and be a pure d-component current as speed increases.
The total stator current increases monotonically with speed towards this asymptote,
as can be seen in figure 3.8;

It is claimed in [32] that the maximum braking torque occurs at w, = Rg/y/LaLy.
This seems to be an approximation. The actual expression is less pretty, and derived
in the appendix (section B.3). However, the expressions coincide for the non-salient
case, where

Wy = — (3.8)

Calculating the maximum torque (using either eq. 3.8 or eq. B.10 in the ap-
pendix) reveals an interesting result. The maximum torque is independent of the
resistance (for both salient and non-salient machines). The resistance only influ-
ences the speed at which the maximum torque occurs. This is a result which will
have interest later. The maximum torque for the non-salient case is
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Figure 3.8: Results evaluating equations 3.5, 3.6 and 3.7 for the simulated machine. wpqgse corre-
sponds to 1776 rad/s electrical, and 65 km/h.
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The expression is longer for salient machines, and is therefore given in the ap-

pendix (eq. B.11). It can be shown that the minimum braking torque occurs for

Traw = (3.9)

the non-salient machine, under otherwise equal conditions.

Simulation model results. The maximum torque for the simulation model, cal-
culated by eq. B.11 and B.10) is -83.4 Nm and it occurs at w, = 30.9 rad/s, which
corresponds to 1.3 km/h. Above this speed, the braking torque is rapidly reduced.

The theoretically derived expressions for the short circuit currents presented
earlier do not account for the transient behavior. As seen in the simulation results
of figure 3.9, transient peaks in current and torque is significantly higher than their
stationary values.

The fluctuating torque during the transient is quickly stabilized and the ampli-
tude is around the rated torque. This may result in vibrations and noise, but the
mechanical behavior is not expected to be a source of concern to passengers.

In agreement with the results in [32], the transient d-axis current reaches values
significantly higher than the characteristic current. The high magnitude of field
current may threat to demagnetize rotor magnets, and the inverter. The d<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>