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Abstract

This work is intended to contribute with knowledge to the area of electic motors
for propulsion in the vehicle industry. This is done by first studying the different
electric motors available, the motors suitable for vehicle propulsion are then di-
vided into four different types to be studied separately. These four types are the
direct current, induction, permanent magnet and switched reluctance motors. The
design and construction are then studied to understand how the different types
differ from each other and which differences that are of importance when it comes
to vehicle propulsion. Since the amount of available data about different electric
motors turned out to be small a tool was developed to use for collecting data from
the sources available which can be for instance product sheets or articles with in-
formation about electric motors. This tool was then used to collect data that was
used to create models for the different motor types. The created motor models for
each motor type could then be used for simulating vehicles to investigate how the
specific motor is suited for different vehicles and applications. The work also con-
tains a summary of different electric motor comparison studies which makes it a
good source of information during motor type selection in the process of designing
an electric vehicle.

Sammanfattning

Detta arbetet syftar till att bidra med kunskap inom omréadet géllande elmoto-
rer for framdrivning inom fordonsindustrin. Detta gors genom att forst studera
vilka elmotorer som finns tillgéngliga, de motortyper som &r l&dmpliga fér fordons-
framdrivning definieras som fyra grupper och studeras sedan var for sig. De fyra
grupperna av motorer ar likstrom, induktion, permanentmagnet och variabel re-
luktansmotorer. Konstruktionen av de olika motortyperna studeras for att forsta
hur de skiljer sig at och vilka skillnader som ar av betydelse nér de skall anvéindas
for att driva ett fordon. Eftersom tillgénglig information om de olika elmotortyper-
na visade sig vara begransad sa utvecklades ocksa ett verktyg for att samla in data
fran de kéllor som finns publicerade i t.ex. produktblad eller olika artiklar. Detta
verktyg anvindes sedan for att samla in den data som behovdes f6r att modellera
de olika motortyperna. De framtagna modellerna 6ver varje motortyp anvindes
sedan for att gora simuleringar av fordon for att se hur vél den valda motorn fun-
gerar for en specifik tillimpning och fordonstyp. Arbetet har ocksd sammanfattat
information fran manga olika jamférande studier nir det galler elmotorer for for-
don vilket gor att mycket nyttig information finns samlad som kan anvindas vid
valet av motortyp da man utvecklar ett elfordon.
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Chapter 1

Introduction

In this chapter an introduction to the thesis work is given, including background,
purpose, goals and the methods used.

1.1 Background

Vehicle Energy Model (VEM), is developed by LeanNova Engineering AB in Troll-
héttan for simulation of different vehicle configurations in MATLAB/Simulink.
The model is designed to be able to follow predefined speed profiles or driver com-
mands which brings the possibility of studying many different driving conditions.
When designing an electric drivetrain, this model can be used to do initial studies
of efficiency and performance. Correct component models and data are essential
for validity of the results. Data of components is however not always available, but
one way of obtaining this is to make estimations based on key metrics of known
components such as electric motors.

1.2 Purpose and goals

When there is a lack of real measured data, a need arises for data that can be used
as an estimation of the specific component properties. This works considers how
to handle a lack of information regarding the performance of different electric mo-
tors. If this information is available it can be used together with VEM to compare
different electric motor types for a given vehicle or application. The purpose of
this work is to make this information available for use with VEM by investigating
electric motors that are feasible for vehicle propulsion. The objective is to develop
methods and an Electric motor Performance estimation Tool (EPT) that gener-
ates estimations of performance properties, like torque and efficiency data for the
possible operating points for different types of electric motors. Data generated
by EPT should be designed to fit the input interface of the VEM developed and
used by LeanNova for simple integration with the existing system. How this is
intended to work is illustrated in Figure where we can see that the electric

1



2 Introduction

motor characteristics estimated by the EPT is used as input in the motor plant
of the VEM. Based on the current motor torque request, motor speed, battery
voltage and power cut torque, the actual torque and output power of the motor
are calculated.

‘ Motor torque request >

‘ Actual torque
Motor speed >

Vehicle Energy Model
‘ Battery voltage

A\

Power

Motor Plant in

‘ Power cut and disconnect >

- Efficiency map
- Max/Min/Power-cut torque

- Electric Motor type Electric Motor performance-

- Maximum power X . |
- Other properties estimation too

Figure 1.1. Overview of the EPT with input to the VEM.

1.3 Related research

There are a lot of special requirements for an electric motor to be feasible for a
vehicle powertrain. This is a topic discussed in [I] and their classification of elec-
tric motors for electric vehicles (EV) can be seen in Figure

[
Separately - . PM Switched PM
excited Induction Synchronous Brushlessdc reluctance hybrid
[ : | [ : |
‘ Series ‘ ‘ Shunt ‘ ‘ Field- PM Wound- ‘ Squirrel ‘ ‘ Wound- ‘ ‘ PM ‘ ‘ Reluclance‘
excited excited rotor cage rotor rotor

Figure 1.2. Classification of EV motors according to [1].

When comparing the discussions in [I] with other work done in this area the con-
clusion is that there are four main types of electric motors that are of interest
when choosing motor for an EV. If the discussions in [1-6] are weighed together
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the main categorization can be summarized as Direct Current (DC) brushed mo-
tors, Induction motors, Permanent Magnet (PM) motors and Switched Reluctance
(SR) motors. According to [2] the traditionally used DC brushed motors are get-
ting outclassed by the modern Induction and PM motors and therefore are of less
interest today.

In [3] it is clearly displayed how the Induction and PM motors are the most widely
used motors in vehicles produced the last years. It is explained in [4] that PM
motors have higher power density than the Induction motor and therefore have a
high potential for the future. The high potential of SR motors is also discussed but
it is explained that they are still suffering from issues, described in Section [£.1.5]
that needs to be solved before becoming a serious threat. Some work treating
the difference between electric motor efficiency maps has been done earlier and in
Figure it is displayed how a typical efficiency map for some different motor
types can look like.

Torque
Torque

O
c

Torque
Torque

rpm

O
S

Torque
Torque

rpm

Figure 1.3. Efficiency maps for 6 different EV motor types according to [3]. An il-
lustration of the idea with typical performance properties for different types of motors.
We can see that the motors have different high-speed and high-torque capabilities. The
efficiency is low close to zero torque or rpm.

1.4 Approach

When analyzing the EV motor types it is important to investigate how they differ
in performance and other properties. During simulations of vehicles in VEM a dif-
ference in energy consumption can be detected between different configurations.
This makes some properties more interesting than others when studying the EV
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motors in this work. The following lists declares which properties that are of high-
est interest.

Efficiency in different operating points

Possible motor speed
e Maximum torque for a given speed
e Power density

There are also properties that is of less interest during the simulations in VEM
but of big importance in practice. Some of these are listed below and are also
taken into consideration to some degree.

e Dynamic performance

e Temperature and geometry dependencies
e Maintenance demands

e Sound level

e Production cost

The idea for how EPT is suppose to work is to determine the typical efficiency
map and torque curve characteristics for each motor type, which then is scaled
with respect to the desired maximum power. The differences in design and other
properties of the motor types also makes the efficiency maps and torque curves
different. The result should then be similar to what is displayed in Figure [I.3]

To be able to determine the typical properties there is a need of data about each
motor type. Information about different motors can for example be found in lit-
erature, scientific reports, and data sheets from manufacturers. If motors and
equipment is available, this information can also be obtained by measurements.
During this work some data was available from start but most of the information
used is collected from reports. Since almost all the efficiency map data, found
is in the form of a contour image, another tool is developed to be used for data
collection. This tool is named Efficiency Map Generator(EMG) and turned out to
be very useful also outside this work.

For the understanding of collected data, and how it should be used in this work,
it is important to investigate the underlying phenomenons. The electricity and
magnetism that is the foundation for the electric motors is discussed in [5] and [6]
and the different types of electric motors is then deeply investigated in [7]. With
the help of this material and other concerning EV motor control like [1], [2] and
[8], the goal is to determine the typical properties for each motor type and to
understand the reasons behind their differences.
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1.5 Thesis contributions

This thesis first brings a summary of the electric motors that are feasible for ve-
hicle propulsion. It is made in a way to give someone without experience a quick
background to understand why the motors are different when it comes to per-
formance in vehicle propulsion applications where other factors are of importance
compared to the traditional industrial use of electric motors. Extra focus is put on
the understanding of the torque curve and efficiency map of the different motors
since those are the properties of greatest interest in this work. A modification to
an existing physical efficiency model for electric motors is presented to better cap-
ture the effects that high power operating has on the motor efficiency. The EMG
describes methods for collecting motor data and how it can be combined with the
physical efficiency map model to create good input data for simulations. The re-
port also brings a summary of comparative studies of the different electric motor
types regarding performance in vehicle propulsion. This consists of information
useful during concept selection to when a decision has to be made regarding what
motor type that shall be used in an application. The last contribution of this work
is the proposed motor models in the EPT that are based on all the information
collected in the previous parts of the work. The models are also presented together
with a method of scaling the maximum efficiency of the motors depending on the
motor size.

1.6 Outline

The thesis includes the following chapters:

Chapter 1, Introduction: Presents the work and its background together with
the methods used and results.

Chapter 2, Electric Motors: Describes the basic electricity and magnetism
behind electric motors. The chapter then presents the four different motor types
based on this information and also how to model their efficiency.

Chapter 3, Efficiency Map Generator: The tool made for gathering informa-
tion and creating input data is presented.

Chapter 4, Electric Motor Performance Estimation Tool: A compara-
tive study of the electric motor types regarding vehicle propulsion is presented
and how this information is used to create the motor models used in the EPT.

Chapter 5, Conclusions and future work: Conclusions of the work is pre-
sented and a discussion about future work.






Chapter 2

Electric Motors

The different types of electric motors can at first glance seem very dissimilar,
but the physical principles of electricity and magnetism are something they all
are using. This chapter presents the underlying basic phenomenons which is the
foundation for the function of electric motors by studying the DC brushed and
induction motors to some depth for getting the basics for understanding electric
motor operation and also describes the fundamental principles of PM and SR
motors.

2.1 Electricity and magnetism

When an electric motor is being used it is converting electrical energy to mechanical
energy. It can also be used in the opposite direction as a generator, and in a
vehicle both these operating modes are of importance. During conversion of energy
between the electrical and mechanical domains a third domain is involved, namely
the magnetic domain [7]. Magnetic fields and magnetic flux are therefore important
factors for the understanding of electric motors.

2.1.1 Magnetic fields

There can be different sources for a magnetic field, the most common way to
encounter and see the effects of a magnetic field is when managing magnets. In
Figure 2.1 we can see a big permanent magnet with the magnetic field it produces
drawn as lines with arrows in the direction of the magnetic flux ®. Just like how the
needle in a compass aligns with the magnetic field of the earth, the small magnets
in Figure aligns with the field of the big magnet. The force acting between the
magnets can be seen as something similar to the gravitational force from earth.
Potential energy can be stored by separating them by force and this energy is then
released when releasing the magnets. This makes it easy to understand that a
system consisting of only magnets can not be continuously moving, energy needs
to be added or withdrawn in order to make something change.

7



8 Electric Motors

Figure 2.1. Magnet with the magnetic field drawn as field lines going from the north
to the south pole.

2.1.2 Producing a magnetic field

In [6] it is described how a conductor carrying a current is related to a surrounding
magnetic field. If there is a magnetic field close to a conductor, then a current is
induced and a conductor that is fed with a current will induce a magnetic field,
the directions of the current and the magnetic field with respect to each other is
illustrated in Figure [2.2]

-6/

Figure 2.2. Conductor carrying a current I surrounded by a magnetic field with flux
density B. (Source: http://commons.wikimedia.org/wiki/File:Electromagnetism.svg)

Different materials have different permeability, this is basically the willingness
of the material to cause a magnetic flux when exposed to a magnetic field. Ma-
terials of high permeability can therefore be used together with electric currents
to produce magnetic flux. By combination of the idea that electric currents pro-
duce magnetic fields and that some materials, like iron, have high permeability an
electromagnet can be constructed. In Figure 2:3] an electromagnet is illustrated,
it consists of an iron core with copper wire winded around it. When a current is
flowing through the copper wire a magnetic field is induced very similar to that
of the permanent magnet in Figure The relationship between the directions
of the current in a winding and the induced magnetic field can be described with
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the right-hand rule in two equivalent ways [7]. The first way is described as if you
grab a current carrying conductor with the right hand and the current is flowing
in the direction of the thumb, then the magnetic field has the same direction as
the other fingers according to Figure 2:2] Equivalently if a coil is grabbed and the
fingers is pointing in the direction of the current, then the magnetic field has the
same direction as the thumb as can be seen if grabbing the iron core in Figure 2.3]

Figure 2.3. Iron core with copper winding carrying a current.

2.1.3 Magnetic flux density

It is easy to notice that a magnetic field varies in strength, when holding a magnetic
material close to a magnet the force is much bigger than when holding it far away.
This can also be illustrated by the lines in Figure 2.3 if we think that there is an
equal amount of magnetic flux between a pair of lines when following them from
one side to the other it is obvious that the density of the flux must be different.
Close to the electromagnet the lines are very close together which would imply
high density, as the force also is higher close to the electromagnet it is natural to
think that the magnetic flux density B is closely related to the forces in magnetic
fields. The magnetic flux density can be defined by

B=—, (2.1)

where A is the area through which the magnetic flux is flowing.
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2.1.4 Force on a conductor

In [6] the Lorentz’s force equation is explained in detail and how it tells us about
the total electromagnetic force acting on a charge in both electric and magnetic
fields. When a conductor of a length [ is carrying a current I in a magnetic field
with magnetic flux density B perpendicular to the current then the force acting
on the conductor can be expressed as

F=BIl, (2.2)

as we can see the force is proportional to all the mentioned parameters and this
is one of the two principles used in electric motors for producing torque [4]. The
direction of the force in relation to the field and current can also be illustrated by
a right-hand rule, this is illustrated in Figure 2.4]

Figure 2.4. Direction of Lorentz force acting on a conductor.
(Source: http://en.wikipedia.org/wiki/Lorentzforce)

2.1.5 Magnetic circuits

As the magnetic flux tends to pick the easiest way from one pole to the other
its path can be confined by making circuits of materials with high permeability.
In Figure 2.5] a magnetic circuit is made by a loop of iron with an air gap and
a winding similar to that of the permanent magnet. We can now see that the
magnetic flux still has to cross air to get from one pole to the other, but now it
can follow a path with much lower "resistance'. Since it is the conductor that
is inducing the magnetic flux with contribution from every turn and the size of
the current, it is reasonable to think that both the current i and the number of
turns N could be proportional to the flux. This discussion brings up the idea of an
analogy to the electric circuit. Electric circuits and how to make calculations based
on their configuration is explained deeply in [5]. By introducing magnetomotive
force (MMF) F as the product of the current and number of turns in the winding,
and reluctance R as the earlier mentioned "resistance" in the circuit, the analogy
can be seen by comparing the two expressions where the first one is ohms law for
electric circuits [7]

I=— |, &=— (2.3)

here we can see that the MMF match the voltage and that the magnetic flux just
like the current in the electric circuit acts as a flow.
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The reluctance in the magnetic circuit consists of different components just like
the resistance in an electric circuit. If the magnetic circuit in Figure [2.5|is con-
sidered it is the reluctance of the air gap that is dominating and brings almost all
reluctance to the circuit, since the reluctance of the iron core is much smaller it
can be neglected. This is something that makes calculations much easier in many
cases and when working with electric motors this is an acceptable action since
they involve dominating air gaps.

Figure 2.5. Magnetic circuit made of a iron core.

The reluctance of the air gap is defined by its geometry and also by the per-
meability of air. If the cross-sectional area of the air gap is A and its length is g
the reluctance is defined by

9
R=—", 2.4
oA (2.4)
where pg is the permeability of air.
2]
+
Ni R

Figure 2.6. Equivalent circuit for the magnetic circuit in Figure [2.5)
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As stated by (2.2]) the magnetic flux density is important to generate torque in

an electric motor. By combining (2.1)), (2.3)) and (2.4) the magnetic flux density
can be calculated in a circuit as

Ni
B =t (2.5)

g
it is thereby clear that a small air gap contributes to a high flux density required

for producing a large force on a conductor.

2.1.6 Reluctance torque

The magnetic flux does not only seek the easiest way through a magnetic circuit.
It also tries to make the reluctance smaller by exerting force on the circuit in ways
to achieve this. In Figure [2.7]it is illustrated how a torque T is affecting an iron
piece on a rotating axis situated in the air gap of a circuit. If the iron piece gets
aligned with the magnetic field flowing through the circuit the cross-sectional area
get as large as possible and thereby the reluctance as small as possible according
to . This reluctance torque is the second principle for producing torque in
electric motors and the only one used in SR motors [4]. If a winding would have
been put on the rotating iron piece in Figure [2.7] there would have been torque
produced both from the mutual interaction between the two fields and the changing
reluctance thus both principles would have contributed.

IR K

Figure 2.7. Magnetic circuit with a rotor inserted into the air gap. Notice that the
torque has different direction depending on the rotor position.
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2.2 DC Motor Drives

This section describes the simplest of all electric motors. The brushed DC motor
has been popular for a long time because of the simple and cheap construction.
The simplicity of controlling the motor is also an important factor for its success
over the years.

2.2.1 Operation of the DC motor

In Figure 2.7] it can be seen how a magnetic field can make a piece of iron to a
rotor. In that case it was affected by a force because the field worked in a way
to minimize the reluctance. If the rotor had been cylindrical the reluctance would
have been the same for every position around the rotating axis hence the torque
in the wrong direction depending on position is removed. By making the rotor
cylindrical and adding conductors close to the surface in slots and which carries
currents along the rotor axis the torque from the Lorentz’s force can be used
in an effective way. By putting the conductors in slots the force is also acting
directly on the rotor and thereby saving the conductors from stress.

Since it is not entirely all the magnetic flux that stays in the iron core in an
magnetic circuit there is also some losses in the form of leakage flux. One way of
handling this is by positioning windings close to each other and also close to the
location where a high flux density is desired. In Figure [2.8|a cross-section of a DC
motor is displayed. We can see that the winding that is producing the magnetic
field has been split up into two parts, one above and one below the rotor. The
magnetic flux is then flowing through the rotor and around the circuit back to the
top and down again, when it is passing the very small air gap it is also passing
the current carrying conductors. When studying the direction of the magnetic
field and the direction of the current in the conductors we can very easily use the
right-hand rule to see that force will affect each conductor so that a torque will
be put on the rotor in the direction marked in the figure.

Commutator

The commutation principle is the thing that is specific for brushed DC motors.
This is also the issue which causes the negatives side of this motor type. As we
can see in Figure the conductors in the rotor has the perfect correct direction
when they are close to the magnetic flux so that a force is applied in the direction
on the conductor to make the rotor rotate in the desired rotational direction. In
the upper part of the rotor the current is going into the page which causes a force
to the left. In the lower part of the rotor the current is going out from the page
which causes a force to the right. Between these sections there is conductors that
is disconnected and not carrying a current because they are in a bad position and
can not deliver any useful torque.

This change of direction of the current in the rotor is called commutation and
it is done mechanically in the brushed DC motors. It is often done by using two
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Current
going down
into page

©

Current
coming up
out of page

O
No
current

Figure 2.8. Cross-section through a DC motor with two poles, each pole corresponds
to a winding, the path of the stator field as dashed lines. In this case the stator field is
excited by a coil but it can also be supplied from a permanent magnet. The red arrows
shows the direction of the torque applied on the rotor.

brushes of carbon that are pressed against the ends of the rotor windings while it
rotates and thereby supplies them with current in one direction while they have
contact on the first half of the lap and then the current change direction when the
same wire ends come in contact with the other of the two brushes on the second
half of the lap. By designing the brushes in the way we want we can get the
configuration illustrated in Figure 2.8 and then the rotor always has force applied
in the direction of rotation. The drawbacks with commutation is mainly because
it is mechanical which means noisy operation and also wear of the brushes which
results in a motor with a big need of maintenance.

2.2.2 Torque production

If studying one pair of conductors on the rotor which is on opposite sides of each
other, they always have current in different directions thus they can belong to a
coil wound around the rotor. If this coil has N turns, and if the radius of the
rotor is r, then the maximum torque T provided to the rotor from this pair of
conductors with the force is given by

T =2NrBIl , (2.6)

since 2rl = area of coil this expression multiplied by B can be replaced with ®
which gives
T=NoI, (2.7)

which is the peak torque described by the flux through the coil. Since this is only
the peak torque from one coil and does not consider the amount of poles in the
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motor a constant can be introduced called the winding constant K, [7], which
gives a good description of the whole motor. With this constant the expression
for the torque becomes

T = K,®I , (2.8)

and it describes the torque from a general DC motor. The winding constant K,
depends on the design of the motor according to the following expression [7]

_ poles C,

K, : (2.9)

2mm

where
poles = number of poles on the stator
C, = total number of conductors in rotor winding
m = the number of parallel paths through the winding

The important conclusion drawn by studying (2.8) is that the torque produced
is proportional to the current I in the rotor windings and the flux from the stator
field .

2.2.3 Electro Motoric Force

According to Faraday’s law there is a voltage induced in a conductor travelling
through a magnetic field described by

E, = Blv, (2.10)

where [ is the length of the conductor and v is the speed with which it is travelling.
If studying the same coil as in Section [2.:2.2] when the rotor is rotating with the
rotation speed w then the speed of the conductors can be written as v = rw and
with the number of turns N and the fact that there is two conductors per turn
gives the voltage

E, =2NrBlw , (2.11)

and by comparing this with (2.6) it is likely that the expression also can be rewrit-
ten with the winding constant from [7] to become

Ey = K,dw , (2.12)

which is just like describes the general behaviour of the DC motor. Ej is
named back Electro Motoric Force (EMF), and by studying it is realized
that this voltage induced in the motor is direct proportional to the rotor speed
which is a very important property.
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Figure 2.9. Static equivalent circuit for a DC motor with a magnetic field ® provided
from a undefined source.

2.2.4 Torque/Speed control

The DC motor can now be described as an equivalent circuit. If the resistance of
the conductors in the rotor is denoted R, and the voltage supplied to the rotor is
Ej, the circuit can be drawn as in Figure [2.9]

From this circuit the following expression can be obtained by using Kirchhoff’s
voltage law as the current [ is flowing through the rotor

E,=FE,+ IR, , (2.13)

if rewriting the expression in a way to obtain the current I and by substituting Ej
with (2.12)) the expression is transformed to

;B K@
= — — w
R, R, '

(2.14)

and finally by substitution with (2.8]) the relationship between torque and rota-
tional speed can be obtained as

_ K,9E, (K,9)?

T
R, R,

w. (2.15)

This equation is important and displays very clearly how the DC motor can be
controlled and also what behaviour that should be expected from the motor. Since
the second term is negative we can see that the DC motor delivers the maximum
torque at zero rotational speed. It is also clear that if all the parameters like voltage
and fields are constant, the available torque declines linearly with the increase of
speed and the maximum speed is reached when the torque has reached zero and
no more acceleration is possible.

By studying Figure [2.10]it can be seen that the supply voltage E; only affects
the constant term. This means that the torque-speed curve can be adjusted ver-
tically by adjusting the supply voltage. Since the torque is proportional to the
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Figure 2.10. Torque-speed characteristics for constant source voltage Fs and field
strength &.

current and there is a limit in maximum current for the protection of electronic
equipment it is also a maximum possible torque, there is also a maximum power
that can be delivered for every device. By adjusting the supply voltage the desired
speed can be achieved for every torque below maximum torque and as long as the
output power is below maximum. This way of controlling the motor is called ar-
mature control [I]. We can also see that the field strength is affecting both the
constant term and the slope of the curve. This means that if it is possible to
weaken the field the slope can be flatter and the maximum torque is decreased,
but this also would mean that higher speed operation is possible. This way of
controlling the motor is called field control [I] and is only possible if the field is
excited by a source that can be controlled, thus not on motors with permanent
magnet stator. In Figure [2.11]it is illustrated how the motor can be controlled in
the possible operation point area with both armature and field control.

If the field is excited by a coil it can be connected in three classic ways. The
field coil can be connected in series or parallel(shunt) with the the source powering
the rotor and it can also be powered by a separate field voltage source denoted
Ey. The big advantage of a separately excited motor is that it allows independent
control of the magnetic flux ® (by varying Fy) and the supply voltage E,, which
makes it easy to use all the possible operating points as in Figure The field
coil is then of the same principle as the magnetic circuit in Figure 2.5 and the
relationship between F; and ® can be described with the equations and
. When the need of extensive controllability is less prioritized than the cost,
the permanent magnet stator configuration can be an attractive choice.
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Figure 2.11. Illustration of armature and field control for DC motor with varied torque-
speed characteristics(dotted lines). During armature control the slope of the torque-speed
curve is constant since F; is varied, when using field control the slope is different since ®
is varied. The possible operation point area is limited by the maximum torque(current)
and maximum power. A maximum speed limit is then added to protect the motor from
mechanical damage.
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2.3 Induction Motor Drives

In this section the induction motor is discussed. It is one of the most popular
electric motors for vehicle propulsion today and still it has a long history. First
some new things is going to be introduced that is essential for the understanding
of induction motors since the way it is operating is a bit more complex than that
of the earlier discussed DC motor.

2.3.1 Alternating current

The main difference from the DC motor is that the induction motor is powered
by alternating current instead of direct current. This means that the current
is changing direction with respect to time. The most usual form of alternating
current is in the form of a sine wave, the AC voltage v(¢) can then be described as

v(t) = Vsin(2r ft) = V sin(wt) (2.16)

where V is the peak voltage, f is the frequency, w is the angular frequency and ¢
is the time in seconds. In Figure the difference between the DC voltage and
the AC voltage is illustrated. While the DC voltage is constant over time the AC
voltage is continuously changing in the way of a sine wave described by

/N

A

DC

H~v

AC

Figure 2.12. Alternating current compared to direct current.

2.3.2 The transformer

If we replace the air gap in Figure 2.5 with a second winding we get a transformer
illustrated in Figure 2.13] Since the magnetic flux is following the iron core we
now get two windings that both are related to the magnetic flux ® in the core. By
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using (2.3]) we get the following relation between the currents in the two windings

Niiy _ o _ Nai
R R

= Nji; = Ngig, (217)

and we can say that the current and voltage are induced in the load side of the
transformer from the source side hence power is transferred by Induction.

Ideal transformer

If it is an ideal transformer with no losses, the input power P;, must be the same
as the output power P,,;. Hence we also get the following relation between voltage
and currents connected to the transformer

Pinout = V111 = v2la. (2.18)

Figure 2.13. Ideal transformer connected to a voltage source and a load.

By combining (2.17) and (2.18)) we can see that both the voltage and current
is transformed when going from one side to the other according to

N- 2 N 1.
Vg = —V1, lg = —11, 2.19
2= 2 1 ( )
it is then clear that the ratio between the windings decides how the ratio between
input-output voltage and current is going to be, and as the power is unchanged a
lower current results in a higher voltage.

Equivalent circuit

By using the peak values from (2.16)) a transformer with alternating currents can
be described as an equivalent circuit as in Figure (a) [7], there we can see
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that the windings are replaced with the symbol for inductors. That is because
they both have inductance which becomes an important property when working
with alternating currents. We can also see that the load can be presented as an
impedance Z; [5]. By studying the load side of the circuit we can see that

Zy= =2 (2.20)

and by eliminating /5 and V5 with the use of (2.19)), we get

Na ;
N, V1 Vi Ny
No 1 1

and that makes it possible for the circuit to be illustrated as in Figure (b)
with a new load Z’5 that is Zs multiplied with the the square of the winding ratio.
This means that Z’5 is how Z5 is perceived by the source, and it is said that the
impedance is "referred" to the primary side.

~
(=Y

+C ll\)D\b
~
ot

Vl VQ []ZZ ‘A/l [] Z/2

N1 Ny
(a) (b)

Figure 2.14. Equivalent circuit for an ideal transformer as in Figure [2.13

The real transformer

The ideal transformer was studied for easier understanding of the referring prin-
ciple. To get a good model of the real transformer all the losses and other earlier
neglected properties must be introduced in the circuit. As there is resistance in
the windings of the transformer it can be introduced to the circuit as Ry and Ry in
series with the source and load on each side. Even though almost all the magnetic
flux flows inside the iron core and passes through both windings there is still some
flux that does not follow this path and thereby disappears as losses. Since it is
leaking from the path it is called leakage losses and it can be represented as leakage
reactances X;, and Xj, also in series with R; and Rs. The third type of losses in
a transformer is the iron losses from the magnetization also knowns as core losses.
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These can be modeled as a combination between a magnetizing reactance X, and
a core loss resistance R, [7]. If we use the relation between the current and the
referred current in an ideal transformer from (2.19)) we get

I ="2j, (2.22)

and then the equivalent circuit of a real transformer can be drawn as in Figure [2.15]

A

Il Rl Xll j/

N1 N

Figure 2.15. Transformer with losses introduced in the circuit.

By studying Figure [2.15] we can see that the middle part is an ideal transformer
just like the one in Figure[2.14] so by using the referring principle in the same way
we get a circuit as in Figure where the real transformer is described in one
single circuit with all the losses included.

il Rl Xll Xl,2 R/Q zé

A A +

Zy

L

. o—

Figure 2.16. Transformer with losses introduced in the circuit after referring everything
to one side.

2.3.3 Operation of Induction motor

If applying alternating current to a stator like the one described in Section [2.2] the
field that is induced will be changing direction just like the current is changing
since the the relation is (2.3]). In the DC motors the current direction is switched
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by using a commutator which brings a lot of problems because of the friction that
it brings to the system. By using alternating current this problem can be removed
and thereby get reliable electric motors with low maintenance needs.

Three phase stator

Most induction motors used for vehicle propulsion is powered by three phase elec-
tric power which is a system where three different alternating current wires with
different phases are combined. To get an even distribution the phase difference of
the currents is 360°/3 = 120°. This makes it possible to describe the currents in
a three phase system as

ia = Icos(wt)
iy, = Tcos(wt — 120°) (2.23)
i = Icos(wt — 240°)

if these three phases is combined in a stator with one coil each we get the appear-

ance of Figure 2.17, where we can see that it results in a field that is rotating with
the same frequency as the currents.

Figure 2.17. Rotating field as a result of 3-phase AC in a stator . The resulting
direction of the field is approximately a sum of the field provided separately by the three
different coils. This figure is a way to illustrate the rotating field, in reality the stator is
cylindrical.

Squirrel cage rotor

When a stator with a rotating field is available as in Figure[2.17]there is just a need
for a suitable rotor to get a complete electric motor. The most common rotors



24 Electric Motors

for induction motors in electric vehicles is the squirrel cage rotors illustrated in
Figure this is basically a squirrel cage made of an inductive material. We can
see that if we replace the arrows in Figure [2.17] with this squirrel cage as a rotor
we would get a field B in the direction given by the blue arrow straight through
the cage. According to a conductor traveling through a magnetic field will
have an induced voltage which if possible results in a current. If a squirrel cage
is situated in the stator when the three phase voltage is applied, it will have a
relative speed to the field and thereby a voltage will be induced. Since the squirrel
cage is a circuit, a current can start flowing and as described by a force will
then be acting on the current conductor.

Figure 2.18. Squirrel cage that acts as the rotor in induction motors. Arrows for
current, field and the resulting force are taken from the right-hand rule illustrated in

Figure

Slip

If the squirrel cage is put on a rotating axle inside the stator it becomes a rotor
and the resulting force will make it start rotating. This means that the relative
speed between the rotor and the rotating field will change. Since the force on the
rotor is depending on the difference in speed, a result is that the rotor can not be
affected by any force when it is rotating at the same speed as the field, which is
called the synchronous speed. The difference in speed between the field and the
rotor is usually expressed with the fractional slip s, which is calculated as

s= " Ym (2.24)
Ws
where w; is the speed of the field and w,, is the angular velocity of the rotor [7].
This means that when the rotor is at standstill the slip is 1 or 100% and if there is
no load on the rotor it can almost get to the synchronous speed and thereby the
slip is close to 0.
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2.3.4 Equivalent circuit

Since the induction motor is transferring power between the stator and rotor by
induction just like the transformer transfers power from one side to the other they
can be treated in the same way. This is used when making a model of the induction
motor as an equivalent circuit. The per phase stator side of the induction motor
which is basically a winding delivering a magnetic flux just like the primary side
of the transformer hence the equivalent circuit is identical. The difference between
the transformer and the induction motor is mainly the varying speed difference
between the stator and rotor which makes the frequency induced in the rotor also
to become varying. By using the model of the transformer in Figure 2.16] and
including the effect of the slip s, we get the single phase equivalent circuit for the
induction motor in Figure as it is explained in [7].

. Y ==

Figure 2.19. Equivalent circuit of induction motor.

Thevenins theorem

For making the analysis of the induction motor easier the Thevenins theorem can
be used to simplify the circuit. This is done by introducing some new variables
which depends on the variables seen in Figure 2.19) and the equations describing
these variables are

JXm

Vieg = Vi : 2.25

1l,eq 1R1+3(X1+Xm) ( )
| X (R1 + 75X .

Zeq = 2 (B +JX1) Ricq+ i X1.eq (2.26)

Rl +](X1 + Xm)

and with these equations the equivalent circuit can be described as in Figure [2.20

2.3.5 Torque-Speed characteristics

This way of modelling the induction motor also makes it possible to express the
produced torque Tp,ecn as a function of the slip s as

1 nphvl%eq(R2/3)

w5 | Ricg + (B2/5))2 + (X1.oq + X2)? (2.27)

Tmech =
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S

Figure 2.20. Equivalent circuit of induction motor simplified with Thevenins theorem.

where wy is the speed of the rotating field and n, is the number of phases in the
motor [7]. If we know the number of poles in the motor and the frequency of the
supplied power f, the synchronous speed w, can be described as

wy = e _ ( 2 )we (2.28)

~ poles poles

where w, is the angular speed of the supplied electrical power. Since we are
interested in the torque-speed characteristics of the motor we can get the torque
Tinech as a function of rotor speed w,, by inserting into . If it is then
plotted graphically the torque-speed characteristics of the indution motor can be
illustrated as in Figure 2:21]

T

W

Generator
mode

Figure 2.21. Torque-speed characteristics for induction motor. When the rotor speed
is higher than the synchronous speed there will be a negative torque and the motor then
acts as a generator.
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2.3.6 Variable frequency control

Traditionally the induction motors have been very popular in constant speed oper-
ation because of the simplicity of the design which makes it cheap to produce and
also because of the low maintenance needs that comes with brush-less operation.
Recently they have also become a serious alternative when it comes to vehicle
propulsion because good methods for controlling the speed have been developed.
Currently most popular method used in this area is the variable frequency con-
trol. The idea of variable frequency control is to change the frequency of the power
supply fe and thereby move the synchronous speed w; along the speed axis of Fig-
ure 2:21] which makes the torque-speed characteristics change and the desired
speed can be obtained for a specified torque. In Figure 2:22] it is illustrated how
all the possible operating points in the motor mode can be achieved by varying
the power supply frequency fe, ..

Constant torque Constant High-speed
region power region
region

T

W

Figure 2.22. Maximum torque and speed curve for induction motor obtained with
variable frequency control.

In Figure 2:22] it can be seen that the induction motor has three different
operating regions in the motor mode. The constant torque region comes from the
limitation in current that is necessary to protect the electric devices in the system.
When the maximum power of the system is reached the motor enters the constant
power region which is very similar with the one discussed in Section 2:2:4] for DC
motors. Even higher speeds can be achieved with the loss of constant power by
entering the high-speed region discussed further in [9]. The reason for this is that
at very high frequency the deliverable torque is limited before the power supply
has reached the power limit. When creating models in this work the high-speed
region is approximated as a part of the constant power region.
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2.4 Permanent Magnet Motor Drives

The permanent magnet motors are today the most popular motors for vehicle
propulsion. This is mainly due to their high efficiency and high power density.
But there are also drawbacks with this motor type, the use of rare earth metals in
the permanent magnets is one of the drawbacks compared to other motor types.

2.4.1 Operation of PM motors

The stator of a PM motor can be described in the same way as for the induction
motor. If we take the rotating field in Figure and replace the arrow with a
permanent magnet we will get Figure 2.23] Instead for a squirrel cage as rotor
there is now a permanent magnet which follows the field and thereby rotates
synchronously with the same frequency as the supplied voltage.

Figure 2.23. PM motor concept. The permanent magnet is rotating with the magnetic
field.

2.4.2 Torque production

Since the permanent magnet wants to be aligned with the magnetic field there will
be a torque applied to the magnet if it is not aligned. This means that the amount
of torque the motor produces is depending on the angle between the magnetic
field from the rotor and the stator called torque angle drp [7]. In Figure
with Figure 2.:23] we can see that dgrp = 0 in all three cases since the magnet has
the same orientation as the field. In Figure 2:24] we can see how the delivered
torque is a function of the torque angle. This means that the rotor need to have
the same speed as the magnetic field for a constant torque to be produced. If
the field would have a higher speed than the rotor or vice versa the torque would
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change continuously since the angle is changing continuously and the mean of the
torque would thereby become zero. Hence, the PM motor can not self start by a
constant frequency source. In vehicle applications where the speed also needs to
be varied this is solved by using variable frequency control, the same as described
for induction motors in Section [2.3.6] By varying the frequency the speed of the
PM motor can be controlled exact since it is always synchronous to the supplied
frequency.

A
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Figure 2.24. Torque as a function of the torque angle for PM motors.

2.4.3 Torque-Speed characteristics

The PM motors maximum torque-speed characteristics is quite the same as for
the induction motors in but without the high-speed region, see Figure So it
is basically a constant torque region and then a quite short constant power region.
This because the permanent magnet in the motor delivers a constant magnetic
field, and thus the field weakening control which gives high speed is limited. A
solution to this problem is to add windings and a control method to oppose the
field from the magnet and thereby achieve higher speed operation. This type of
motors is often refereed to as PM-hybrid motors.

2.4.4 Different types of PM motors

There are many different types of PM motors and they all share the good properties
that the use of permanent magnets bring. One motor type that is included in this
category is also the Brushless DC (BLDC) motor. This is because it has the
same construction as described in this section, but it is fed from inverters that
produce rectangular current waveforms instead of sinusodial and hence the term
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DC is used. The switching of the different DC voltages are then being initiated
by rotor position sensors and thereby allows the motor to produce smooth torque
[9]. The PM motors can also be designed in many different ways regarding both
rotor and magnet placing. There can be both outer rotor and inner rotor PM
motors which mean that the permanent magnets is outside and rotate around the
stator windings. When it is the inner rotor type the permanent magnets is inside
the stator winding on the rotating rotor, some different types of inner rotor PM
motors can be seen in Figure The cheapest way of creating the inner rotor is
to make the magnets surface mounted which can be seen in Figure (a) but it
also creates more noise and windage losses than the other types where the magnets
are hidden inside the rotor, Figures (a)-(d).
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Figure 2.25. Different rotor PM motors displayed in [I0]. (a) Surface mounted. (b)
Surface inset. (c) Interior radial. (d) Interior circumferal.
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2.5 Switched Reluctance Motor Drives

The switched reluctance motors can be seen as the dark horse in the competition
between the different electric motors for vehicle propulsion. It has a lot of interest-
ing properties that makes it to a very good candidate but still it has not become a
popular choice. Some authors, e.g. [I1], even states that the SR motors are ideally
suitable for vehicle applications.

2.5.1 Operation of SR motors

The construction of the SR motors is simple. The stator is of the same kind as for
induction and PM motors, but the rotor is made of solid iron which makes it very
robust and cheap. In Figure we can see how the SR motor is designed and
how it is fed with a different voltage than in the PM and induction motor case.

|

>

t

Figure 2.26. SR motor concept. The motor is used together with a conventional
excitation technique [I2]. In this figure the different phase voltages are displayed with a
vertical displacement to make it clear that they belong to different phases for the reader
who can not see the different colors. In reality the level and amplitude of all three phases
are the same.

2.5.2 Torque production

The torque in the SR motor is produced using only the reluctance torque described
in Section 2.1.6] The difference between the design in Figure 2.7 and the one in
Figure is that there are several windings in the latter. Voltage is applied to
the different windings one by one to keep the rotor rotating. Once the rotor is
aligned and the reluctance is minimized the power for that winding is switched
off and the next winding is switched on. The inertia of the rotor keeps the rotor
rotating during the switch between two windings. Since the torque is low when
the rotor is aligned and the switch occurs there can be problems with torque ripple
in this motor type. The torque ripple can be reduced in many different ways and
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thereby make the motor more attractive. One way is to increase the number of
windings on the stator and thereby the number of phases. This makes the next
phase switch on before the first phase switch off, which prevents the torque from
being zero at any time. In Figure 2:27] we can see the reason behind the torque
ripple and also how it also can be lowered by lowering the maximum current for
each phase, the total torque will be less but also the ripple.
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Figure 2.27. Torque-angle characteristics for an SR motor with four different current
levels to illustrate how torque ripple can be reduced with lower current. The torque dip
is an indirect measure of torque ripple since the total torque will be the sum of the torque
from all phases, this is explained further in [4].

2.5.3 Torque-Speed characteristics

The torque-speed characteristics of the SR motors is similar to the induction mo-
tors in Figure 2:22] as it consists of three regions. There are both the constant
torque region, the constant power region and a high-speed region. In the latter
where the highest speed is achieved the product of the power and speed is constant
which makes the torque decline rapidly when the speed gets higher. This region
is usually a very small part compared to the maximum power region which can be
wide for the SR motors and contribute to extremely high maximum speeds [4].
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2.6 Efficiency of electric motors

When running an electric motor there is always different kind of energy losses.
These losses are of big interest in vehicle applications since they affect the range
of the vehicle. This section describes how the efficiency can be modelled for a DC
brushed motor, but the result is also valid for the other motor types [§].

Copper losses

One of the biggest losses in all motors is the copper losses, this is the heat developed
in the copper windings of the rotor. By multiplying (2.3|) with the current I the
power of the losses P, in the rotor resistance R, can be described as

P.=IR,, (2:29)
and by inserting (2.8) to eliminate I we get the following expression

R,

P.=
(K, ®)?

T? = k.17, (2.30)

where we see that the copper losses are proportional to the square of the torque
and also inversely proportional to the square of the field. If the field is constant the
constant k. can be introduced and we get an expression of how the losses depend
on torque [g].

Iron losses

Since the rotor is rotating in the field delivered by the stator, the iron in the rotor
is exposed to a field that is changing direction in a frequency related to the rotor
speed, resulting in two kind of losses.

The first one is the hysteresis loss, meaning that when the iron is magnetized
by a field and then demagnetized by a field in the other direction there will be
friction losses from aligning and realigning the magnetic dipoles in the material.
In [7] the hysteresis loss power Py is described as

P, =K,fB] (2.31)

mazx ?

where f is the frequency with which the field changes direction, K} is a propor-
tionality constant depending on the iron properties, Bj,q, is the maximum flux
density and the exponent n=2.0 for electric machines.

The second type of iron loss is due to electric currents induced in the iron when
the magnetic field is passing through it. These currents are called "eddy currents"
and they cause losses by producing heat in the iron because of the resistance in the
material. By dividing the iron into sheets(laminations) which are isolated from
each other these currents can be significantly reduced and the losses also becomes
much smaller, this method is illustrated in Figure In [7] the eddy current
losses P, are described as

P, = Ko(Bmasf6)?, (2.32)
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Figure 2.28. Illustration of how laminated iron cores reduce eddy currents.

where K, is a proportionality constant and § is the thickness of the laminations
in the iron. Since both P, and P, are dependant on the frequency it is proposed
in [8] to introduce a constant k; which makes the iron losses proportional to the
motor speed. This will in fact not really be constant as the value will be affected
by the magnetic field strength and other non-constant factors. But usually a value
can be found that gives a good indication of the losses, then we can describe them
as

Py, + P.xkw. (2.33)

Friction and windage losses

As in all machinery there will be friction in the electric motor. Since there is only
one rotating part all of the friction can be derived from the rotor bearings and
commutator brushes which applies an approximately constant resistive torque 7'
to the rotor. By multiplying T’y with the rotational speed the friction power losses
Py are given as

Pf = wa 5 (234)

there will also be windage losses which is the air resistance applied to the rotor
when rotating. Since air resistance is proportional to the square of speed the
windage power loss P, is proportional to the cube of the rotational speed as

P, = kyw?. (2.35)

Efficiency map

When all the power losses are identified as functions of speed or torque they can
be inserted into a function which describes the efficiency for the motor in every
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operating point. The power delivered P,,; by the motor is given by
Pt =Tw, (2.36)

and that the motor efficiency 7,, is given by

Pout

ot (2.37)

Nm =
where P;, is the input power and therefore the output power plus the losses. If
there are some constant losses C independent of speed and torque, like losses in
electronic control circuits, this gives the motor efficiency as a function of speed
and torque as

Pout Tw
= 2.38
= 5 (2.38)

 ut + losses T Twt kT2 + kiw + Trw + kyw? + C

By making a two dimensional contour plot of the motor efficiency function
it can easily be seen which operating points that is most efficient for the
motor. In Figure such a contour plot is exemplified together with the maxi-
mum torque and power limits discussed in Section[2:2.4] Since this model describes
losses that occur in all motor types it can with other parameters also be used to
plot efficiency maps for PM, Induction and SR motors [§].

Constant torque

Constant power

EE— .

region region

Figure 2.29. Example of efficiency map together with maximum torque and power
limits for an undefined motor.






Chapter 3

Efficiency Map Generator

One big problem that arises when comparing different electric motors or when you
want to simulate a vehicle using a specific motor is the lack of data. Information
about the performance of a specific electric motor is often hard to get without
performing measurements yourself which makes the data very expensive and time
consuming to get hold of. This section describes a tool developed during the work
to overcome this problem in a reasonable way.

3.1 Efficiency model

The efficiency maps of electric motors have a quite similar appearance as can be
seen in Figure and as it is explained in [8] the model can be used to
describe all the different motors quite well. The difference between the motor
types is determined by the model parameters which heavily affects the efficiency
map appearance. Therefore, here one model is used to generate missing data
when some data is available independent of the machine type considered. After
studying other electric motor efficiency models like the models in [I3] and [I4] the
conclusion was that gives the most satisfactory results regarding efficiency
map appearance and is also very easy to fit to available efficiency map data since
it is only dependant on torque and speed as variables.

3.1.1 Model adapted to data

If the model described by (2.38) is rewritten with minimal number of coefficients
it becomes

Tw
- Tw+ AT? + Bwu+Cw3+ D’
which can describe all the losses discussed in Section[2.2] By using the least squares
method for determining the coefficients of the model to fit measured data from a
specific motor, in the form of efficiency values for different torque and speed, an
efficiency map can be generated as in Figure (a).

T (3.1)

37
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Figure 3.1. Model described by (3.1) in (a). The maximum power of the motor described
by the blue line does not seem to affect the efficiency of the operating points. In (b) the
modified model (3.2) is used.

It can be noticed that the efficiency map has a reasonable fit for low torque
and speed, but for operating points close to maximum power the efficiency does
not decline enough. Compare to e.g. the general appearance of the maps in
Figure [I.3] where it can be seen that the efficiency declines when operating close
to the maximum power of the motor. The reason for this is the losses described in
are only increasing with torque or speed. An attempt was thereby made to
add losses depending on the power, i.e. Tw. After trying different modifications
of the model adapted to data the best solution was described by

Tw
- Tw+ AT? + Bw+ Cw? + D(Tw — E)2+ F’

Nm (3.2)
where a loss term including the square of the power is added. The square of
the term is used to make the efficiency decline rapidly when getting close to the
maximum power, the parameter D is determining the size of the loss term and the
E parameter determines the relation to the maximum power limit of the motor. By
adapting this modified model to the same data as was used to the original model
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in Figure (a) the generated efficiency map is quite different. In Figure (b)
the result of the least squares fit to the modified model can be seen, the efficiency
now declines when operating close to the maximum power of the motor. The
appearance of the efficiency maps in Figure (a) and (b) is still similar at low
torque and low speed operation. By comparing the result in Figure (b) to
Figure [[.3] it can be seen that a more typical appearance is achieved.

3.2 Data collection

An attempt to solve the lack of motor performance data was done by utilizing
the information that often can be found published in articles or in product infor-
mation sheets. This information often consists of images displaying the efficiency
map of a motor or a set of measurements of efficiency for a few operating points.
Since an image of the efficiency map basically contain all the information needed
this is considered to be the best source of data. The challenge is to extract this
information in an efficient way with high accuracy and also make it possible to use
it together with the motor model to get good approximations of data that
e.g. can not be extracted. Data is often missing for low speed and torque because
manufacturers usually leave that area empty in the efficiency maps.

3.2.1 Image reading

A tool is implemented that gives the user the ability to read the contours of an
efficiency map in a fast and accurate way. The tool can be used on images of
efficiency maps like the one in Figure [3.2] where the manufacturer have decided
to show some of the efficiency contours and also the maximum torque curve. In
this case speed and torque from 0 rpm and 0 Nm are included, but it is also, as
stated in the previous section, common that the minimum values displayed starts
at higher values.

Torque (Nm)
8
T

Figure 3.2. Example of the efficiency map appearance often seen among published
motor performance information.
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The procedure when using the tool starts by making a print screen of the
efficiency map. The image is then to be cropped to only contain the map without
the axes or anything outside the contours. When starting the tool it will ask for
a .bmp, .png or .jpg file containing a cropped efficiency map. When the image
is loaded the user will first have to enter the minimum and maximum speed and
torque which are displayed on the original image. Then the user is asked for the
efficiency contours that the image contains, this procedure can be seen in Figure[3.3
when done on the previous example.
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Figure 3.3. Image loaded and the values of the efficiency contours are specified.

When the tool has all the information about speed, torque and efficiency con-
tours, the user can start to mark the contours on the image using the mouse. The
contours are marked one by one starting with the number entered first in the dia-
logue box. When clicking on the contour a red circle will appear and the next click
will draw a line to the next point and add a circle there too. This will mark the
path of the contour in the coordinate system. When all the contours are marked
the image will have the appearance of Figure [3:4 During this procedure also new
information can be added as an improvisation by the user. This way of deviating
from the contours can sometimes be used as a filter when it is obvious that there
are some strange properties displayed.

The output data from the image reading can then be used to adapt the model
(3.2) which gives the result in Figure We can see that the result is very similar
to the source in Figure [3.2] and now the efficiency information is available for all
operating points in custom resolution instead of just being an image.
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Figure 3.4. All the specified contours marked and information outside the maximum
power area can be improvised.
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Figure 3.5. Model adapted to the data collected from the contour marking.

3.3 Creating efficiency maps

To make the creation of efficiency maps easy the Efficiency Map Generator (EMG)
is implemented. It combines the electric motor model and the image reading tool
with a lot of other functions to make it very convenient for the user to create an
efficiency map with desired properties. The EMG GUI is displayed in Figure [3.6]
and below there is a list of explanations for the different functions.

1. Load or Save data from workspace variable. Data has the format of a matrix
with 3 columns and rows according to the number of data points.

2. Table displaying the data that is currently being processed by the tool.

3. Generate map takes data from the table and creates a surface by linear
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Figure 3.6. The Efficiency Map Generator during work on a random efficiency map.

interpolation between the points. The surface is then displayed as a contour
plot.

Plot displaying the current state of the processed data/efficiency map.
Resolution of the data can be changed using linear interpolation.
Resolution per axis is set for the VEM file output.

Axes can be set for the plot.

© N o

The motor model can be used with three options

(a) Test model: Adapts the motor model to data in the table and displays
the generated map without modification to the table.

(b) Fill gaps: Adapts the motor model to data in the table and uses the
generated map data to fill gaps in a specified data set. The table is
then replaced with the result.

(c) Replace table: Adapts the motor model to data in the table and replace
the table with the generated data.

9. Graphical input can be done in two different ways

(a) Input to the table data using the plot and mouse. The user can modify
the efficiency map by increasing/decreasing the efficiency at the op-
erating point where the mouse is pointed. The user can also set the
efficiency to a specified value. The computational burden often needs
to be reduced by using the Data resolution set before using mouse input.
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(b) The image reading tool can be used to input data to the table. When
pressing the button Read contours from image the user will be asked
to load the image and when all the contours are marked the table will
contain the marked contours as measured efficiency data points.

10. The current plot can be copied to an external figure to be able to easier
compare modifications to the previous states.

11. When the user is satisfied with the created efficiency map it can be saved to
VEM input data. If the check box is active the data is going to be saved in
files when pressing Generate map.

Fie B
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Figure 3.7. EMG during graphical input using the mouse. The efficiency has been
reduced where the crosshair is located, compared to Figure [3.6] The current accuracy
of 0.5 percentage unit can be changed in the edit box. Since a right-click was done in
the figure the efficiency value where the crosshair is located is now 0.5 percentage units
lower than before the click was performed.
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3.4 Example of usage

This section demonstrates how the EMG can be used to generate an efficiency
map to be used for simulation in VEM. In [I5] the efficiency map of the Toyota
Prius electric motor is displayed. By using the image of the map from the article
and EMG, this motor can now be used in vehicle simulations with VEM.
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Figure 3.8. Toyota Prius efficiency map published in [15].

First the image of the efficiency map is made to a screenshot and then cropped
to contain only the efficiency contours. The button Read contours from image
is then pressed in the EMG and the cropped image is loaded. Since the motor
model is not able to fit perfect to all electric motor efficiency maps in real life it
has to be used where the benefit is the greatest. In this case there is a lot of data
missing at low speed and the efficiency contours are also very dense at low speed
and torque, so that is the area where the motor model is beneficial compared to
contour reading because it is difficult to extract dense contour lines with high ac-
curacy. The Toyota Prius efficiency map as seen in Figure [3.§]is therefore loaded
into EMG image reading tool and the efficiency contours at low torque and speed
are marked while the inner contours are only marked to some extent. This is a
way to make the model fit as good as possible to the source data in the low speed
and torque regions. The user decides where the border between inner and outer
contours is, by trying different amount of marked contours a satisfactory result can
be obtained and this is based on the resemblance with the orignal image. After
adapting this data to the motor model a result as can be seen in Figure 3.9

By studying the map generated by the model it can be seen that it does not
look similar to the source regarding the high efficiency contours but it look good



3.4 Example of usage 45

at low torque and speed. This opens for the idea to edit the high efficiency op-
erating points to fit better while keeping the outer points. By reading only the
inner contours as seen in Figure data is obtained as in Figure And by
using the Fill gaps function in EMG the model accuracy at low torque and speed
can be combined with the image read accuracy of the high efficiency contours.
This is done by creating a matrix of both the model efficiency data points and
the inner high efficiency read contour points, the points in the model matrix is
then replaced with the corresponding points in the high efficiency contour matrix.
The Fill gaps functionality is demonstrated first in Figure where the inner
high efficiency contours of the efficiency map is marked. This extracted data is
then displayed in Figure [3.11] where it can be seen that the "gap" that needs to be
filled is everything around these high efficiency contours. This gap is then filled
with the corresponding motor model data in Figure to combine the best of the
motor model with the best of the contour reading. After following this procedure
the obtained result after the maximum torque limit is introduced can be seen in
Figure [3.12] At this stage the efficiency map is ready to use for simulating the
Toyota Prius electrical motor in the VEM. This creates the possibility simulating
a specific real motor if an image of the efficiency map is available.
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Figure 3.9. Motor model adapted to contours read from Toyota Pirus efficiency map.
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Figure 3.10. Inner efficiency map contours marked for the Prius motor.
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Figure 3.11. Data extracted from inner contours.
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Figure 3.12. Toyota Prius efficiency map created in EMG.







Chapter 4

Electric Motor Performance
Estimation Tool

When the EMG is available as a tool for collecting electric motor data it is possible
to create models for each motor type based on this information. This is done in the
Electric motor performance estimation tool along with methods of scaling these
models to different sizes. The EPT is implemented as a Matlab script with a GUI
as can be seen in Figure The idea is that it should be possible to choose an
electric motor type and the maximum power. The maximum torque curve together
with efficiency map is then generated and saved as VEM input data files with the
given name. Maximum torque and/or speed can be set to custom values lower
than the tool default value for the generated motor. The tool default is set as a
value considered to be the maximum possible for each motor type, hence only a
lower limit is possible for the user to set.

4.1 Comparison of the electric motors

Since the EPT intend to clarify the differences between the different electric motors
to assist in concept selection, the main source of information becomes comparative
studies rather than electric motor modelling studies. It is determined that the
motor model is able to describe all the different motors, so the challenge is
setting the parameters to describe the difference between the motors in a good way.
The task of setting parameters by creating efficiency maps is quite straightforward
after the implementation of EMG so the question is what kind of source that should
be input for EMG to give reasonable results. To create a base for the EPT, this
section summarizes different studies regarding electric motor selection for electric
or hybrid vehicles.

49
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Figure 4.1. GUI for the EPT. A 22 kW brushed DC motor is generated and can be
compared to the efficiency map of the 22 kW brushed DC motor displayed in [16] which
is used as one of the sources to create the model.

4.1.1 General considerations
Power and torque limit

Higher rated speed leads to higher power density in electric motors, but also higher
acoustic noise. This is because the size of the motor is deciding the possible out-
put torque limit rather than the possible output power. Therefore high speed low
torque motors can be small while delivering the same power as a high torque low
speed motors as can be seen in Table

Speed (rpm) Mass (kg)
3000 270
1500 310
1000 415
750 570

Table 4.1. The rated speed and mass of several 37 kW induction motors from the same
manufacturer [§].

Since the size of the motor decides the possible output torque the torque den-
sity can be defined as approximately constant values for different motor types.
Table gives an idea about what torque that is possible regarding the volume
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and upper mass.

Motor type | T/Venvetope (Nm/m?)  T/CU mass (Nm/kg)
PM 28860 28.7-48
Induction 4170 6.6

SR 6780 6.1

Table 4.2. Typical torque density values for different motor types [17]. The PM motor
with the permanent magnetic rotor field requires less induced field to produce torque
than the other motors where the rotor lacks this property. Thereby the high amount of
torque per copper for this motor type.

Efficiency

The efficiency of electric motors is also connected to the voltage level of the drive-
lines. High voltage rated drivelines are more efficient than lower voltage drivelines
[B]. The cooling method also affects the efficiency, at lower temperatures the
restistance of the windings is lower which results in less copper losses. Higher
rated power leads to higher efficiency and thereby also higher power density. This
can be summarized as that the more efficient motors also have higher power den-
sity. Since higher power contributes to higher efficiency the minimum requirement
for high efficiency motors according to EU regulations is based on motor power.
Table [£.3] show this behaviour for the Induction motor, the same thing can be
observed for PM and SR motors but with 1-2% higher efficiency as explained in
[8], but no tables corresponding to Table could be found during this work.

Rated power (kW) Minimum efficiency (%)
0.75 79.6
1.1 81.4
2.2 84.3
4 86.6
7.5 88.7
15 90.6
30 92.3
55 93.5
75 94.0
90 94.2
110 94.5
132 94.7
160 94.9
200 95.1
375 95.1

Table 4.3. The minimum efficiency at rated speed for IE2 (worldwide high efficiency
standard) classified 4-pole Induction motors [18].
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Higher speed motors are also more efficient than lower speed motors delivering
the same power since the most important losses is due to torque which is propor-
tional to current causing heat in the conductors. This also means that a motor
should be as small as possible while delivering the required power if efficiency is
the main priority [8].

4.1.2 DC motors

Brushed DC motors was once very popular for traction applications but are no
longer considered a proper choice for most types of vehicles [2]. There are though
still some applications where the brushed DC motor still is a good alternative to
the modern vehicle types, since the cost can be lower and the performance still sat-
isfactory [19]. In applications where the needed power is below 45 kW the brushed
DC motor will still be competitive but in larger size the cooling of the rotor will
become a problem [16]. Other motor types have most of their losses in the stator
which makes cooling a lot easier for high power operation [g].

Good properties of the DC brushed motor is the very high torque at low speed
and the good torque-speed characteristics for vehicle propulsion [IT]. The torque
response is also instantaneous even without the use of a controller and the overall
control part of the brushed DC motor is very simple and cheap [4]. The reliability
is also high since the technology is well established, which also contributes to lower
prices. Bad properties of the brushed DC motor is the maintenance needs due to
the wear of brushes, the low utilization factor of private vehicles though makes the
coal brushes essentially maintenance free [3]. The efficiency, power density and
maximum speed are also lower than the other motor types [4]. The power density
problem is due to the difficulty of cooling the rotor in a compact motor while
the efficiency and maximum speed limits are due to the friction of the brushed
commutation.

4.1.3 Induction motors

Induction motors are together with PM motors the most common for electrical
propulsion today. The shift from DC brushed motors became possible when the
inverter which made it possible to control the induction motor in order to achieve
variable speed operation needed for vehicle propulsion. For stationary usage where
no variable speed controller is needed it is by far the most popular motor. The
motor itself without the controller is an old invention and it is a very mature
technology which is reliable and cheap. The lack of commutation makes it almost
maintenance free [I9]. The induction motors also have robust construction and
high operating speed thanks to wide field weakening range. Especially for vehi-
cles that requires a high-power motor the induction motor can be a more reliable
choice than other motor types [2]. When machine size is increased the losses in
the induction motor are not increased as much as in PM motors which makes it a
good choice in vehicles where high performance is desired. The peak efficiency will
probably be less than for the PM motors but the average efficiency may actually
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be better [20].

The drawbacks of the induction motor is that the peak efficiency and torque den-
sity are in general lower than of the PM motor and SR motor. Induction motors
also have limited torque capabilities at very low speed, this because at low speed
the frequency of the stator field is low which leads to less induced current in the
rotor [2]. The induction motor is more advanced to control than the other motor
types, since it is harder to get stability over the whole torque-speed range and
over temperature, which adds to the development cost, but likely little or no to
production costs [20].

4.1.4 PM motors

The PM motor is a more modern technology than the DC brushed and the induc-
tion motor, but the control is basically the same as for the latter since if it is a
synchronous machine it also needs a rotating stator field. This motor type is the
most popular choice for electric vehicles and hybrid electric vehicles powertrain
applications due to their high efficiency, high torque density, compact size, high
torque at low speeds and easy control for regenerative braking [2]. If motors with
the same peak efficiency are compared, the PM motors will be more efficient in
overload transients at constant speed. The very high torque and power density
makes the PM motor possible for use as in-wheel motors or other types where an
extremely compact design is required [3]. Just like the induction motors the PM
motors are virtually maintenance free since there is no brush that causes friction.

Even though there is no brush that limits the speed of the motor, the permanent
magnet will limit the field weakening abilities of the motor which causes limited
operating speed range [I1]. The speed range can be improved in PM hybrid mo-
tors where an extra winding can make it possible for the controller to weaken
the field of the permanent magnet, this naturally adds cost and complexity to
the system [I9]. There can be some problems with cogging torque in PM motors
since the permanent magnet field is always active even if there is no current fed
to the motor. Therefore some reluctance torque is still present depending when
the current is removed, depending on the design of the rotor and stator. This
can be solved and it is not a problem in other motor types. [4]. The permanent
magnets of a PM motor can be sensitive to heat. This fact makes it very impor-
tant to not overload a PM motor for too long since it can be demagnetized [2].
Time can also demagnetize the permanent magnets [4]. Rare earth materials for
the magnets, and difficult manufacturing process makes the permanent magnets
expensive and dependant on the supply of these rare materials. If the price of the
permanent magnets gets lower the PM motors will also become cheaper and even
more appealing for vehicle propulsion [§].
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4.1.5 SR motors

The switched reluctance motor type is the most immature technology among the
discussed in this work. It has been used in very few vehicles so far but it is by
many people believed to become an very strong contender to induction and PM
motors in the future. One of the most important features of the SR motors is the
ability of very high speed operation. This is possible because of the robust rotor
construction and the lack of brushes. Some small motors can achieve up to 30
000 rpm which gives very high power density [9]. For vehicle applications a motor
speed over 10 000 rpm often is desirable, for PM motors there is a need for rotor
modifications which increase cost and degrades efficiency to achieve this. Induc-
tion motors maximum speed is generally smaller than 10 000 rpm which gives the
SR motor an advantage in this matter [I1]. The cheap and robust construction
also makes the SR motor excellent for use in hostile environments [16]. SR motors
are slightly less efficient than PM motors but maintains efficiency over a wider
range of speed and torque than any other motor type [§].

The switched reluctance motors have attracted attention in traction application
due to their simple structure without squirrel cage or permanent magnets on the
rotor which means lower losses than induction motors and no permanent mag-
netic fields that causes other problems [2]. Another advantage against permanent
magnets is the ability to cope with high temperatures [3]. All these prominent ad-
vantages makes the SR motors very attractive for vehicle applications. But since
they are not yet produced as standard motors they are still more expensive than
the other types [2I]. Some of the disadvantages with SR motors is high acous-
tic noise, torque ripple and advanced converter technology. With these problems
solved the SR motors will be ideally suited for vehicle propulsion [4].

4.1.6 Motor property ratings

Several authors of work regarding motor selection for vehicles have given the dif-
ferent motor types relative grades regarding each important factor. This section
describes the different sources and makes a summary that can be used for mod-
elling the different types.

Efficiency

Since efficiency plays a key role in this work it is extracted from the sources
and compared. In Table [£4] the relative ratings for each motor type efficiency
is displayed. All the sources agree that DC is the least efficient and that PM
is the most efficient of the different motor types. The battle between Induction
and SR for the middle spots is a even, since some sources suggest that they are
equally efficient. But judging from the average and by taking other statements
into account the conclusion in this summary is that the SR motor is generally
more efficient than the Induction motor.

The different authors grade different properties among the motors, the only
common property is efficiency which made it easy to compare. Their conclusions
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Source | DC | Induction | PM | SR
[22] 2 6 8 6
3] 2 3.5 5 4
[11] 2 4 5 4.5
[23] 2.5 3.5 5 3.5

Table 4.4. Relative grades for efficiency given to each motor type by different sources.
Higher number is better efficiency according to all grading systems. Each line compares
the motor types independent of the others.

about which is the "best motor for vehicle propulsion' can though be interesting
to address since all the motor types except for DC brushed were considered the
best option depending on the author.

4.2 Motor type parameter selection

This section describes how the different electric motor types efficiency map pa-
rameters and torque curves are determined for use in EPT using the discussion in
Section 4.1l and other resources.

4.2.1 Efficiency scaling

Since the efficiency depends on the power of the electric motor this should be
taken into account when determining the average efficiency maps. In Table [£.3]
the behaviour of the maximum efficiency can be observed when the motor size is
increased. If this data is used to adapt a power function, which turned out to give
the best fit, on the form

f(z) =az® +c (4.1)

the coefficients a = —18.56, b = —0.2762 and ¢ = 99.43 gives the fit as seen in
Figure

This maximum efficiency for induction motors as a function of the motor size
can now be used for scaling the motors continuously from around 1 kW to over
200 kW and get a realistic maximum efficiency of the efficiency maps. Since the
maximum value for efficiency in Table is 95.1 % and obtained for both 200
kW and 375 kW it should be considered as the maximum for the function. By
modifying the power function to have 95.1 as maximum value we get

f(x) = min(—18.562%2752 1-99.43 | 95.1) , (4.2)

which can be used as an estimation of the maximum efficiency for the induction
motors of all different sizes. Since this should give a 1-2% lower efficiency than
for PM and SR motors the efficiency for them can be obtained by adding between
1 and 2 percent units to the function . To achieve the correct efficiency for
the DC brushed motors the value will have to be lowered since their efficiency is
considered to be lower than for the induction motors.
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Figure 4.2. Data points from Table displayed together with the power function in
red.

4.2.2 DC motor

To design the efficiency map and the maximum torque curve for the brushed DC
motors the visual characteristics of the efficiency map is studied from different
sources and summarized into one map that was created in EMG. All the studied
sources show the same type of appearance for the DC brushed motors. After
comparison with the efficiency for the brushed DC motors displayed in [16] and
[24] the decision was to subtract the calculated maximum efficiency in by 3.5
percent unis to get a reasonable value for brushed DC motors. To make sure that
the appearance of the efficiency map was correct regarding the relative position
of the maximum efficiency area and the distribution of the efficiency contours the
efficiency maps in [§] and [3] was also taken into account. The maximum torque
curve is also designed by putting the different sources together. When scaling
the efficiency map both the torque and speed axis is scaled equally to achieve the
correct amount of maximum power, this scaling method is also used for the other
motor types. Examples of generated DC motor efficiency maps can be seen in

Figure [I.3] and Figure [4:4]

4.2.3 Induction motor

The parameter selection of the Induction motor is more difficult than for the DC
brushed motor. The reason to this is that the induction motor have characteristics
that can differ more between one motor to the other. The characteristics is also
similar to those of the PM motors. To be able to distinguish the induction motor
from the PM motor it is modeled according to the discussion in [25] and [3]. This
together with the speed limit discussed in Section 1] and the efficiency scaling
gives the result in Figure and Figure This can be compared to the
map displayed in [26] which is the only officially published map for an induction
motor in a vehicle application that could be found during this work.
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Figure 4.3. 1 kW DC brushed motor efficiency map and torque curve generated.

4.2.4 PM motor

Since the PM motor has been a very popular motor choice recently there is more
information found about the efficiency map appearance than for the induction
motor. When determining the efficiency map for the PM motors the general
discussions in [3] and [25] was combined with the real cases of [15] and [27] as
source information. To get the highest maximum effficiency of any motor type
2 percent units is added to the efficiency scaling equation . It can also be
beneficial to use manual limits for maximum torque and speed for the PM motor
type since these can vary significantly between different specific models of PM
motors. Examples of generated PM motor efficiency maps can be seen in Figure[4.7]

and Figure

4.2.5 SR motor

Studies of the SR motor type included comparing many different sources of in-
formation regarding the SR motor torque curve and efficiency map. Every source
available agreed that the SR motor is most efficient at very high speed and that
the efficiency is still high over a large range of the efficiency map. This is described
by general discussions in [28], [25] and [3], and it is also confirmed by real SR mo-
tors in [29], [30] and [3I]. In [I2] and [19] it is also described that the maximum
speed is high compared to other motor types, up to 7 times the base speed. To
get a maximum efficiency between that of the induction motor and the PM mo-
tor, 1 percent unit is added to the efficiency scaling function . Examples of
generated PM motor efficiency maps can be seen in Figure and Figure
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Figure 4.4. 22 kW DC brushed motor generated, efficiency is higher than for the motor
in Figure [£.3]

4.2.6 Motor model parameters validation

Since there is a lack of measurement data of different motor types and sizes these
model parameters or the efficiency scaling could not be validated properly during
this work. The only way to be sure the models and the generated efficiency maps
represent their respective motor type is to study the source information referred
to in this text or other available motor data.
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Figure 4.5. 30 kW Induction motor efficiency map and torque curve generated.

Induction motor Efficiency map
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Figure 4.6. 200 kW Induction motor efficiency map generated. The efficiency is slightly
higher than for the motor in Figure [£.5]
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PM motor Efficiency map
T T T T T T

Figure 4.7. 30 kW PM motor efficiency map and torque curve generated.

Figure 4.8. 50 kW PM motor generated. The torque curve has the same profile as the
50 kW PM motor displayed in [§].
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Figure 4.9. 30 kW SR motor efficiency map and torque curve generated.
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Figure 4.10. 90 kW SR motor generated, high speed operation possible.
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4.3 Generating VEM data

When the efficiency map and torque curve are generated in the desired way they
should be converted to fit the input of the VEM. Since the VEM is simulating
both motoring and generating mode of the electric motor the efficiency map has
to be expanded to also cover negative torques. There are two ways conceptually
possible in order to extend the motor mode to also cover generator mode discussed
in [I3]. Here the chosen method is to calculate the losses in the motor mode and
then mirror the losses to the generator side of the speed axis. This method is
chosen since the expression for the efficiency can be written as

_ Tw
- Tw+losses(w,T)’

M (W, T) (4.3)

where the term losses can be approximated as having the same value for negative
and positive torque of the same size for the same speed. This gives

1—nm(w,T)
N (w, T')

which can be calculated for the motoring part using the efficiency maps generated.
The losses are then mirrored by performing

losses(w,T) = Tw, (4.4)

losses(w,—T) = losses(w,T) , (4.5)

and the losses for both motoring and generating mode is obtained as can be seen

in Figure

16000

14000

12000

10000

Torque [Nm)]

4000
Speed RPM|

Figure 4.11. Power losses for the 50 kW PM motor in Figure .8/ now in both motoring
and generating mode.

The electric motor input to VEM has the format of actual needed electric power
for each operating point. This means that the output power has to be added to the
losses in Figure [£.11] by performing the following equation valid both for motoring
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and generating mode since the electric power and output power are both negative
on the generator side

P.ectric = Pous + losses = Tw + losses , (4.6)

which transforms Figure into Figure where we can see the electric power
the motor uses to deliver each operating point. The

Electric power [W]

Torque [Nm]

100 [l

2502 | | | |
o 1000 2000 3000

4000
Speed [RPM]

Figure 4.12. Electric power for the 50 kW PM motor. We can see that the electric
power is negative in most of the negative torque area which means that regenerative
braking is possible. We can also see that we have some positive power at zero torque
which means the motor needs power to rotate without load.

4.4 Simulations in VEM

To verify that the data generated by EPT is reasonable and also compatible with
VEM some simulations are performed. A regular pure electric vehicle with speci-
fications as in Table [£.5 are configured in VEM with the possibility to change the
electric motor. The car chassis is modeled by the coast down coefficients method-
ology described in [32]. The electric motor is connected to the wheels through a
single-speed gearbox with 98% efficiency, and the gear ratio can also be varied.

Three 90 kW motors are generated according to the motor model parameters
presented earlier in this chapter, one for each of the most interesting motor alterna-
tives, Induction, PM and SR. Two different gear ratios, 3 and 8, are first simulated
to illustrate the differences between the different motors and what impact the gear
selection has on the performance and efficiency of the vehicle. Different drive cycles
are also used in the simulations to investigate if there are any differences regarding
usage for the motors. To test city and highway conditions separately the NEDC
drive cycle [33] is used and divided into the urban and extra urban parts before
simulating.

When gear ratio 3 is used the PM motor is the most efficient. All of the
motors have the same top speed which means that it is the maximum power which
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Parameter Value  Unit
Total mass 1590 kg
Wheel radius 0.3 m
Wheel inertia 2 kgm?
Rolling resistance 133 N
Rotating friction 3 m]\;s
Aerodynamic drag 0.3 ﬁ
Auxiliary load 300

Table 4.5. Parameters for the electric vehicle simulated in VEM.

IM90kW | PM90kW | SR90kW

Average consumption

Urban [kWh/10km)] 1.63 1.51 1.72
Extra urban [kWh/10km] 1.38 1.30 1.43
Performance

0-50 [sec] 7.5 8.3 6.7
0-100 [sec] 15.3 16.9 13.7
Top speed [km /h] 220 220 220

Table 4.6. Simulation of vehicle described by Table with gear ratio 3.

sets the limit for the speed, 220 km/h is a realistic top speed for a 90 kW motor.
With higher maximum torque the SR motor has the best acceleration performance
but still the worst efficiency since the operation points used is far from maximum
speed, which also means average torque. By plotting the operation points together
with the efficiency map as in Figure and Figure [{.14)it is easy to see why this
is a reasonable result.

By increasing the gear ratio to 8 higher speeds of the motor will be used as well
as lower torque. We can now see that the maximum speed of the motors is limiting
the top speed of the vehicle which makes it lower than in the previous simulation.
This is beneficial for the SR motor because of its higher speed limit and high
efficiency at high speed. Since the motors now operate on higher speed and lower
torque both the induction and the SR motor becomes more efficient than the PM
motor. The changed gear ratio also improved the acceleration performance of all
the motor alternatives.

By studying Figure we can see that the gear ratio 3 makes the highest speed
operating points being located to the maximum efficiency area which explains
the low energy consumption for extra urban driving. If the efficiency should be
optimized for highway cruising the gear ratio 3 would be a very good choice for the
90 kW PM motor. When the gear ratio was increased to 8 the maximum efficiency
area never was used and the consumption got higher for both urban and extra
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IM90kW | PM90kW | SR9OKW

Average consumption

Urban [kWh/10km)] 1.24 1.78 1.42
Extra urban [kWh/10km] 1.31 1.60 1.30
Performance

0-50 [sec] 2.8 3.0 2.6
0-100 [sec] 8.6 8.8 8.4
Top speed [km/h] 139 145 177

Table 4.7. Simulation of vehicle described by Table with gear ratio 8.

PManotorcficiencyanap
T T T T T

+ Ratio3
Ratio 8

TorqueqNm]

Figure 4.13. The 90 kW PM motor and the NEDC operating points for gear ratio
3 in blue and 8 in greeen. The high speed extra urban points are in the higher speed
of the same color as the urban points at lower speeds. When changing gear ratio to a
higher value we can see that the operating points get stretched along the speed axis and
compressed along the torque axis.

urban.

The SR motor has the maximum efficiency at higher speed and lower torque
than the PM motor as can be seen when comparing the two efficiency maps. In
Figure [£.14) the operating points for gear ratio 3 and 8 are plotted just like for the
PM motor. We can see that the maximum efficiency area is never used with any of
these gear ratios so there is still potential for improvement. To illustrate how the
SR motors properties can be used even better a third gear ratio was simulated.
This ratio had to be higher than 8 to reach the higher speeds so ratio 10 was
chosen. In Figure[d.14]it can be seen how ratio 10 is using the maximum efficiency
area for the SR motor during extra urban driving which should reduce the energy
consumption further.

In Table the results of gear ratio 10 for the SR motor is displayed. The
consumption for both urban and extra urban is lower than for the PM motor using
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Figure 4.14. The 90 kW SR motor correspondent to Figure Gear ratio 10 in red
is added to achieve better efficiency and performance.

SRI0kW

Average consumption

Urban [kWh/10km)] 1.37
Extra urban [kWh/10km] 1.27
Performance

0-50 [sec] 2.3
0-100 [sec] 8.1
Top speed [km/h] 142

Table 4.8. Simulation of vehicle described by Table with gear ratio 10 for SR motor
only. The lower maximum speed for the PM motor prevents it from following the NEDC
drive cycle using gear ratio 10.

ratio 3. The performance achieved when using gear ratio 10 with the SR motor
is also very impressive, the acceleration is now significantly better than for gear
ratio 3. This means that the vehicle can achieve both good efficiency and perfor-
mance when using the SR motor and a carefully selected gear ratio, while these
two properties are more difficult to combine for the PM motor.

When looking at the plots of operating points on the efficiency maps it can be
easy to think that the motors are oversized for the application. Since the NEDC
drive cycle is using low power the most efficient motor choice would be a small
motor which works in the high efficiency area more often than a bigger motor.
The drawback of this is that the vehicle also needs to have some kind of acceler-
ation performance which the small motor can not deliver. One way of handling
this problem would be two use a two motor solution where both motors work dur-
ing acceleration and only one motor during highway cruising or other low power
driving conditions.



Chapter 5

Conclusions and future work

In this chapter the conclusions from the work is presented together with suggestions
for future work.

5.1 Conclusions

Two tools have been created to assist in the analysis of electric motors in vehicle
propulsion systems. The initial goal of creating a tool for estimating the typical
performance properties for different electric motors was extended to also cover a
solution to the problem of collecting motor data. Now, when the EMG tool has
been implemented along with EPT the opportunity has arisen to use informa-
tion found about electric motors such as images of efficiency maps or measured
efficiency for some operating points, and also simulate a vehicle using this motor
data. This brings greater opportunities for the one who is performing concept
selection studies. The possibility to create a big library of electric motor data for
real electric motors with documented properties by using EMG is probably even
more important than the creation of the average motor efficiency maps. This be-
cause the average motor models are a simplification of the reality that results in
all the motors of a certain type and size has the same properties which is not the
case in reality. These models are however useful when making a rough compar-
ison between motor types before going into detailed comparison between specific
motors. The average models for each motor type might even be better suited
to describe motors of specific characteristics in general rather than DC, IM, PM
or SR motors. This since for instance a PM and an IM motor can have almost
exactly the same efficiency map and maximum torque curve if the manufacturer
design the motors in a way to achieve this. Thereby it might be better to compare
motors of certain characteristics rather than different motor types. The study can
then be performed to compare a motor that has maximal efficiency at high speed
and low torque against a motor that has maximum efficiency at average speed
and torque instead of saying that this comparison is between e.g. a PM and a SR
motor. This work is also a good summary of information that is of importance
when discussing motor selection with references to many motor selection studies

67
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where deeper knowledge can be obtained if desired. This should make the report
a good read before or during the motor selection process. If the reader has little
knowledge about electric motor design and operation this report also handles these
topics regarding the DC, Induction, PM and SR motor types.

5.2 Future work

Since there is now a base for creating efficiency maps from different sources of
information, work can be done in both collecting this information, but also use it
to improve other parts of the work. The EMG can presently be used to collect
data and make a library of different electric motors to make the available options
as many as possible when conducting the concept selection process. Improvements
can especially be done when more data gets available or when there is a possibility
to perform measurements on motors. The efficiency maps created in EMG could
then be validated in a greater extent and the same could be done with the average
efficiency maps for the different motor types to control how reliable the generated
efficiency maps are for different motor sizes and motor types. The model of the
induction motor should also be investigated further since it is the one which has
used the least information when created.
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