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Abstract

In 2020, the Chalmers Formula Student team identified that there were potential performance im-
provements that could be made on the recently implemented front motors. A re-design of the existing
permanent magnet synchronous machine (PMSM) was conducted to suit the requirements of being
used as front hub-motors in a formula style racing car. A drive cycle analysis tool was used to ob-
tain the performance requirements of the front motors where several gear ratios and types of driving
cycles were examined. The old motor and re-designed motors were analyzed and compared in the
finite element method (FEM) software Ansys maxwell. An iterative design process of the re-designed
motors was then conducted where each version is briefly described and the respective problems with
it is discussed and used as a base for the design modifications made on the next version of the motor.

The efficiency, maximum power and weight of the different concepts were compared to each other
and to the old motor. In the end a recommendation was made on which motor version that was the
most suitable for the application. The recommended motor was between 9-12 % or 1.2-1.54 kg lighter
than the old motor and was able to deliver a maximum power of 25 kW to be able to handle most
expected operational points which were indicated by the drive cycle analysis tool. The motor also
had the highest expected rated power of 12 kW which means that it is the least likely of the designs
to overheat. The theoretical efficiency at rated operation was estimated to be 92.6 % which is 0.1 %
higher than for the old motor. Also, the rotor losses of the recommended motor were lower than the
rest which is one of the most critical part of the PMSM and is the most sensitive to overheating.
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Abbreviations

RWD - Rear wheel drive

PMSM - Permanent magnet synchronous machine
AWD - All wheel drive

4WD - Four-wheel drive

FSG - Formula Student Germany

FSAC - Formula Student Aachen (Test event)
HEV - Hybrid electric vehicle

EV - Electric vehicle

TS - Tractive system

EM - Electric machine

RMS - Root mean square

EMF - Electromotive force

MMF - Magnetomotive force

CFS - Chalmers Formula Student

CFSXX - Chalmers Formula Student team from year 20XX
MTPA - Maximum torque per ampere

FEM - Finite element method

FFT - Fast Fourier transform

PM - Permanent magnet

IPM - Interior mounted permanent magnet
COM - Centre of mass

COG - Centre of gravity

AC - Alternating current

DC - Direct current

Symbols

Pyech - Mechanical power [W]
w - Angular velocity [Rad/s]

T - Torque [Nm]

S - Surface [m?]

Frg - Tractive system force [N]
Myehicle - Vehicle mass [kg|

a - Acceleration [m/s?]

Fprag - Drag force [N]

Frour - Rolling resistance [N]
Cp - Drag coefficient

v - Velocity [m/s]

A - Cross-section area [m
Agar - Car front cross-section area [m
p - Density of air [kg/m3]

g - Gravitational acceleration [m/s?]
C' - Rolling resistance coefficient

« - incline angle of the road [?]

Prg - Tractive system power [W]
AFfront - Change of force on front axle [NV]
hcog - Centre of gravity height [m]

lwb - Wheel base [m)]

Ay - d-axis quantity

?]
?]
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Aq - q-axis quantity

A, - a-vector quantity

Ay - b-vector quantity

A, - c-vector quantity

© - Transformation angle [°]

J - Electric current density [A/m?]
Ione - Enclosed current [A]

H - Magnetic field strength [A/m)]
V - Electric potential [V]

U - Voltage [V]

e - EMF [V]

i, - Current as a function of time [A]
F - MMF [Agurn]

® - Magnetic flux [W]

N - Number of turns

R - Reluctance [H 1]

le - Flux path length [m]

po - Vacuum permeability [H/m)]
tr - Relative permeability [H/m)]
Rprrsm - PMSM Reluctance [H 1]
le,; - Partial flux path length [m]
A; - Partial flux path cross-section [m
tmag - Magnet thickness [m]

H,qq - Magnetic field intensity produced by permanent magnet
A - Area m?

B - Magnetic flux density [T]

I - Current magnitude [A]

¥ - Flux linkage [Wb)

t - Time [s]

L - Inductance [H]

L; - Leakage inductance [H]

L, - Main inductance [H]|

R, - Phase resistance [Q)]

Ltator - Stator inductance [H]

U, - Winding flux linkage [IW]

®,, - Winding flux [Wb]

6, - Rotor angle [?]

U pps - Magnet flux linkage [W]

U, - Stator flux linkage [IWb]

L., - Main inductance [H]

VU, - Rotor flux linkage [IWb]

U, - Phase voltage in phase a [V]

Uy - Phase voltage in phase b [V]

U. - Phase voltage in phase ¢ [V]

Uconv - Voltage magnitude from the converter [V]

R, - Phase resistance in phase a [2]

Ry, - Phase resistance in phase b [Q]

R, - Phase resistance in phase ¢ [©]

U,,q - Phase flux linkage in phase a caused by stator current a [WD]
U, » - Phase flux linkage in phase b caused by stator current a [IWb]
VU, . - Phase flux linkage in phase ¢ caused by stator current a [W]
VU, , - Phase flux linkage in phase a caused by the rotor flux [W]
V.., - Phase flux linkage in phase b caused by the rotor flux [W]

?]
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U, . - Phase flux linkage in phase ¢ caused by the rotor flux [W]
L - Self-inductance of phase a [H]

Ly, - Self-inductance of phase b [H]

L. - Self-inductance of phase ¢ [H]

Ly - Mutual inductance of phase a and phase b [H]
Ly, - Mutual inductance of phase b and phase a [H]

Ly, - Mutual inductance of phase b and phase ¢ [H]

Ly - Mutual inductance of phase ¢ and phase b [H]

L, - Mutual inductance of phase a and phase ¢ [H]

L., - Mutual inductance of phase ¢ and phase a [H]

Laqo - Fundamental harmonic of self-inductance in phase a [H]

Laa2 - Second order harmonic of self-inductance in phase a [H|

Lapo - Fundamental harmonic of mutual inductance between phase a and b [H]|
D44 - Permanent magnet flux [IVb)

Rimag - Permanent magnet reluctance [H ']

B, - Permanent magnet remanence [T

Apnag - Permanent magnet cross-section area [m?]

Winag - Permanent magnet width [m]

Lgtack - Stack length [m]

Qobject - Acceleration of an arbitrary object [m/ 52]

Foppiied - Applied force [N]

Mobject - Mass of an arbitrary object [kg]

Tobjrect - Distance from center of object [m]

Oappliea - Angle of applied force [°]

P.,; - Power stored in the coil [W]

dWeoi - Electric energy in the coil [J]

AW nech - mechanical energy in the coil [J]

dWg - Magnetic energy in the coil [J]

dW! .., - Electric co-energy in the coil [J]

r - Radius [m]

Ppyrsy - PMSM power [W]

Tparsy - PMSM power [Nm)|

Qparsa - Mechanical speed of PMSM [RPM]
wpam sy - Angular velocity of PMSM [Rad/ ]
Ugs - Stationary frame two phase equivalent voltage [V]
Is - Stationary frame two phase equivalent current [A]
U, - d-axis flux linkage [Wb]

U, - q-axis flux linkage [Wb]

U, - d-axis voltage [V]

U, - q-axis voltage [V]

iq - d-axis current [A]

iq - g-axis current [A]

B - MTPA angle [°]

Inag - Current magnitude [A]

L - d-axis inductance [H]

L, - g-axis inductance [H]|

Rpy, - Per unit length resistance [2/m)]
Auyire - Wire cross-section area [m?]

Peopper - Copper resistivity [Qm]

Ht()oth - Tooth helght [m]

Tinsulation - End winding insulation radius [m)]
Wiooth - Stator tooth width [m]

Rphase - Phase resistance [Q]
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dwire - Wire diameter [m]

Peopper - Copper resistivity [Qm]

Ngiot Number of stator slots

ODy;tator - Outer diameter of the stator [m]

IDgtator - Inner stator diameter [m)

Hgo - Slot opening height [m)]

Liooth,w - Length of the non-slot wedge tooth length [m]

Acy - Copper area in the slot [m)]

Rinsulation - End winding insulation height [m)]

R(T) - Resistance as a function of temperature [(2]

Ry - Calculated resistance at temperature T [(]

Tp - Temperature at which the original resistance is calculated. [K]

a - Temperature coefficient of resistance which determines the rise in resistivity as the temperature in-
creases

T - Temperature of the material. [K]

Prpe/g - Tron losses per kilogram of weight [WW/kg]

Py - Per electric cycle hysteresis loss [W]

fm - Magnetizing frequency [Hz]

o - Conductivity of the material [S/m]

d - Lamination thickness [m)]

Binax - Peak flux density [T]

G - Mobility coefficient [m2?V ~ts™1]
S - Cross-section of the lamination m
Vi - Material characteristic statistical distribution function of the coercive fields.
P, - Eddy current losses [W]

P, - Excess losses [W]

P, - Hysteresis losses [W]

k. - Eddy current loss coefficient

k. - Excess loss coefficient

ky, - Hysteresis loss coefficient

Bm - Measured value that is material specific coefficient

Feurrent - Total MMF in the stator [A/m]

Nparaitet - Number of coils connected in parallel

Ngeries - Number of series connected coils

q - Number of slots per pole per phase

Npote - Number of poles in the motor

Nphase - Number of phases used

W, factor - Key winding factor

ky - Winding factor

kq - Distribution factor

k, - Pitch factor

gph - Number of slots per phase

apn, - Angle between two adjacent tooth [°]

yp - Pole pitch

o, - Offset between fundamental flux and back EMF [°]

k. - Winding factor

Atootn - Stator tooth cross-section area [m
Niooth, frac - Stator tooth fractions where flux passes through

Agiot - Slot area [m?]

IDgtator - Inner stator diameter [m)

ODygtator - Outer stator diameter [m]

Fr front - Lift force acting on the front axle [N] Fp yeqr - Lift force acting on the rear axle [N] Fy -
No-load MMF of the permanent magnet [A/m)

2
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we - Electrical angular velocity [Rad/s]
Tinaz - Maximum torque [Nm]
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1 Introduction

1.1 Background

Formula Student is the largest engineering competition in the world where universities compete against
each other in designing, manufacturing, racing and selling a Formula style racing car. The competitions
are held all over the world and consist of a series of static and dynamic events where the design of the car
is put to the test and a fictional business plan for how to sell the car. There are three main classes within
Formula Student. There is a class for combustion cars, one for electric cars and one for driverless cars [1].
In Europe, Formula Student Germany is currently the largest competition and the rules which they use
are also mostly applicable to the other competitions. The different dynamic events which are relevant for
this project will be covered in a later Section. The Chalmers Formula Student (CFS) team competes in
the class for electric vehicle and has been competing in this class since 2015.

The formula student rules (EV 2.2.1) state that the maximum tractive system power out of the ac-
cumulator container must not exceed 80 kW. In addition, it is specified that regenerative braking power
is unrestricted. Regenerative braking means that the motors are used to decelerate the car which will
feed power back to the battery. However the rules state that the discharge and charge rate specified in
the datasheet of the battery must not be exceeded. A formula style racing car will have more traction at
higher speed due to the aero package producing higher downforce at higher speeds. Also when the car
is accelerating, the centre of gravity (COG) will be transferred to the rear and hence there will be more
traction on the rear wheels compared to the front wheels [2]. When using regenerative braking, it is at
high speeds where the largest amount of power can be regenerated back to the battery. A majority of
the regenerated power will come from the front motors due to the load transfer to the front wheels when
decelerating which means that they will have more traction compared to the rear. The regenerative brak-
ing is also complemented by a standard disc braking system which is able to lock all four wheels on its own.

Since 2017, the Chalmers Formula Student team has been using a permanent magnet synchronous machine
(PMSM) which is rated for 32 kW peak and it was designed by AROS electronics in 2017. The power
requirements of that motor were specified by analysing driving cycles from data obtained by previous
teams and it was mainly focused on a rear wheel driven car. The 2018 car had rear wheel drive (RWD)
and had two of these new motors. During the benching, the motors were able to handle power levels of
up to 40 kW for short periods of time. In 2019 four-wheel drive was implemented with two outboard
hub motors in the front and two on-board motors in the rear. In 2020, the rear motors were changed to
outboard hub motors as well. When 4WD was implemented, it became apparent that the powerful CFS17
motors was not fully utilized when four of them were implemented. As previously mentioned, two of the
current motors are combined able to handle short stints of the maximum allowed tractive system power.
That would indicate that the overall size of the motors could be reduced. Taking the load transfer during
acceleration and deceleration into account, using four 20 kW motors is likely not the most optimal setup.
The size reduction of the front motors will both lead to a weight reduction and provide benefits for the
wheel assembly and suspension as a result of allowing for a more compact packaging.
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1.2 Aim

The aim is to re-design the current motor provided by AROS electronics to be suitable for use as front
motors on the Chalmers Formula Student car. The goal will be to obtain an overall size and weight
reduction of the motor whilst still having sufficient performance to satisfy the requirements of formula
style racing. Also, the design will seek to reduce the time required to manufacture the motor and to
recommend the manufacturing methods used to assemble the stator and rotor.

1.3 Scope

The thermal behaviour of the new PMSM is not studied in detail, but instead the theoretical power losses
are calculated and compared to the CFS17 PMSM. The thermal behaviour of the CFS17 PMSM is known
from data obtained when benching the motor. By using the existing data combined with comparing the
theoretical losses of the PMSMs, the thermal behaviour of the new design can be estimated. Possible
problems with overtemperatures would be discovered when benching the motor and the most crucial
components is the rotor where the magnets will demagnetize if they reach too high temperatures. The
FEM model used will provide data on the iron losses, rotor losses and copper losses and hence it may
be possible to predict where high temperatures are reached. Should the rotor overheat during testing it
may be mitigated by changing the material of the rotor shaft to a material which conduct heat better.
Different motor types will not be discussed and large changes such as the magnet positioning in the rotor,
pole or slot number will not be changed. The reason for that is that the purpose of the thesis is not to
design a new motor but rather to modify an existing design.

1.4 Ethical aspects

This project is about the re-design of a PMSM and the ethical aspects of such a re-design should therefore
be discussed. Having proper sizing of a PMSM is important in terms of reducing unnecessary use of raw
material. The choice of raw material itself also comes with some ethical problems. Since the magnet types
used are rare earth magnets and the sourcing of these materials may be problematic. The reason for that
is that the magnets can only be sourced from certain countries. The efficiency of a PMSM is one of the
most important factors of the design and achieving a higher efficiency will reduce the requirement of large
battery packs. Also, achieving lower weight traction motor will reduce the energy required to accelerate
and maintain the speed of a vehicle. When it comes to this project, it is not certain that the outcome
will produce the above-mentioned potential benefits. Even if the project would not produce a satisfactory
results and manufacturing of the new design cannot be motivated, the tools needed for future designing
new motors will be made available to all future CFS teams. Having these tools available could prove to
be important, since the requirements from the motors could change both as a result of changes to other
parts of the car and as a result of changes in the Formula Student rules. These aspects will be taken into
account throughout this thesis.
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2 CFS car

In Figure 2, the Chalmers Formula Student 2021 car is shown. The design of the car was initialized in 2019
with the goal of competing in the 2020 season. Due to the cancellation of all Formula Student competitions,
the design was refined during the autumn of 2020 in order to compete in the 2021 season. This chapter
will cover the powertrain of the CFS20 car, the necessary vehicle dynamics used when modelling the car
in MATLAB and the different dynamic competition events which the car will participate in. The main
characteristics of the car is specified in Table 1.

'CHALMERS

P
=™ FORMULA STUDENT

Figure 2: Photograph of the Chalmers Formula Student 2021 car taken at a sponsor event in 2020
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Table 1: List of the main specifications for the CFS21 car

Design parameter Specification
Chassis construction Single piece monocoque

Length 292 m
Width 1.455 m
Height 1.19 m
Weight 200 kg (estimated)
Tyres Hoosier 18x6 0 R10 R25B

Wheelbase 1.530 m

Driving wheels 4WD
Motor type Custom PMSM

Motor controller
Maximum battery voltage
Gear box
Cooling

IGBT based 3-phase converter
582 V
Planetary gearbox 1:14
Water cooling
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2.1 CFS powertrain

Chalmers Formula Student continuously develop their power train over each season. In Figure 3 the
3D-Cad model of the electric powertrain of the CFS20 car is shown. In 2020, a new battery pack was
designed which had a maximum voltage of 582 V and can deliver 46.6 kW continuously and the maximum
allowed 80 kW for a short duration. In Figure 3, the battery container is the lower large container with the
four fans mounted on the front. The battery powers four industrial class three-phase inverters, supplied
by AROS electronics, which are located in the large container above the battery container, one inverter
for each motor. During the spring of 2020, the development of new in-house designed Silicon-Carbide
inverters was initialized where Alexander Andersson, Erik Lund, Marcus Vencel and Rene Lause designed
and tested them as their Master thesis [3] [4]. The aim was to reduce the size and the weight of the
inverters. Another system which was changed for the 2020 season was that outboard hub-motors would
be used on all wheels which can be seen in Figure 3. In 2019, outboard hub-motors were only used on the
front. The current motors was designed by Johan Astrém at AROS electronics in 2017 and are six-pole
PMSMs as seen in Figure 4a and 4b which use an iron-cobalt stator. In Figure 4a the stator is shown
where it has been mounted in its cooling jacket and potted using epoxy to improve insulation and thermal
conduction. The motors are connected to the wheels via a planetary gearbox with a 14:1 gear ratio.

Figure 3: Rendered 3D CAD-model of the 2020 electric powertrain where the battery container, power
electronics, motors and wiring can be seen
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(a) CFS17 PMSM stator mounted and potted in a cool- (b) Fully assembled CFS17 rotor where two 35 mm rotor
ing jacket stacks has been mounted on the steel rotor shaft

Figure 4: CFS17 stator and rotor assembly
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2.2 1-D Vehicle dynamics

A one-dimensional (1-D) model of the vehicle is a useful tool in order to understand how the forces act
on the vehicle at various speeds and the power requirements of the vehicle. In steady state, i.e. constant
speed the net horizontal forces acting on the vehicle will be equal to zero. Hence the force exerted by the
tractive system must be equal to the forces acting on the vehicle in the opposite direction relative to the
direction the vehicle is traveling in. There are mainly two lateral forces acting on the vehicle at speed as
can be seen in Figure 5.

F _Drag

A
—»

F TS Rear

F TS Front L

F Roll Front F_Roll_Rear

Figure 5: Illustration of the lateral forces acting on a car traveling in a straight line

There is the rolling resistance from the tires and the drag force which is caused by the vehicle displacing
air when moving. The total force needed to be exerted in order to accelerate at with a given magnitude
can be modelled according to

FTS = Myehicle * & + FDrag + FRoll (1)

where:

e Frg is the total tractive force required [N]

® Mychicle 1S the mass of the vehicle [kg]

a is the acceleration of the vehicle [m/s?]

Fprag is the drag force acting on the vehicle [N]

FRroy is the rolling resistance experienced by the vehicle [N]

The drag force acting on the vehicle can be expressed according to
1 2
FDT‘(Lg - 5 : CDAcanU (2)

where:

e ('p is the drag coefficient
e v is the velocity of the car [m/s]
e pis the density of air [kg/m?]

e A, is the front cross-sectional area of the car [m?]
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And the rolling resistance is calculated according to

FRoll = gmvehiclecrcos(a) (3)

where:

e g is the gravitational acceleration m/s?
e (), is the rolling resistance coefficient

e « is the angle of incline of the road surface [°]

The power needed from the tractive system in order to create the force needed to accelerate or maintain
a certain speed is expressed as
PTS = FTS v (4)

where Prg [W] is the tractive system power required. According to the FSG rules [1], the maximum
allowed tractive system power taken out from the accumulator is limited to 80 kW.

2.2.1 Power distribution

Since the CFS car has several motors providing traction power the main problem will be to define how
it should be distributed. In addition to the horizontal forces acting on the car, there will also be vertical
forces acting on the car which is shown in Figure 6. The vertical forces acting down on the car is the
gravitational force and the downforce produced by the aero package of the car. These forces are countered
by the normal force acting in the opposite direction on the tires of the car.

F Drag

F TS Front L R
— A » >
F_Roll_Fron F_Roll Rear
F _lift F g
F n 1 T
F n
A J

Figure 6: Lateral and vertical forces acting on a car traveling in a straight line
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The weight distribution of the car will determine where the gravitational force vector will act on the car
and in cartesian coordinates of the car centre of mas (COM) can be determined as [5]

n

mix1 + moxs + M3T3 + - - MpTy 1
Tem = = g m;T; (5)
Myehicle Myehicle i—1
n
miy1 + Maya2 + M3ys - - MplYn 1 Z
Myehicle Myehicle im1
n
_ myz1 +Mmaeza +M323 - MpZn 1
Zem = = E m;2; (7)
Myehicle Myehicle =1

where:

® ., is the coordinate in x-direction of the COM [m)]

® Y. is the coordinate in y-direction of the COM [m]

® Z.pn is the coordinate in z-direction of the COM [m)]

e m; in the mass in point ¢ [kg]

e z; is the x-coordinate of the centre of mass in point i [m]
e y; is the y-coordinate of the centre of mass in point ¢ [m]

e z; is the z-coordinate of the centre of mass in point ¢ [m]

If it can be assumed that the gravitational acceleration is constant everywhere on the car, the centre of
gravity (COG) will be the same as the COM. The z-coordinate z.,, is usually defined as the height of the
COM and hence in the case of the car, also the height of the COG. If the COG is located at the most
middle point of the car, i.e. the weight distribution is 50/50, the normal force acting on each tire will
be equal. The normal force acting on each tire will influence the level of traction on each individual tire.
In vehicle dynamics, there are two dynamic factors influencing the distribution of normal force acting on
the tires. There is weight transfer and there is load transfer. Weight transfer is the change of COM as
a result of change of weight distribution caused by objects moving within the car. One common cause
of weight transfer is the liquids in the car moving within their containers and hence changing the weight
distribution. Load transfer is the change of load on each tire when accelerating and decelerating. The
cause of load transfer is that the traction power is directed through the wheels and not through the COG
of the car. The inertia from the COG will cause moments with the opposite direction to the traction
forces exerted by the tires. That is because the traction forces do not pass through the COM. The level of
load transfer can be reduced by lowering the COG. The load transfer is also affected by the incline of the
road surface [2]. The load transfer of a car as a result of acceleration or deceleration can be calculated as

Zem
APﬂfront,c’m = _al Myehicle (8)
wb

where:

® AF}tront,em is the change in force on the front axle of the vehicle caused by the COG [N]

o [ is the wheelbase [m]
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As previously mentioned, the incline of the road will also influence the load transfer of the vehicle and is

calculated as
Iy (1 = c05(0r0aa)) + ZemSin(0road)

lwb

(9)

AFfront incline = —Myehicled
where:
® AFfront incline 1s the change in force on the front axle of the vehicle caused by the incline of the
road [N]
e [, is the horizontal distance between the COG and the rear axle [m]
® 0,044 is the angle of incline on the road [°]

The aerodynamic drag forces acting on the vehicle can also influence the load transfer of the car. The
aerodynamic drag force will influence the load transfer according to

h ra
AFfront,drag = _Fdrag ld bg (10)
where hgrqg [m] is the height at which the aerodynamic drag force acts on the vehicle and AFfront drag 18
the change in force on the front axle of the vehicle caused by the incline of the road [N]. The aerodynamic
lift force will also influence the lead transfer. The lift forces on each axle is defined as

1
FL,front = icl,from‘/pAcar'U2 (11)
1 2
FL,T‘E(LT‘ = icl,rearpAcarU (12)

where:

o F'L tront is the lift force acting on the front axle [V]

o Fy reqr is the lift force acting on the rear axle [V]

The normal forces acting on the tires will determine the level of traction on each individual tire and can
be written as
Fn,front = Fn,front(v = 0) + A-Ff'r‘omf,cm + FL,front + A-Ffront,drag (13)

Fn,rear = Fn,rear(v = 0) - Awaront,cm, + FL,rear - AFfront,drag (14)

where:

® F, front is the normal force acting on the front tires [NV]
® Fy tront(V = 0) is the normal force acting on the front tires as the car is stationary [N]
® F, reqr is the normal force acting on the rear tires [NV]

® F, rear(V =0) is the normal force acting on the rear tires as the car is stationary [N]

When a tire is rotating, it will translate to a certain vehicle speed. If there is no traction, the wheel will
spin and generate no forward speed for the vehicle. The relationship between the speed of the vehicle and
the speed of the tire is defined as slip [2]. When accelerating, the slip is calculated using

Su = TtireWw — U (15)

TtireWw

where:

10
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e s, is the slip of the wheels when accelerating
® 7iire i the tire radius [m]

® w, is the angular speed of the wheel [rad/s]

When decelerating, the slip is instead defined as

s = e (16)

where s4 is the slip of the wheels when decelerating. The grip levels of the tires are determined by the
friction force between the ground and the tires [2]. There are two types of friction which can occur. There
is static friction and kinetic friction [5]. If there is no slip, the maximum friction is calculated using

fs =tsfn (17)

where:

e f is the maximum static friction [N]
e /i is the static friction coefficient

e f, is the normal force [N]

If the traction force exceeds the maximum static friction, there will be some slip from the tires. Then the
friction force is calculated using

fk = ,U'kfn (18)

where uy, is the kinetic friction coefficient and fi [N] is the kinetic friction [5]. From (17) and (18) it can
be seen that the normal force will determine the maximum friction that can be achieved. That means
that when load transfer occurs, the maximum friction on the front and rear wheels will change and hence
the level of traction will differ [2]. The traction force applied will relate to an applied torque which is
given according to

sltire tatt
T, = STt snazc. (19)
furiire  kinetic

where T, [Nm] is the wheel torque. The angular velocity relates to the vehicle speed according to
Vtire = WwTtire (20)

where vy [m/s] is the circumference velocity of the wheel. The torque of the wheel is transferred through
a planetary gearbox which transforms the torque and speed whilst maintaining most of the power.

11
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The relationship between the wheel torque & speed and the PMSM torque & speed is given as
Wy Tw =NGB * Wmech * TPMsM (21)

where:

e 1cp is the efficiency of the planetary gearbox [%)]
® Wpeen 18 the mechanical speed of the PMSM [rad/s]

e Tpayrsar is the torque produced by the PMSM [N]

The mechanical power produced by the PMSM is calculated using

Pmech = TPMSM * Wmech (22)

where Ppccn is the mechanical power [IW]. One property which is unique to electric vehicles is the
ability to regenerate power when braking. If the forward rotation of the machine is defined by a positive
value, applying negative torque will according to (22) cause a negative powerflow to the EM and hence
energy can be regenerated. The use of regenerative braking will decrease the average power used during
a driving cycle. That is however assuming that all other variables are unaffected by the implementation
of regenerative braking and that a negative torque relative to the direction of rotation is applied at any
point during the drive cycle. In the powertrain model, a speed controller is required additionally which
calculates traction force required to follow the speed of the driving cycles, i.e. the controller will act as
the driver of the car.

2.3 Formula Student competition dynamic events

At the Formula Student competitions, there are four dynamic events which the car will compete in [1].
The events are:

Acceleration

Autocross

e Endurance

Skidpad

The skidpad event is not relevant for this project since it is not limited by the performance from the
motors in terms of maximum power or rated power.

2.3.1 Autocross

The autocross event is a timed event where the team has four attempts at setting a lap time on the
autocross track. The specifications of the track are listed in Table 2 as specified in the FSG rules [1]. The
track layout itself can vary depending on the competition. The logged data from a typical autocross run
is shown in Figure 7 where the distance, reference and vehicle speed from the vehicle model is shown. All
of the autocross events used in the simulations will have similar characteristics to the one shown. What
should be noted in Table 2 and as can be seen in Figure 7 is that the expected duration of the event is
between one and two minutes with a distance of less than 1.5 km which means that the driver does not
need to save energy during the event and can drive the vehicle as fast as possible.

12
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Table 2: Autocross track layout rules and event specification [1]

Track specification

Distance
Straights
Constant turn diameter
Hairpin turn outside diameter
Slaloms
Track width
Duration

7.5-12 m cone spacing

> 1.5 km
> 80 m
> 50 m
>9m

>3m

1-2 Minutes

Vehicle speed

P A

Vehicle speed

30 40 50
Time [s]
Distance
I
| | | |
20 30 40 50
Time [s]

60

7

80

Figure 7: Speed and distance plots from one lap of the 2016 FSG autocross run
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2.3.2 Acceleration

The acceleration event is a timed straight line drive from a standing start. The track specification is
shown in Table 3. This event will require the largest instantaneous power from the tractive system (TS)
since the car will reach a velocity where the maximum power can be extracted without losing traction on
the wheels. The car will also reach its maximum speed during the acceleration event as seen in Figure 8,

which shows logged data fron a typical acceleration event.

Table 3: Acceleration track layout rules and event specification [1]

Track specification

Length
Track width
Duration

75 m
>5m
4-7 Seconds

Vehicle speed

B

—
Vehicle speed

3.5

0.5 » - 2 \
Time [s]
Distance
T
Lt | | |
0.5 p L s |
Time [s]

Figure 8: Speed and distance plots from the 2019 FSAC acceleration run
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2.3.3 Endurance

The endurance event is a 22 km event where the track is approximately 1 km. At the midpoint of the event,
the driver must be changed [1]. The track layout is specified in Table 4 and in Figure 9, the characteristics
for half of a typical endurance run is shown where it should be noted that the speed characteristics is

similar to that of the autocross event, but the duration of the event is much longer.

Table 4: Endurance track layout and specification [1]

800

Track specification
Distance 2-11 km
Straights >80 m
Constant turn diameter > 50 m
Hairpin turn outside diameter >9m
Slaloms 7.5-12 m cone spacing
Track width >3m
Duration 25-30 Minutes
Vehicle speed
| =rmrr
| | ! | | I | ! M
0 100 200 300 400 500 600 700
Time [s]
Distance
|
e nulli | | | | | |
100 200 300 400 500 600 700 800
Time [s]

Figure 9: Speed and distance plots from the 2018 FSG endurance run

15



Master Thesis

16



Master Thesis

3 PMSM design theory

This chapter is a summary of the basic PMSM practical and theoretical knowledge required in order to
understand the design of the PMSM. If the reader is familiar with PMSM design, this chapter can be
skipped. The PMSM consist of two main components, the stator and the rotor which are shown in Figure
10.

B [tesla]

27000
2.5202
2.3404

2.1606

1.9809
1.8011
1.6213

1.4415
1.2617
1.0819
0.9021
0.7223

0.5426
0.3628
0.1830

0.0032

_l

Figure 10: Two-dimensional model of a PMSM where the coil windings are drawn, flux density plotted
and flux lines plotted

Inside the stator of a PMSM there are several stator teeth which coated copper wires are wound around.
The coating of the wires is there to isolate them from each other so that a turn does not short circuit. The
stator material is usually a type of iron alloy known as a ferromagnetic material and when a conductor
is wound around the stator and current flows through it, a magnetic field will be generated. There are
magnets mounted in the rotor which generates a magnetic field inside the motor.

17
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During operation there are two ”separate” magnetic fields inside the PMSM, one is generated by the
rotor as previously mentioned and the second one is generated by the alternating 3-phase currents in the
stator windings. During steady state, the magnetic field generated by the rotor will lock with the rotating
magnetic field of the stator and hence synchronous speed is achieved [6].

3.1 PMSM magnetic circuit

In order to understand the fundamentals of PMSM design and the content of the thesis, the basic principles
of electromagnetism should be covered. This section will show the relationship between how a current
flowing through a coil will create a magnetic flux which will both generate a torque and an electromotive
force in the copper wires. When studying the magnetic circuit in a PMSM, a single coil from Figure 10
will be considered as seen in Figure 11, more coils and magnets will be considered later.

\ .

Figure 11: One coil from the PMSM model where phase b is wound around one stator tooth and the red
lines represent the magnetic flux
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3.1.1 Magnetic field strength and magnetomotive force(MMTF)

According to Amperes law on integral form which relates the current passing through a conductor with
surface area S to the magnetic field strength passing through an enclosed loop crossing the conductor
[7], [6]. The enclosed loop of magnetic field strength is also known as magnetomotive force (MMF). The
enclosed loop can be seen in Figure 10 where the red lines indicate this loop. The relationship is described
according to

f:%HﬂzLﬁﬁszzzy@ (23)

where:

e F is the MMF [Ary;]

H is the magnetic field strength [A/m]

J is the surface current density [A/m?]

Ione is the enclosed current [A]

i(t) is the conductor current [A]

The MFF is required in order to create a magnetic flux. In order to illustrate the generation of MFF by
having an electric current flow through a conductor wound into a coil, Amperes law on integration form
in (23) is used and is expressed as

I:éHﬂ:Ndm (24)

where N is the number of turns in the coil [6]. The MMF will generate a magnetic flux since there will
always be a closed magnetic circuit. The magnitude of the flux generated is determined by the reluctance
of the magnetic circuit [8], [7].

3.1.2 Reluctance
Reluctance is the magnetic circuit theory equivalent to resistance in electric circuit theory. It describes

how easily the magnetic flux will flow through the specific material. The relationship between magnetic
flux and reluctance is called Hopkinson’s law [7] and is in the case of a PMSM described with

F =2 Rpymsu (25)

where:

e & is the magnetic flux [Wb]

e Rparsar is the total reluctance in the flux path in the PMSM [H ~!]
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The reluctance of a uniform solid is determined by its relative permeability of the specific material, the
cross-section area of the flux path and the length of the flux path [8]. In order to reduce the reluctance of
a magnetic circuit there are three changes that can be made. Either reduce the length of the flux path,
increase the cross-sectional area of the flux path or change material to one with a higher permeability. If
the flux path is non-uniform as seen in Figure 10 where the cross-section area of the flux path will vary,
the total reluctance can be calculated by summing up the reluctance of the different parts of the flux path
[7], [6]. The total reluctance in the machine will consist of the stator core, rotor core and the air gap
which is crossed twice. For a PMSM the total reluctance is calculated as

Rparsn = » Ri=Y LA (26)

i=1 o Mo A

where:

e R; is a partial reluctance in the magnetic circuit of the PMSM [H 1]
o Iy, is a partial length of the flux path [m]

e A, is a partial cross-section area of the flux path in the PMSM [m?]
e i is the permeability in vacuum [H/m)

The materials often used in magnetic circuits are called soft iron materials and has a very high relative
permeability under certain operating conditions. This will be covered in Section 4.1.4.

3.1.3 Magnetic flux

In any magnetic circuit where a MFF is generated, there will be a magnetic flux which will pass through
an enclosed loop. That means that there will be no conservation of magnetic flux within the loop. That is
described with Gauss law on integral form for magnetic flux density which states that the net flux through
a closed surface is always equal to zero [7] which is expressed as

OziB@ (27)

where B [T] is the magnetic flux density and in practice it means that the flux entering a certain surface
also must leave it. That means that for an arbitrary surface area, the total flux can be approximated to

d=B-A (28)

assuming that the flux distribution is even across the surface. By combining (24), (26) and (25), the flux

can be written as
NI

n 1;
Zi:l Bopi-A
where it can be seen that the flux is determined by the current, the number of turns and the reluctance

of the fluxpath. Equation (29) describes how the flux is affected by the current magnitude and number
of turns for a given magnetic circuit which is composed of a series of reluctances.

o= (29)
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3.1.4 Permanent magnets

Permanent magnets act as ”batteries” in a magnetic circuit and hence is a source of MMF. The MFF
produced by a given magnet is calculated as

F = Hmag . tmag = (I)mag . §Rmag (30)

where:

o H,,44 is the coectivity of the magnet [A/m)]
® tmag is the magnet thickness [m]
o &, is the flux produced by the magnet [W]

® R4y is the magnet reluctance [H ']

The magnet reluctance depends on the magnet width, stack length and magnet remanence. The reluctance
is of the magnet can be calculated using

§Rm¢19 =B, - Amag =B, - Wmag  Lgtack (31)

where:

e B, is the magnet remanence [T
® Apnqg is the cross-section area of the magnet [m?]
® Winag is the magnet width [m]

e Lgiacr is the stator lamination stack length [m]

In PMSMs, there are several types of magnets that can be used. There are rare earth magnets such as
NdFeB, SmCo and AINiCo. These magnets require mining and can only be found on certain places on
the planet. Ferrites is an alternative to permanent magnets but according to [9], the use of ferrites will
lead to a decrease in efficiency by about 1 %. They will also require a higher number of turns in the stator
core due to a reduction in magnet flux in order to maintain the same performance. With a larger number
of stator turns, there will be a risk of having large leakage inductance and hence the torque output may
be compromised [9].

Rare earth magnets will demagnetize at high temperatures which means that their magnetic properties
will be reduced permanently. The energy density of the NdFeB magnets is reduced at higher tempera-
tures and hence the losses will increase [10]. At temperatures which are above ambient but below the
temperature where the magnets demagnetize, it can be observed that there can be some temporary de-
magnetization which could increase losses [10].
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When producing the magnets, there are mainly two methods used to form the magnets. There are
sintering and there is bonding of the magnets. Sintering is a manufacturing method where the material
is formed into one solid magnet by heating the material up to a high temperature but below the melting
temperature of the material. Magnets can also be formed using different types of bonding which offers
a higher flexibility in terms of shaping the material. The choice of manufacturing method can affect the
magnetic properties of the magnets and its thermal behaviour.

3.1.5 Faraday’s law of induction, EMF and flux linkage

When a magnetic flux passes through a surface enclosed by a conductor, the induced voltage is equal to
the negative line integral of the electric field along an enclosing line on the surface. That line integral of
the electric field strength will according to

U= }I{Edl (32)

be equal to the induced voltage or electromotive force (EMF). By replacing flux with (29), the two
”changes” that can be used to induce a voltage can be seen as either changing the surface area or changing
the magnetic flux density. When having a coil as in Figure 11 it is useful to introduce the term flux linkage
which is defined as the level of flux multiplied with the number of coil turn. The relationship between the
back EMF and the flux linkage is described as

ad 4V dA  dB
N—=————[FEdl=—-e=B— + A—
dt dt /l di=—e=B +A4% (33)

where:

e ¢ is the back EMF [V]
e N is the number of turns

o U is the flux linkage [W]

The definition of inductance is the ratio between the current and the flux linkage. In an electric machine
there are several coils as seen in Figure 10 which produce flux linkage, which means that there are two
sources of flux which can produce inductance in each coil. The inductance produced by the flux linkage
that the coil itself produces is called self-inductance whilst the inductance produced from flux linkage
from other coils is called mutual inductance. When having a coil wound around a core there will always
be some leakage flux present caused by the airgap between the strands and the core. The leakage flux
is denoted ®; and the main flux is denoted ®,,,. Hence the inductance for a single coil can be described
according to (34), which also can be described in terms of number of turns and reluctance as
2
Lyt L= =2y O N (34)
i i i R

where:

e [ is the total coil inductance [H].
e [; is the inductance caused by the leakage flux [H].

e L, is the inductance caused by the main flux [H].
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3.2 Analytical model of the PMSM

This section will contain the electric, magnetic and mechanical modelling of the PMSM and show how the
machine converts the applied phase voltage and the load torque into the phase currents, output torque
and rotational speed of the machine.

3.2.1 Electric model

As seen in Figure 10 there are 9 coils in the machine and since there are three phases, there will be three
coils per phase. The three phase voltages can all be written on the following format as

d(W,(t
Uy = Ueonpsin(wt) = Rgiq + (T()) (35)
2 d(Wy(t
U, = Ucom,sin(wt + i) = Ryip + M (36)
3 dt
2 d(W.(t
U. = Usonpsin(wt — g) = R.i. + % (37)

where:

e U, is the voltage in phase a [V]

e U, is the voltage in phase b [V]

e U, is the phase voltage in phase ¢ [V]

e Ucony 18 the voltage magnitude from the converter [V]
e R, is the resistance in phase a [(]

e Ry is the resistance in phase b [(]

e R, is the resistance in phase c [Q]

e U, is the total flux linkage in phase a [Wb]

e U, is the total flux linkage in phase b [Wb]

o U, is the total flux linkage in phase ¢ [W]
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When studying electrical machines, the use of a rotating coordinate system is common in order to be
able to model the rotor flux as DC. The reason for this is that it will simplify the dynamic model of
the PMSM [11]. In order to change the coordinate system Park transformation which is also known as
DQ-transformation is used and a transformation matrix is used [11] [12]

A
Agl [ cos(®)  cos(®—2F)  cos(©+ ) a
{Aq] N {—sin(@) —sin(0 — ) —sin(O© + 3%”) i’j (38)

where O is the transformation angle.

In order to model the PMSM in the dg-coordinate system, the voltages are re-written on matrix form as

. (v,
ULL Rsla + %
Up| = | Ryip + 20 (39)
y d(‘llc)
Ue Rsic + =5

where it is assumed that they have the same phase resistance which is denoted as R [2]. When performing
dg-transformation on the PMSM model, the direction of the d-axis is defined as the direction of the rotor
flux as can be seen in Figure 10. Hence the transformation angle should be selected to the angle between
the d-axis and the phasor from phase a [11]. That in practice means that the transformation angle will
be equal to that of the rotor position relative to phase a and as such, the angle © should be selected as
the rotor angle #,. Now performing the transformation on the phase voltages as
y d(‘IIa)

Udl _[cos(©) cos(@—25) cos(@+25) ] | @ "
[UJ o [sm(@) —sin(® — &) —sin(O + 3%”) Rip + =7 (40)

RS 7:0 _|_ d(;llc)

which gives

Ug = (Rsia + d(¥a) Yeos(0;) + (Rsip + d(mb))cos(er - 2—7T) + (Rsic + d(¥e) Yeos(0r + 2—ﬂ-) (41)

dt dt 3 dt 3
. d(v,). . o d(Ty), 2m o d(Yy,), . 2w
Uy = —(Rsiaq + 7)5271(&) — (Rsip + )sin(6, — ?) — (Rsic + )sin(0, + ?) (42)

Equation (41) and (42) is then re-written as

2 2
Uy = Rs(iqc08(0,) + ipcos(0, — ?ﬂ) + iccos(0, + g))—i—

d(¥,) d(¥y) 2r d(¥v.) 2r
—+ dt COS(HT) + dt COS(GT ?) + dt 005(97‘ + ?) (43)
.. L. 2w L 2m
Uy = —Rs(igsin(0;) + ipsin(6, — ?) + icsin(0, + g))Jr
d(¥,) . d(Py) . 2m d(v,) . 27
g o) = =g sin(Or = =) = == sin(0r + =) (44)
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From (43) and (44), it can be noted that the voltages in dg-frame can be expressed in terms of d- and
q-axis flux linkages and currents. It should also be noted that there is a time dependence on the rotor
position and hence should be accounted for in the derivatives. Hence the following expression is obtained

dv 2 2
Ug = Ryig + d—td — wp(Uysin(l,) + Vysin(f, — ?ﬁ) + Upsin(0, + ?ﬂ-)) =
. dUy
= RSZd + W - wT\I/q (45)
U, = Rgig + % + wp(Pycos(6y) + Upcos (0, — 2%) + Uycos(0, + 2%)) =
av
= Ryiq + cth +w ¥y (46)

where w, is the time derivative of the rotor angle.
3.2.2 Magnetic model

As mentioned in Section 3.1.5, the total flux linkage in a coil consists of several components. In the case
of the PMSM the flux linkage has four components. That is the flux linkage from the coil itself, the
two adjacent coils and the permanent magnet [13] [11]. The flux linkage can be modelled in terms of
self-inductance, mutual inductance and magnet flux linkage and can be written as

U = (Ls+ L1 + Lin2)i + Vpu (47)

where L,,; [H] is the mutual inductance from the first of the two adjacent coils and L,,2 [H] is the mutual
inductance from the second coil. For the three phase PMSM, the phase flux linkages will be expressed as

\Ila Laia + \IIP]\/ICOS(HT)
Uy | = | Lyiy + Vparcos(6, — 2F) (48)
v, Lei. + \I/P]\/[COS(QT + %T)

The inductance components are then also expressed on matrix form as

La laa lab lac
Lmatriz = Lb = lba lbb lbc (49)
Lc lca lcb lcc

where:

L, is the inductance in phase a [H]

e [, is the inductance in phase b [H]

e L. is the inductance in phase ¢ [H]

e [, is the self-inductance of phase a [H]

o Iy is the self-inductance of phase b [H]

o I is the self-inductance of phase ¢ [H]

¢ ljq is the mutual inductance in phase b caused by phase a [H]
e [, is the mutual inductance in phase c¢ caused by phase a [H]

e [, is the mutual inductance in phase a caused by phase b [H]
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o I, is the mutual inductance in phase a caused by phase ¢ [H]
e I is the mutual inductance in phase ¢ caused by phase b [H]

e I;. is the mutual inductance in phase b caused by phase a [H]

The mutual and self-inductances themselves consist of several components which are caused by the dif-
ferent harmonics of the flux and is calculated according to [14]

laa = Laao + Laazcos(26,) (50)
27
lbb = LaaO + LGGQCOS(Q(HT - E)) (51)
27
lcc = LaaO + Laa2cos(2(07‘ + ?)) (52)
lop = Lba = —[Lubo + Laaacos(2(0, + %))] (53)
lbc - ch = _[LabO + Laa2803(2(07~ + g))] (54)
5
lac = Lca = _[LabO + Laa2608(2(9’f + F))] (55)

where:

e L,q0 is the fundamental harmonic of the self-inductance in phase a [H]|
e L,q2 is the second order harmonic of the self-inductance in phase a [H]

e Lo is the fundamental harmonic of the mutual inductance between phase a and b [H]|

Now the equations are inserted into the inductance matrix described in (49) as

Lmatriz =
[Laao + Laa2cos(26,)] —[Labo + Laazcos(2(0r + %)) —[Labo + Laazcos(2(6, + 3F))]
—[Labo + Laa2cos(2(0, + §))]  [Laao + Laa2cos(2(6, — 2?’T))] —[Labo + Laa2cos(2(0, — 5))] (56)
—[Lapo + Laa2cos(2(0, + 5%))] —[Labo + Laa2cos(2(0-%))] [Laao + Laazcos(2(0; + 2?’T))]

The flux linkages in the machine can now be expressed in terms of inductance harmonics and phase
currents according to

U, = (Laao + Lap, + gLaagcos(%r))ia + ?Laagsin(%r)(ib — i) + Ypprcos(6;) (57)
3 2 3 2 2
W = (Laao + Lasy + 5 Laazcos(2(60, — g)))iﬁ %Laagsm(z(er _ g))(ic —ia)+ Upprcos(, — g) (58)

3 2 3 2 2
U, = (LaaO +Labo + §Laa2608(2(97‘ + ?ﬂ-)))lc + gLGGQSin(Z(QT + ?ﬂ—))(la - Zb) + \IIPMCOS(GT + ?Tr) (59)

which will be used to derive the flux linkages in dg-frame.
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Now Parks transformation is used

1]
Wy| _ [ cos(6r)  cos(6, —3)  cos(6, + ) a
[\IJJ N [—sm(er) —sin(f, —3%”) —sin( r+32§) ib (60)

to obtain the d- and q-axis flux linkages and placing the d-axis in the direction of the rotor flux [12] [11].
The d- and g-axis flux linkages is now expressed as

3 .
\I/d = (LaaO + LabO + §Laa2)2d + lIIPM (61)
3 .
‘Ilq = (Laao + LabO — iLa(lg)?’q (62)

and hence the inductance’s can be re-written as

3

Ld = LaaO + LabO + §Laa2 (63)
3

Lq = LaaO + LabO - iLaaZ (64)

where it can be noted that the second order harmonic of the self-inductance is the difference between the
d- and ¢- axis inductances [11]. Now the expressions for the d- and ¢- flux linkages can be inserted into
(45) and (46) and expressed in terms of inductance which gives

di
Uq = Ryig + de—: — wyLyiq (65)
o dig |
U, = Ryiy + LSE + wyLaiq + w,-Ypas (66)

3.2.3 Mechanical model

The output power from a PMSM is the output torque multiplied with the mechanical speed and is also
equal to the input electric power minus the copper losses if it can be assumed that the other losses (iron,
magnet, bearing,...) losses are small. Hence the following equation is obtained.

Ppysy = Tpyusmwpymsm = % (67)
where p is the number of poles in the machine. A pole pair in a machine can be explained as one
magnetic circuit in which flux will flow. If the machine has several pole pairs, that can be visualized as
several magnetic circuits connected in parallel. These magnetic circuits will all contribute to the total
flux produced in the machine and each magnetic circuit has their own MMF source. For the mechanical
model of the machine that means that the torque will have a linear dependency of the number of pole
pairs. The relationship between the mechanical and electric speed will also be influenced according to
(67). When deriving the equation used to model the PMSM torque, Clarke transformation is used where
a three-phase system is transformed into a two-phase system. This type of transformation is also known
as af-transformation. The transformation matrix is defined as [15]

g 2 1 _1 S
[S"} =K [8 IR ¢ ) Sh (68)
o Ve Ve s,

where K is the scaling constant. The scaling constant will determine what the relationship between the
abc-frame and the af-frame. If K=1, the transformation will be amplitude invariant which means that
the amplitudes will be the same in the two frames.
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The ap-frame is a stationary frame which means that the coordinate system does not rotate which it does
in dg-frame. One can transform from afS-frame to dg-frame using the Euler formula as [11]

Agg = e7708,5 (69)
Where:

L4 Adq :Ad+qu
® Sap=Sa+ 7S

The electric active power P, [W] is the input power of the machine and is calculated using

ia(t)
Pe(t) = Ua(t)ia(t) + Up(t)in(t) + Ue(t)ic(t) = [Ua(t) Un(t) Ue(t)] ibgti = (70)
Te(t
_ 1Tyt [tal(t)| 3 ia(t)| _
= [Ualt) Ug@®)] A" A Lﬁ(t)} = 57 [Ua(t) Us(t)] Lﬁ(t)} = (71)
= S (UalD)ialt) + Ual0)in(t)) = ReULI: (72)
where:
e A~!is the inverse Clarke transformation matrix which is expressed as
S 1 0
AL B | [Se] _ p-t [Sa
SR 5= 5] (79)

e U is the stationary frame two phase equivalent voltage [V] and is expressed as
Us = Ua(t) 4 jUs(1) (74)
e I, is the stationary frame two phase equivalent current [A] and is expressed as

Is = In(t) + jls(t) (75)

Now combining (70) and (67) and using amplitude invariant transformation, the torque of the PMSM is
expressed as
3p 3p

Re((Us,o — RI)I) = 0 Re(jw, V1Y) = 50 Im((Lgiq+ Lqiq + VY par)I;

Im((Laia + jLgiq + Ypm)IS) = 25 Im((Laia + jLqiq)(ia + jiq) + Vparls)

3p
2w, K?
_
- 2w,

Trymsm =

Then the torque output from the PMSM can be written as
3p 3p

B B
as described in [6] [16], [11]. When operating the machine in the car, there will be a load torque acting in

the reverse direction of the rotating mass. The mechanical speed equation of the PMSM can be written
as

Terrmsm = (\I/diq — \I/qid) = \I/pMiq + ((Ld — Lq)iqid)) (76)

dePMSM

=T — Tloa 7
i PMSM load (77)

where:

e J is the machine inertia [kgm?]

® Tioaq is the load torque [Nm)
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3.2.4 Base speed and field weakening

The rated speed is defined as the speed at which the phase voltage has reached its rated value (maximum)
and the back EMF in the motor has reached a level to completely level out the applied voltage. The back
EMF depends on the flux magnitude and the speed of the machine according to (33). After reaching
the base speed, the maximum power output from the motor will remain constant. At voltages below the
rated voltage, the motor will operate at its maximum torque per Ampere (MTPA) angle but in order
to reach speeds higher than the rated speed, the field in the machine must be reduced. In order to do
that, a larger negative current in the d-axis must be applied as can be seen in (66) to reduce the effect
of the back EMF, w,¥p,;. The change in angle between the d- and g-axis current will cause the torque
to drop due to no longer having the MTPA angle which shown in Figure 12 which a typical torque- and
voltage-speed curves for a PMSM.

Torquelpu]

| | 1 1 1 I |
0 0.2 0.4 0.6 08 1 1.2 1.4 1.6
Speedfpu]

Back EMF[pu]

e L L 1 | L L L 1
0 0.2 0.4 0.6 0.8 1 12 14 16
Speed|[pu]

Figure 12: Torque-speed and voltage-speed curve of a PMSM in per-unit values

3.2.5 Maximum torque per Ampere(MTPA)

According to (76), for a given current amplitude I,,,4 there will be an angle 8 at which the maximum
torque is achieved [11], [8]. That is called the MTPA angle which influences the currents according to

ia = Inagcos(5) (78)
tq = Imagsin(B) (79)
In order to obtain the current angle, (76) is re-written as
3p . 9 1
Tpyvsm = 3(‘I’PMImagsm(5) + (La — Lq)—rmag§31”(25)) (80)

In order to find the maximum torque, the angle-derivative of the torque is set to zero and solved to the
angle 8

UM (0 1 gc05(8) + (L~ L ngeos28) =0 1)
\IJPM 1 \IIPM
) = L LT V 2 G LTy =
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Now the current magnitude for a specific torque requirement can be calculated as

_ Wpn 2 v, 9
Iinag = 2(Lgq — Lg)cos(5) + \/Sp(Ld — Lq)%sin(Zﬁ) Temres + (2(Ld — Lq)cos(ﬁ)) (83)

where this equation would later be used to calculate the current required to reach a certain torque in the
FEM model [11]. The CFS17 motor is designed such that L, > Ly which means that the current will be
in the second quadrant for positive torque and in the third quadrant for negative torque.

3.2.6 Losses

From an electro-magnetic point of view there are three types of losses in a PMSM. There are resistive
copper losses in the windings, iron losses in the stator and rotor cores and magnet losses in the magnets.
The two latter types of losses are caused by varying magnetic fields in the respective materials. The total
resistive losses in a three-phase copper winding is calculated as

Pres =3-R, - I? (84)

rms

but it does not however consider the fact that the type of current used is an alternating current (AC) and
with that comes more losses. The reason for AC causing more losses is because of the charge distribution
within the strands. The reason for this uneven distribution is the skin effect, proximity effect and the
possible presence of circulating currents [17], [18]. As the frequency increases, the losses in the copper
will increase.

Also, when approximating the losses in a PMSM the winding layout must be considered and especially
the wire length. The resistance of a wire with length ;.. [m] is calculated using

lwi'r‘e
RQO" = Pcopper,20° T (85)

wire

where peopper,200 is the resistivity of copper at 20 degrees. The temperature dependence of a conductor
must also be taken into account and is given by

R(T) = Ro(1+ ao(T - Tp)) (86)

where:

e R(T) is the resistance as a function of temperature [()]

e Ry is the calculated resistance at temperature Ty [€]

Ty is the temperature at which the original resistance is calculated. This is usually at ambient
temperature. [K]

« is the temperature coefficient of resistance which determines the rise in resistivity as the temper-
ature increases

T is the temperature of the material. [K]
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The iron losses are difficult to calculate by hand. The iron losses consist of three main terms, hysteresis
losses, Eddy current losses and excess losses. The hysteresis losses are described by the first term in the
Bertotti equation. The second term is the Eddy current losses, and the third term is the excess losses
[19]. The loss per kilogram in the iron core is calculated using the Bertotti equation as

Prejig = fmPo(Bmas) + 7°0d* Bl 0 2 /6 + 83/ 0 GSVoBY2, £3/2 (87)

where:

® Ppe/pg is the iron losses per kilogram of weight [W/kg]

P, is the per electric cycle hysteresis loss [W/kg]

fm is the magnetizing frequency [Hz]

o is the conductivity of the material [S/m)]

d is the lamination thickness [m]

Binaz is the peak flux density [T

G is the mobility coefficient [m?/(V - s)]

?]

S is the cross-section area of the lamination [m

e 1} is the material characteristic statistical distribution function of the coercive fields.

The FEM software uses this relationship but has different version of (87) which is more commonly used
and is expressed as

PFe/kg:Pe+Ph+Pc (88)
where:
e P.is the Eddy current losses [W]
e P, is the excess losses [W]
e P, is the hysteresis losses [W]
These losses are then calculated as
Pc = kc : (Bmazfm)2 (89)
Pe = ke . (Bmaavfm)L5 (90)
P}L - kh . B;%ZI m (91)

where:

k. is the Eddy current loss coefficient

k. is the excess loss coefficient

ky, is the hysteresis loss coefficient

B is a measured value that is material specific

When (91), (90) and (89) is applied in time domain, the excess and Eddy current losses is usually fairly
accurate, but the hysteresis losses may not be [20].
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4 Design and manufacturing considerations

This chapter will cover the practical design considerations which must be considered when designing a
PMSM.

4.1 Stator winding and arrangement options

According to (29), the flux generated from the coils has a linear dependency on the current, if the per-
meability is unchanged. In an ideal case, the flux will behave as a sinusoidal waveform which means that
the torque and back EMF will behave in the same way. As a certain flux passes through a coil, a back
EMF will be induced according to (33). An increase in the number of turns will lead to an increase in
the induced back EMF for a given flux. That means that the motor will enter field weakening at a lower
speed provided that the maximum supply voltage is not increased.

There is a certain distance between the machine poles which is called the pole pitch [8], [16]. That
is not to be confused with the angle between the poles which sometimes also is called pole pitch [6]. The

pole pitch is defined as
Nslot

Npole

Yp = (92)

The coil pitch is similar to pole pitch but for coils instead. It depends on the number of winding layers

and if distributed or concentrated windings are used. There will be an offset «,, between the fundamental

flux and the back EMF which depends on the number of phases and the slot per pole per phase number

and is given by

360
2Nphaseq

This angle will influence the harmonics of the flux and the back EMF of the motor. The coil pitch is the
distance that a coil will cover i.e. the distance covered by the end windings [8].

(93)

Qg

4.1.1 Number of turns per phase

In an electric machine there are generally two methods to increase the maximum torque of the machine
at base speed. According to (76) an increase in the number of turns will lead to an increase in the torque
given that the current remains fixed. The flux of the electric machine is limited due to the eventual
saturation of the core whilst the number of turns is limited by the slot area. Also, when increasing the
number of turns, the back EMF will increase according to (33). Given that the maximum supply voltage
is fixed according to the FSG rules [1], having a too large back EMF will force the machine to enter field
weakening at an earlier stage. Due to the winding layout in the CFS17 motor, the motor could experience
some problems when entering field weakening. That will be discussed further in the next section. In order
the to maintain the torque output of the motor, MMF of the motor should remain constant. That means
keeping the number of turns multiplied with the current constant. That can be mathematically expressed
as

Feoil = Ntu'r‘n,phase -1 (94)

where F,y; is the coil MMF which is kept constant when re-designing the motor. In order to reduce the
copper losses in the machine, the number of turns in the machine should be kept as high as possible to
reduce the current needed to reach a certain torque. That is however assuming that the magnet flux will
be unchanged which is not completely true unless the rotor layout is changed. Having a higher number of
turns will however also lead to higher resistance in the coils and if the fill factor is to remain unchanged,
the stator slot area has to be increased. Increasing the slot area could lead to an increase in iron losses
due to a possible increase in stator reluctance.
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4.1.2 Concentrated and distributed windings

There are two types of winding methods commonly used in PMSMs. Distributed windings and concen-
trated windings. Distributed windings mean that the one coil windings are not concentrated to a single
stator tooth but is instead overlapping with other phases. A distributed winding layout is shown in Fig-
ure 14 which is a stator from an old induction machine. Concentrated windings mean that the windings
are concentrated to one stator tooth. In Figure 13 the concentrated winding used in the CFS17 PMSM
is shown. The main advantages of using concentrated windings are reduction of copper losses due to
shorter length of the windings and weight reduction due to the shorter strands [21]. The power density
is also higher for a motor with concentrated windings [22], [21]. According to [22] concentrated windings
are commonly used for traction applications although that type of winding can cause problem with field
weakening and motor flux control. Another problem with the use of concentrated windings was studied by
[23], where it was concluded that the use of that arrangement caused an increase in Eddy current losses
which was attributed to variations in flux density caused by the slot openings and the variations of flux
path length due to the rotation of the rotor.

The problems in field weakening attributed to concentrated windings can lead to increased MMF harmon-
ics which in turn could lead to increased losses in the rotor [24]. At high-speed operation, the possible
increase in iron losses may outweigh the possible decrease in copper losses. However, if the losses in the
rotor does not increase substantially and the losses mainly increase in the stator core, there could be
beneficial effects in terms of cooling since it is generally easier to cool the stator core than the copper
windings.

Figure 13: Concentrated winding used in the CFS17 PMSM where the insulating mylar sheets and 3D-
printed end winding insulation also can be seen

Figure 14: Distributed windings, from an induction machine stator

33



Master Thesis

4.1.3 Coil connection

As previously mentioned, the number of turns in the coil determines the torque and back EMF in the
machine as well as the losses in copper wires. The losses are determined by the current and the wire
resistance. In the CFS17 motor, the phase coils were all connected in parallel which means that the
number of turns per coil had to be increased in order to obtain the correct number of turns per phase
as compared to if they would have been connected in series. The main advantages of having the coils
connected in parallel is that the current passing through each coil will be reduced and hence thinner wires
can be used which makes the process of winding the stator easier. Such a connection is shown in Figure
15. Alternatively should the wire thickness not be reduced, the total phase resistance is reduced and the
copper losses will decrease which could be desirable since a majority of the losses in a PMSM occurs in
the windings.

However this requires as mentioned, a greater number of turns per coil and there is a risk of getting
an imbalance in the motor due to varying coil inductance or resistance. The varying resistance could be
caused by varying strand length in the different coils due to inconsistent windings and the variations in
inductance could be caused by different number of turns on each coil. By connecting the coils in series as
shown in Figure 14, both of the above-mentioned disadvantages are solved since the current will be the
same through all of the coils and also there is less of a risk of having an unequal distribution of the MMF in
the magnetic circuit. That is because the lower number of turns needed is lower compared to the parallel
coils, the risk of miscounting is reduced. However, the current passing through each coil is increased so
the strand size will need to be increased in order to reduce the resistance in the wires. Increasing the
strand size will cause problems when winding the motor because the wires are more difficult to shape and
package when winding the stator.
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Figure 15: Equivalent circuit for the stator winding using parallel connection of the coils
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Figure 16: Equivalent circuit for the stator winding using series connection of the coils

4.1.4 Soft iron materials

In any medium, the reluctance is decided by the material geometries and the permeability of the material.
In air the permeability is constant and hence relationship between the magnetic flux density and the mag-
netic field strength will remain constant. In electric machines, different metal alloys are commonly used
as cores which encapsulates the magnetic circuit. The materials are defined as ferromagnetic materials
which means that the relative permeability is much larger than 1 [7].

These materials with a higher permeability can achieve a much lower reluctance than air. That is however
at the cost of not having a constant permeability and as the magnetic field strength increases to a certain
level, the core material will saturate. This is called hysteresis which also entails another phenomenon
whereas a magnetic field is applied, there will be a corresponding flux density and when it is removed,
there will still be a level of flux remaining within the material.

The flux density which remains when there is no magnetic field is called the remanent flux and is denoted
B,.. In order to reduce this remanent flux, a negative magnetic field must be applied. The magnetic field
strength required to reduce the flux to zero is called the coercive field intensity and is denoted H,.. If a
larger negative magnetic field intensity is applied, a flux in the opposite direction will appear and if the
field intensity is removed, the flux will drop to its remanent flux level but in the opposite direction [7],
[6]. The materials used in the CFS17 motor is M235-35A and Vacodur 48 and their respective BH-curves
are shown in Figure 17 and 18 respectively.
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Figure 17: BH curve for the rotor lamination material, M235-35A
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Figure 18: BH-curve for the stator lamination material, Vacodur-48

There is also a second dependency in the ferromagnetic materials which is that of frequency. When the
frequency increases, the BH-curve will become more narrow which means that the material will magnetize
at a lower field strength and will also saturate at a lower field strength. The stator core in an electric
machine is affected by the temperature increase in the machine where according to [25], mainly the
relative permeability in the saturation region is affected by temperature increase. That would mean that
the maximum torque of the electric machine will decrease as a result of the premature saturation of the
stator core.
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4.2 Pole-Slot combinations

The number of poles in a PMSM is one of the most important design parameters. Having a large number
of poles will reduce the required current/number of turns factor and/or reduce the need of magnet flux
linkage. However, having a higher pole number will require a higher electric frequency in order to obtain
the same mechanical speed in the machine [8], [11], [26]. The number of poles selected will have a great
impact on which slot numbers are viable and vice versa. The restrictions on the pole slot combinations
will be determined the structural strength required by the rotor and the physical space restrictions on
the outer diameter of the motor. The pole selection will be based on how many poles that the rotor is
able to house without compromising its structural integrity. Having a high number of poles comes with
the advantage of having more parallel magnetic circuits in the machine which can allow for higher total
flux in the machine and hence increase the torque. When designing the motor, the slot number must be
specified and one of the most important parameters when designing the PMSM is the number of slots per
pole per phase [6], [8], [16] which is calculated using

Nslot

—_— 95
NpoleNphase ( )

q:

where:

o Nt 1s the number of stator slots
® Npole is the number of poles in the motor

® Nphase is the number of phases used

According to [27], the optimal choice for the number of slots per pole per phase number is 0.5 in order
to obtain the lowest working harmonic as the lowest harmonic. Working harmonic is also known as the
fundamental harmonic which is the torque producing part of the MMF.

For other pole-slot combinations, there will exist sub-harmonics which will limit the performance of the
machine. The reason for this is the addition of unintended fluxes, EMF behaviours and torques which in
turn will cause additional losses in the machine. [27], [6]. The key winding factor is defined as

Nslot
NPhase . GCD(QZ% Nslot)

Ww,factor = (96)

and is a common performance indicator for electrical machines. It indicates if the selected pole-slot
combination will lead to a balanced motor for the phases, i.e. if the factor is a positive integer [27] and
how many coils per phase the motor will have. The greatest common denominator also indicates if the
magnetic forces in the machine is balanced or not. If the magnetic forces are not balanced there can
be high levels of magnetic noise in the motor and hence noise in the torque output [28], [27]. In high
performance machines, the key winding factor is often low. The general definition of the winding factor
is the product of the distribution factor and the winding pitch factor [27]. It is calculated as

b = kg - K (97)

where:

e k, is the winding factor.
e k, is the distribution factor.

e k), is the winding pitch factor.
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The distribution factor is the relationship between the sum of the phase phasors and the geometrical sum
of the phasors [29]. If ¢, is even, the distribution factor is calculated as.

sin( %k 2zh)
kq = 22 98
d Q;éh SZTA( Sh,) ( )
And if gy, is odd, the distribution factor is instead calculated using [29]
sin(qpp 2t
by = S ) aih) (99)
qpnsin(=5*)
where:
® gpp is the number of slots per phase and must be an integer.
e ay is the angle between two adjacent stator tooth [°]
The number of slots per phase is calculated using
Nslot
Gph = 100
P NphaseGOD(Nslotv p) ( )
and the angle between two adjacent slots is defined as
360°
Oéph = TGCD(NSlot,p) (101)
slot
Finally the pitch factor is defined as
360°pyp
ky = sin—slet (102)

2
where y, is the pole pitch and is covered in the next Section [29], [8].
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4.3 Rotor topologies and losses

In PM machines there will be significant space harmonics in the MMF present which will induce Eddy
currents inside of the conductive rotor core due to being asynchronous with the rotor speed [30]. The MMF
harmonics contribute to the total rotor losses in the rotor where the slot openings also are a contributing
factor. That means that having a closed slot design could potentially reduce the losses within the rotor.
According to [30] the use of single layer windings has larger rotor losses due to the increase of low order
MMF harmonics compared to double layer windings [30]. Another source of low order harmonics in the
MMF is the presence of harmonics on the phase currents. The MMF generated in a coil was given in (24)
and then the total MMF in the stator is given by

F o Nseries
current —
N,

parallel

(iaNturn,coil + Z'b]\']'ifurn,coil + icNturn,coil) (103)

where:

® Feurrent 18 the total MMF in the stator [Agyrm]
® Nparallel is the number of coils connected in parallel

® Ngeries is the number of series connected coils

The current harmonics could be caused by the inverter design and in this project, it is assumed that the
current supplied to the machine is an ideal sinusoidal waveform. The harmonics can also be caused by
imperfections in the magnetic circuit such as local points with high reluctance [31]. In the old CFS17
PMSM, the motor used internally mounted PMs (IPMs) which compared to surface mounted PMs will
lead to lower Eddy current losses. The Eddy current losses are mainly caused by the change in permeance
in the air gap caused by the slot openings. The use of IMPs is common within the automotive industry
due to the increase in torque density which is caused by an increase of the saliency in the machine [32].
In the rotor there are what is known as flux barriers which are cutouts in the rotor laminations which
are usually close to or directly connected to the magnet pockets in which the magnets are inserted. The
purpose of those is to reduce the magnet leakage flux and that is done by replacing the ferromagnetic
material with air in areas where that flux would otherwise pass through. The leakage flux will mainly be
passing through the rotor ribs and the rotor bridge as can be seen in Figure 10 and therefore limiting the
amount of ferromagnetic material in the ribs and bridges is desirable from an electro-magnetic point of
view.

When designing the rotor, the flux paths of the coil and magnet must be considered since they will not
be the same. The flux produced by the coils will flow through the ribs of the rotor which means that
they cannot be too small or otherwise there will be significant hysteresis losses. Also, they cannot be
too large, otherwise there is a risk of having significant leakage flux from the magnets. In terms of rotor
topology, there are several important factors to consider. The magnetic flux produced by the magnets is
the first consideration where different topologies will lead to different fundamental flux magnitudes but
also different harmonic contents. The cut-outs needed for the magnets in the rotor stack will influence the
structural integrity of the rotor and depending on the expected forces acting on the rotor stack. Also, the
thermal behaviour of the rotor material is important and especially for high performance machines. As
certain materials are heated up, they expand, and that behaviour could be problematic since the airgap
between the stator and the rotor is generally small for high performance machines. The CFS17 motor
uses a flat magnet rotor design which has the main advantage of being easy to manufacture [33]. The
downside with that topology is that it has higher losses when operating the motor in field weakening [34].
According to [35], the torque will be slightly higher in the constant torque range as mentioned previously,
the losses will be higher. [36] suggest the use of decentred permanent magnet topology should be used for
motors requiring high efficiency and high torque.
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In addition to the working torque produced by the machines, there will be other components of the output
torque. One such component is the cogging torque which is an undesirable effect caused by the attraction
forces between the stator and the permanent magnets which causes torque ripple and could make the
motor more difficult to control. The cogging torque also manifests itself as noise and vibrations which
is especially prevalent at lower speeds [37]. Cogging torque is mainly caused by the stator and rotor
design structure and is attributed to the flux in the air gap. However according to [37], the methods
that can be used to reduce the cogging torque in a given machine with surface mounted PMs will reduce
the overall performance of the machine. The use of inset mounted magnets is one method to reduce the
cogging torque of the machine [38]. Torque ripple is a component of the torque which is present when
the magnetic circuit is energized. Ripple torque consist partially of the cogging torque but also by torque
components caused by harmonics in the flux of the machine. The torque ripple varies depending on the
rotor angle and can be reduced by increasing the number of poles in the rotor.

4.4 Manufacturing and degradation

This section will cover the manufacturing options for the machine and the possible performance effects of
each method discussed.

4.4.1 Winding

As previously mentioned, the coil winding method previously used was winding by hand and that is not
a time efficient coil winding method. Since the motor will use concentrated windings, the manufacturing
options is reduced slightly. Concentrated winding can be wound using a needle-winding machine where a
needle is inserted between the coils. Using a needle is usually not preferable for high performance motors
due to the gap needed between the two coils which needs to be able to accommodate the needle which
would mean that it is not possible to obtain a high fill factor in the machine. One option when using the
needle-winding method, whilst still obtaining a high fill factor is to partially wind one coil to the extent
that there is enough space for the needle to wind the coil next to it and then extract enough wire out of
the machine to wind the remaining coils [39] [40]. The remaining turns is then wound by hand and that
might be a way to reduce the manufacturing time.

Another option would be to divide the stator into segments which is wound individually and then is
glued together to form the stator. One possible problem with this method would be to ensure that the
stator becomes completely symmetrical. That is especially important for the airgap where a varying
gap length could cause a failure of the motor. Especially when the rotor temperature increases, and the
material expands. The rotor losses will be at its maximum at high speeds which means that the risk of
having the temperatures rise to the extent of the material expanding so it comes into contact with the
stator. That will result in the rotor welding itself to the stator.

4.4.2 Cutting and bonding stator and rotor laminations

The manufacturing of the stator laminates for large volume motors are generally done through punching
of metal sheets but that method is generally quite expensive due to the cost of the equipment. For smaller
batches, the laminations are often laser cut or water cut due to the significant reduction in cost [40]. Two
other options would be to water cut the stator laminations or to use wire electrical discharge machining.
According to [41], the choice in manufacturing procedure has an influence on the motor efficiency and that
using wire electrical discharge machining will give the highest motor efficiency. Also, the degradation also
is extended some distance into the lamination from the point of cutting. According to [42] this surface
extends to 1-1.5 mm when using punching as the lamination cutting method.
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Once the stator laminations have been manufactured, they need to be bonded to form the stator core.
This could be done in several ways. One option is to weld the stator laminations together which would
then cause a short circuit the laminations at the welding point which could lead to higher iron losses due
to higher Eddy currents. Another option is to have holes drilled in the laminations and in which bolts
are inserted, which clamps the laminations together. Using this will not only cause problems with short
circuiting the laminations, but also the flux path is interrupted. That will cause there to be local regions
with high flux density which will lead to even higher core losses due to increased hysteresis losses. That
can also be achieved when winding the stator where the windings themselves can hold the laminations in
place. That would both solve the issue of shorting out the laminations and the local regions with high flux
density. It would however add a level of instability in the stator core which could become a problem if the
stator is to be press fitted into a cooling jacket. The technique used in the CFS17 motor is to assemble
the laminations using a coating on each lamination before they are stacked and then they are cured in
place. In the case of the CFS17 motor, since the motor is to be press fitted into a cooling jacket, having
the correct positioning on the laminations is important in order to reduce the risk of damaging the stator
when pressing. According to [43], when using punching and welding the stator laminations together the
losses increase due to degradation of the stator laminations. The performance deviation between different
motors manufactured with the same method also increases. However, it was also concluded that the
deviation was larger between motor batches and was found to be caused by differences in steel quality.

41



Master Thesis

4.5 Coll insulation and thermal behaviour

The windings used in the stator coils are coated with an insulated coating but that is not sufficient insu-
lation against the stator. Usually on electric machines, sheets of Nomex based or Mylar material is used
as insulating material between coils and between windings and the stator which can be seen in Figures 13
and 14. The use of these materials could potentially create a problem in terms of cooling in the machine.
The thermal properties of the insulation materials are generally poor as compared to the rest of the motor.

Also, at the ends of the stator, an insulating material is needed when having concentrated windings.
In the CFS17 motor, the insulation was 3D-printed which added some length to the motor. The end
windings are also usually the point where the highest temperatures are reached due to the reduced cool-
ing surface compared to the other parts of the coils. The end winding insulation used on the CFS17
motor is shown in Figure 19. There are two versions of this end winging where one of them are designed
such that it has small engravings on the inside of the ring which has the purpose to guide the ends of the
strands to simplify the y-connection.

£

Figure 19: 3D-printed end winding insulation where cut-outs for the end wires can be seen
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4.6 Rotor assembly

The CFS17 motor used NdFeB magnets in the rotor which are glued into the rotor. That rotor is shown
in Figure 20. One problem with that was that the curing temperature of the glue was close to the
demagnetization temperature of the magnets. As can be seen in Figure 20, there is a cut-out for the rotor
shaft and there is a guidance cut-out as well which is important such that the rotor does not start to slip
from the shaft. Also, since two separate rotor stacks are used to form one full rotor, it is important that
the poles are aligned in order for the PMSM to function properly.

Figure 20: The CFS17 rotor where the cut-out for the guide pin and where the magnets have been glued
into the rotor

4.7 Cooling

Electric machines and especially PMSMs using rare earth magnets must not reach too high operating
temperatures. If the temperature would reach too high levels, the ferromagnetic material will saturate at
an earlier stage and more importantly the magnets could be permanently demagnetized or the winding
insulation could be permanently damaged which could lead to short circuits. As the power density of
new traction motors increases and they become smaller, the effects of passive cooling are reduced due to
smaller cooling surface. It means that active cooling is required to cool those motors [44]. The previous
motor had an efficiency of 91 % at the rated power of 13.5 kW. It means that 1.1215 kW in heat losses
must be cooled. There will be heat dissipation in both the rotor and the stator. The CFS17 PMSM was
cooled by the use of a cooling jacket which the stator is press fitted into. Using a cooling jacket is a form
of indirect liquid cooling where the internally generated heat will conduct through the stator core into
the inner channels of the cooling jacket where water flows. A simplified model of the cooling system used
is shown in Figure 21.

In the industry, one common method for cooling machines is using air cooling by mounting a heat sink on
the stator which has a large surface area and mounting a fan on the rotor shaft or via a belt drive which
will force air through the stator and cool the rotor [44]. In some cases, a separate motor is used to cool
the motor but that solution in not commonly used for automotive applications. Cooling the rotor in a
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PMSM is more difficult since liquid cooling would increase the mechanical losses in the stator as well as
adding complexity to the design. According to [44], there are options to have internal cooling inside the
rotor shaft. One could also use spray oil cooling which then also could be used to cool the copper in the
motor. One benefit of using that type of oil cooling would be that there will be no need to pot the motor
using epoxy which would also make it possible to replace damaged coil windings. Using oil cooling could
also allow for a lower weight cooling jacket since an inner layer will not be needed but also there would
likely be a need for an oil pump in order to get sufficient cooling in the entire stator.

Stator

Cooling jacket

Figure 21: Simplified drawing of the cooling used in the CFS17 motor where the stator, rotor, cooling
jacket and water flow path are shown
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5 Methodology

The first step when designing a PMSM is to find the performance requirements as specified in the design
flow chart shown in Figure 22. The performance requirements were obtained using the 1D-powertrain
bicycle model described in Section 2.2, which was used to analyse driving cycles. The driving cycles
themselves was speed data gathered at competitions and the events described in Section 2.3 (acceleration,
autocross and endurance) was studied. That was the acceleration, autocross and endurance events. After
obtaining the rated and maximum speed and torque of the machine, the FEM model of the old CFS17
motor was studied and the simulations was performed on that model to verify that it functioned as
expected. Next two design concepts were developed and after evaluating the two, one would be further
improved in an iterative design process. The first concept would seek to decrease the stack length whilst
the second concept would be focused on reduced the outer stator diameter. The concepts were evaluated
based on their maximum torque, phase voltage waveforms and rated operation. After deciding on a concept
design to use in the iterative design, the concepts existing problems was investigated and proposed changes
for the second iteration was presented and then implemented. The new iteration was then compared to
the older versions and if the problems observed previously was not solved or that new problems arise, a
new iteration would be made were changes would be implemented to eliminate these problems. When an
iteration of the PMSM fulfilled the performance requirements, design goals and practical requirements, it
would be compared to the previous versions in terms of cooling capabilities at rated operation and their
overall weight would be compared. Also efficiency maps for some motors were obtained to investigate if
the motor efficiencies have changed compared to the CFS17 motor. Finally suggestions for manufacturing
would be made based on the literature study conducted in Chapter 4.4. Also suggested improvements for
future motor design projects was discussed and presented where improvements to the methodology, tools
used and future areas of interest would be recommended.
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5.1 CFS17 PMSM and motor geometry definitions

The CFS17 PMSM was designed using an iron-cobalt alloy as specified in Table 5 where the specification
of the motor is shown. The iron-cobalt allows for flux densities above 2 T and having materials which
allow for high flux densities will enable the motor to have a high power density compared to motors with
materials with lower flux densities. The motor has 9 slots and 3 pole pairs which means that it has half
a slot per pole per phase and the lowest working harmonic of the MMF will be producing the torque.
Concentrated windings are utilized which will provide advantages in terms of weight and lower copper
losses. Each phase has three coils connected in parallel and the main reason for that is that it would
not be possible to wind the stator with the thicker wire required to connect the coils in series. Due to
the parallel connection of the coils, only a third of the total phase current will pass through each coil
and therefore three times more turns are required per coil for the parallel connection to obtain the same
MMF.

Table 5: The CFS17 motor specification

CFS17 motor parameters
Rated power 13.5 kW
Maximum power 32 kW
Efficiency 91 %
Rated speed 11900 rpm
Maximum speed 20000 rpm
Rated torque 10.8 Nm
Maximum torque 24.1 Nm
Stator outer diameter OD g q10r 90 mm
Stator inner diameter 1D q 0 50 mm
Stack length Lgiqer 70 mm
Number of slots 9
Winding type Concentrated
Connection type Y-connection
Number of parallel branches 3
Number of winding turns 41
Wire material Copper
Wire diameter 1.12 mm
Number of pole pairs 3
Magnet type Nd-Fe-B (rare-earth)
Rotor lamination material M235-35 A
Stator material Vacodur-48
Cooling method Water (Cooling jacket)
Slot insulation material Mylar

The geometrical definitions of the PMSM can be difficult to visualize so in Figure 23 the most important
geometry definitions are shown. Usually when defining the geometries of the PMSM, diameters are often
used and therefore the rotor shaft, rotor, inner stator and outer stator radius is written in terms of
diameter/2. The PMSM geometries defined in Figure 23 was in this project used when re-scaling the
CFS17 PMSM and to calculate the resistance in the phases. The one parameter which is not pointed out
and cannot be in a 2D-model is the stack length which is the length of the motor.
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Figure 23: Geometry definitions of the 2D-PMSM illustrated where the specific motor shown is the CFS17
motor.

49



Master Thesis

6 PMSM performance requirements

The power requirements of the new PMSM are found by studying drive cycles and previous testing data.
The simulation model used when studying the drive cycles is a simplified powertrain model developed by
Stefan Lundberg and Stefan Skoog. The model was used when the specification of the previous PMSM in
2017 was set. Using this drive cycle analysis tool will only provide information on what would be required
from a previous car and not a future car. It would therefore be preferable to use a lap time simulation
tool where different designs could be tested and their respective effects on the lap times examined. Such
a tool of sufficient quality does not exist however, so the drive cycle analysis was the only alternative
available.

6.1 Simplified powertrain model and driving cycles

The Simulink powertrain model shown in Figure 24 uses three inputs, longitudinal acceleration, velocity
and time. These inputs either origins from old test data obtained from competitions and in-car testing
sessions or from lap time simulations of the car. The inputs are sent to the speed controller which as
mentioned acts as the driver which tries to follow the speed by sending positive or negative force requests
to the powertrain. The powertrain recalculates the force requests to torque requests to the front and rear
motors. When accelerating, the torque is distributed using a factor k4. which determines how much of
the total torque will be distributed on the rear wheels. The torque distributed to the front motors will
therefore be 1 — k4. During deceleration, the negative torque request is will be distributed between the
motors and the mechanical brakes using kp,qx. Where the torque requested from the mechanical then will
be 1 — kprake. The distribution of braking force on the rear wheels is determined by Kpeiance and the
torque on the front wheels is given by 1 — kpqiance- The model has a built-in ideal slip controller which
prevents the wheels from slipping too much and will hence limit the maximum torque that the motors
can produce. In addition to that the torque is also limited by the maximum allowed power of 80 kW from
the TS. Also the maximum charge power of the battery is set using Peparge-

The torque requests are sent to the model of the TS where the power calculations from the battery
to the mechanical power on the wheels are computed. In these calculations, the system efficiency and
battery voltage are taken into account. Also should the maximum current to the motors be exceeded,
the torque to the motors is also limited. The model of the battery will calculate the battery voltage
depending on the state of charge (SOC) of the battery. The output from the TS model is sent to the
vehicle model which is a 1-D bicycle model which is described in Section 2.2. The parameters used in the
model was updated to measured or estimated values from the CFS20 car. The driving cycles are created
using testing data previously collected at competitions and at the test tracks. There were processed test
data up to date until 2018 which could be used. Some of the drive cycles had to be manually extracted
from the test data due to it not having been post processed previously. The speed data was obtained from
the estimated speed of the power electronics. Since the speed is estimated on all four wheels an average
was taken from three of the values. The fourth estimated speed value was incorrect and hence was not
used. The torque balance and the braking balance was set to what was considered as an extreme case
operating condition. It is also assumed that 100 % of the braking force is provided by the motors. The
extreme case considered used the following parameters.

o koee=d5 %

® kprake=100 %

® Pharge=-80 kW
® Kpatance=80 %

The one parameter which were varied during the simulations was the gear ratio and ratios of 1:12, 1:14
and 1:16 were studied. The drive cycles used is listed in Table 6.
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Figure 24: The Simulink 1D-powertrain model used to obtain the PMSM parameters by analysing drive

cycles

What should be noted in Table 6 is that many of the drive cycles are obtained from data where a 2WD car
was used. The reason that it can be used for a 4WD car is that only the speed and time data is considered.
However, the individual tracks will have more impact on the speeds of the vehicle as compared to the
powertrain used. Also one optimum lap simulation is used where the grip of the tires is the only limiting
factor considered.

Table 6: List of all drive cycles used in the 1D-powertrain model

Name Year | Original competition | Driving wheels | Distance | Duration | Maximum speed | Average speed
Autocross 1 2016 FSG 2WD 1232 m 95 s 88.4 km/h 47 km/h
Autocross 2 2016 FSG 2WD 1233 m 95 s 88.4 km/h 47 km/h
Autocross 3 2019 FSAC 4WD 386.8 m 31.2s 74.4 km/h 45 km/h
Autocross 4 2019 FSAC 4WD 159.6 m 13.2s 68.6 km/h 43.4 km/h

Optimum lap simulation | 2017 - 2WD 1259 m 74 s 107.6 km/h 61.4 km/h
Endurance 1 2016 FSG 2WD 11 084 m 749 s 95.2 km/h 53.3 km/h
Endurance 2 2016 FSG 2WD 5154 m 343 s 90.9 km/h 54.1 km/h
Endurance 3 2018 FSG 2WD 11 049 m 736 s 96.5 km/h 54 km/h

Acceleration 1 2019 FSAC 4WD 78.2 m 48s 99.8 km/h 59 km/h
Acceleration 2 2019 FSAC 4WD 99.1m 6s 100 km/h 58.7 km/h
Acceleration 3 2019 FSAC 4WD 78.5 m 48s 98.9 km/h 58.4 km/h

In the following sections, a typical measurement for each event will be presented followed by all of the key
results from the simulations.
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6.2 Drive cycle analysis results

Figure 25, the powerflow plots is shown for the Autocross 2 drive cycle. For the front PMSM it should be
noted that higher torque magnitudes are achieved when braking as compared to when accelerating. Also
during one lap of the autocross circuit, a braking torque of -20 Nm or more was exceeded six times as can
be seen on the purple and black lines in the front PMSM torque plot. These peaks in torque occurred at
higher speeds as can be seen in the PMSM speed plot. When comparing the front and rear PMSMs, it
can be seen in Table 8 that the RMS torque is higher for the front PMSM and that the peak torque when
accelerating is higher for the rear PMSM. In the battery plot it can be seen that the powerflow from the
battery to the front and the rear motors will be similar during acceleration and that the front power will
be higher for the front motors during braking.
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Figure 25: Autocross 2 simulation result using a 1:14 gear ratio where the front and rear PMSM torque,
traction limits, references and mechanical brake torque. Also the PMSM speeds and powerflow for one
front and rear motors are shown

In Table 7 the results from the simulations using a 1:12 gear ratio. When utilizing a lower gear ratio,
the torque should increase and the speed decrease as compared to Table 8 and 9. The endurance event
is similar to the autocross event and can be described a large number of back-to-back autocross events
without stopping after each lap. In Figure 26 it can be seen on the front PMSM torque plot that
the behaviour is similar, both when accelerating and decelerating. The main advantage of studying the
endurance drive cycle compared to the autocross drive cycle is that the RMS values will be more accurate.
The reason for that is because the endurance run is similar to the autocross in terms of track layout but
is much longer and hence more data is obtained. The key numbers for the new PMSM design from the
autocross and endurance drive cycles is the RMS torque and the average speed which will determine the
required rated power of the machine. The reason that the RMS values are of interest for the motor design
is the power losses in the machine where the direction of the powerflow will not have any effect on the
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losses. The RMS value is calculated using

1
Tryms = \/; / |Tparsar|?dt (104)

where 7 is the duration of the cycle and Tgrpss is the RMS torque. It can also be noted that the results
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Figure 26: Endurance 3 simulation result using a 1:14 gear ratio where the front and rear PMSM torque,
traction limits, references and mechanical brake torque. Also the PMSM speeds and powerflow for one
front and rear motors are shown

found in Table 10, 11 and 12 show similar results to that of the autocross and it cannot be concluded that
the differences that are there is attributed to the difference between autocross and endurance. The RMS
power is however generally lower in the autocross than in the endurance and that could be attributable
to the fact that the time from completion of the event until the data-logging stops is a smaller part of
the driving cycle in the endurance event. The maximum speed and torque data must however be cross
examined with the data from the acceleration events in order to determine which values are the most
suitable for the machine. In Figure 27 it can be seen that the torque on the front PMSM is restricted
by the torque limitation which is caused by having too low traction on the front tires. Therefore more
torque is sent to the rear wheels as can be seen in at around 0.7 s. As the car gains speed, the traction
on the tires will increase and hence the torque on the front tires can start to increase and the torque on
the rear tires will drop back down such that the specified traction balance is restored.

53



Speed [RPM]

Torque [Nm]

30

20

-20

-30

n

o
&)

Master Thesis

Front P!

MSM torque and limits
T T T

™

RIS

Wheel torque
Drive limit
Brake limit
Trearreq
FricBreq =

AT
2

Figure 27: Acceleration 3 simulation results using a 1:14 gear ratio
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where the front and rear PMSM

torque, traction limits, references and mechanical brake torque. Also the PMSM speeds and powerflow
for one front and rear motors are shown

The negative torques seen in Table 13, 14 and 15 for Acceleration 1 and Acceleration 3 can be attributed
to the deceleration at the end of the event. That is however not the case for Acceleration 2 where at the
competition, the car span out which invalidates some of the data from that driving cycle.
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6.2.1 Autocross result tables

Table 7: Autocross and Optimum lap simulation drive cycles results with 1:12 gear ratio where the
performance requirements for the front and rear PMSMs are shown and the battery powerflow is also

shown
Parameters Autocross 1 | Autocross 2 | Autocross 3 | Autocross 4 | Optimum lap simulation
Front PMSM max power 20.5 kW 20.5 kW 14.6 kW 15.7 kW 20.5 kW
Front PMSM min power -25 kW -25 kW -12.2 kW -12.5 kW -35.7 kW
Front PMSM RMS power 6.2 kW 6.2 kW 5.1 kW 5.8 kW 12.7 kW
Front PMSM max torque 13.3 Nm 13.3 Nm 12.3 Nm 12.3 Nm 13.3 Nm
Front PMSM min torque -35.3 Nm -35.4 Nm -18.3 Nm -29.3 Nm -37.3 Nm
Front PMSM RMS torque 7.32 Nm 7.3 Nm 8.5 Nm 7 Nm 13.5 Nm
Front PMSM max speed 12 675 RPM | 12 675 RPM | 10 682 RPM | 10051 RPM 15 474 RPM
Front PMSM RMS speed 6879 RPM 6880 RPM 6412 RPM 6428 RPM 8868 RPM
Rear PMSM max power 16 kW 16 kW 16 kW 16 kW 15.6 kW
Rear PMSM min power -7.7 kW -7.7T kW -3.6 kW -3.7T kW -11.1 kW
Rear PMSM RMS power 4.3 kW 4.4 kW 4 kW 4.0 kW 8.1 kW
Rear PMSM max torque 17.8 Nm 17.8 Nm 18.7 kW 18.7 Nm 19.5 Nm
Rear PMSM min torque -9.5 Nm -9.6 Nm -4.9 Nm -7.5 Nm -9.9 Nm
Rear PMSM RMS torque 4.4 Nm 4.4 Nm 5 Nm 6.2 Nm 7.2 Nm
Rear PMSM max speed 12 684 RPM | 12 685 RPM | 10 689 RPM | 9865 RPM 15480 RPM
Rear PMSM RMS speed 6847 RPM 6848 RPM 6392 RPM 6390 RPM 8747 RPM
Battery max power 76.5 kW 76.5 kW 59.3 kW 66.4 kW 76.5 kW
Battery max charging power -62.3 kW -62.3 kW -30 kW -30.8 kW -89.6 kW
Battery RMS power 21.7 kW 21.7 kW 19 kW 21.7 kW 42.4 kW

Table 8: Autocross and Optimum lap simulation drive cycles results with 1:14 gear ratio where the
performance requirements for the front and rear PMSMs are shown and the battery powerflow is also

shown
Parameters Autocross 1 | Autocross 2 | Autocross 3 | Autocross 4 | Optimum lap simulation
Front PMSM max power 20.2 20.2 kW 14.5 kW 15.6 kW 20.2 kW
Front PMSM min power -25 -24.9 kW -12 kW -12.6 kW -34.9 kW
Front PMSM RMS power 6.2 kW 6.2 kW 5.2 kW 5.7 kW 12.6 kW
Front PMSM max torque 11.2 Nm 11.1 Nm 10.4 Nm 10.4 Nm 11.2 Nm
Front PMSM min torque -30.6 Nm -30.6 Nm -15.5 Nm -25 Nm -32.2 Nm
Front PMSM RMS torque 6.2 Nm 6.2 Nm 6 Nm 7.3 Nm 11.4 Mm
Front PMSM max speed 14 788 RPM | 14 788 RPM | 12462 RPM | 11 668 RPM 17896 RPM
Front PMSM RMS speed 8025 RPM 8025 RPM 7482 RPM 7498 RPM 10332 RPM
Rear PMSM max power 15.9 kW 15.9 kW 15.9 kW 15.9 kW 15.4 kW
Rear PMSM min power -7.7 kW -7.7 kW -3.5 kW -3.7 kW -11.1 kW
Rear PMSM RMS power 4.4 kW 4.4 kW 4 kW 4.9 kW 8.1 kW
Rear PMSM max torque 15.1 Nm 15.1 Nm 15.9 Nm 15.85 Nm 16.7 Nm
Rear PMSM min torque -8.3 Nm -8.4 Nm -4.3 Nm -6.52 Nm -8.7 Nm
Rear PMSM RMS torque 3.8 Nm 3.8 Nm 4.3 Nm 5.3 Nm 6.1 Nm
Rear PMSM max speed 14 799 RPM | 14799 RPM | 12 471 RPM | 11 509 RPM 17 905 RPM
Rear PMSM RMS speed 7886 RPM 7886 RPM 7455 RPM 7452 RPM 10 192 RPM
Battery max power 75 kW 75.3 kW 58.79 kW 65.6 kW 75.4 kW
Battery max charging power -62 kW -62.2 kW -29.6 kW -31 kW -88 kW
Battery RMS power 21.9 kW 21.9 kW 19 kW 21.8 kW 42.3 kW
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Table 9: Autocross and Optimum lap simulation drive cycles results with 1:16 gear ratio where the
performance requirements for the front and rear PMSMs are shown and the battery powerflow is also

shown
Parameters Autocross 1 | Autocross 2 | Autocross 3 | Autocross 4 | Optimum lap simulation
Front PMSM max power 19.9 kW 19.9 kW 14.5 kW 15.3 kW 19.9 kW
Front PMSM min power -24.8 kW -24.8 kW -11.9 kW -12.6 kW -34.1 kW
Front PMSM RMS power 6.3 kW 6.3 kW 5.2 kW 5.7 kW 12.5 kW
Front PMSM max torque 9.6 Nm 9.6 Nm 9 Nm 8.9 Nm 9.9 Nm
Front PMSM min torque -27.1 Nm -27.1 Nm -13.5 Nm -21.8 Nm -28.4 Nm
Front PMSM RMS torque 5.4 Nm 5.4 Nm 6 Nm 6.3 Nm 9.9 Mm
Front PMSM max speed 16 905 RPM | 16 905 RPM | 14 246 RPM | 13 264 RPM 20271 RPM
Front PMSM RMS speed 9170 RPM 9170 RPM 8551 RPM 8566 RPM 11 791 RPM
Rear PMSM max power 15.8 kW 15.8 kW 15.8 kW 15.7 kW 15.2 kW
Rear PMSM min power -7.7 kW -7.7T kW -3.5 kW -3.7 kW -11 kW
Rear PMSM RMS power 4.5 kW 4.5 kW 4 kW 4.9 kW 8.2 kW
Rear PMSM max torque 13.1 Nm 13.1 Nm 15.8 Nm 13.7 Nm 14.6 Nm
Rear PMSM min torque -7.5 Nm -7.5 Nm -3.8 Nm -5.8 Nm -7.8 Nm
Rear PMSM RMS torque 3.8 Nm 3.3 Nm 3.7 Nm 4.7 Nm 5.4 Nm
Rear PMSM max speed 16 914 RPM | 16 914 RPM | 14 252 RPM | 13 154 RPM 20271 RPM
Rear PMSM RMS speed 9122 RPM 9422 RPM 8518 RPM 8513 RPM 11 633 RPM
Battery max power 74.1 kW 74.1 kW 58.3 kW 64.9 kW 75.1 kW
Battery max charging power -62 kW -62.2 kW -29.2 kW -31 kW -86 kW
Battery RMS power 21 kW 22 kW 19.1 kW 21.8 kW 42.1 kW

6.2.2 Endurance result tables

Table 10: Endurance drive cycles results with 1:12 gear ratio where the performance requirements for the
front and rear PMSMs are shown and the battery powerflow is also shown

Parameters Endurance 1 | Endurance 2 | Endurance 3
Front PMSM max power 20.5 kW 20.2 kW 20.5 kW
Front PMSM min power -26.8 kW -24.5 kW -28.9 kW
Front PMSM RMS power 7.2 kW 6.8 kW 8.7 kW
Front PMSM max torque 13.3 Nm 13.2 Nm 13.3 Nm
Front PMSM min torque -35.7 Nm -35 Nm -37 Nm
Front PMSM RMS torque 8 Nm 6.8 Nm 10.2 Nm
Front PMSM max speed 13 651 RPM | 13 030 RPM | 13 974 RPM
Front PMSM RMS speed 7627 RPM 7683 RPM 7802 RPM
Rear PMSM max power 16.1 kW 16.1 kW 16.1 kW
Rear PMSM min power -8.1 kW -7.5 kW -8.8 kW
Rear PMSM RMS power 5.2 kW 4.8 kW 6.2 kW
Rear PMSM max torque 18.4 Nm 18.3 Nm 19.1 Nm
Rear PMSM min torque -9.6 Nm -9.5 Nm -9.7 Nm
Rear PMSM RMS torque 4.9 Nm 4.8 Nm 6.4 Nm
Rear PMSM max speed 13 663 RPM | 13 045 RPM | 13 975 RPM
Rear PMSM RMS speed 7586 RPM 7645 RPM 7734 RPM
Battery max power 76.5 kW 75.5 kW 76.5 kW
Battery max charging power -61 kW -62.2 kW -72 kW
Battery RMS power 25.5 kW 24.3 kW 30.5 kW
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Table 11: Endurance drive cycles results with 1:14 gear ratio where the performance requirements for the
front and rear PMSMs are shown and the battery powerflow is also shown

Parameters Endurance 1 | Endurance 2 | Endurance 3
Front PMSM max power 20.2 kW 20.2 kW 20.2 kW
Front PMSM min power -26.5 kW -24.3 kW -28.6 kW
Front PMSM RMS power 7.3 kW 6.8 kW 8.7 kW
Front PMSM max torque 11.2 Nm 11.2 Nm 11.2 Nm
Front PMSM min torque -31 Nm -30.4 Nm -31.9 Nm
Front PMSM RMS torque 6.8 Nm 6.4 Nm 8.8 Nm
Front PMSM max speed 15927 RPM | 15 213 RPM | 16 229 RPM
Front PMSM RMS speed 8898 RPM 8964 RPM 9098 RPM
Rear PMSM max power 15.9 kW 15.9 kW 15.9 kW
Rear PMSM min power -8.1 kW -7.6 kW -8.8 kW
Rear PMSM RMS power 5.2 kW 5 kW 6.3 kW
Rear PMSM max torque 15.6 Nm 15.7 Nm 16.3 Nm
Rear PMSM min torque -8.4 Nm -8.4 Nm -8.5 Nm
Rear PMSM RMS torque 4.2 Nm 4.2 Nm 5.5 Nm
Rear PMSM max speed 15 941 RPM | 15 220 RPM | 16 240 RPM
Rear PMSM RMS speed 8847 RPM 8918 RPM 9018 RPM
Battery max power 75.3 kW 75.3 kW 75.4 kW
Battery max charging power -66.2 kW -62.2 kW -71.5 kW
Battery RMS power 25.7 kW 24.5 kW 30.6 kW

Table 12: Endurance drive cycles results with 1:16 gear ratio where the performance requirements for the
front and rear PMSMs are shown and the battery powerflow is also shown

Parameters Endurance 1 | Endurance 2 | Endurance 3
Front PMSM max power 19.9 kW 19.9 kW 19.9 kW
Front PMSM min power -26.1 kW -24.2 kW -28.3 kW
Front PMSM RMS power 7.3 kW 6.9 kW 8.7 kW
Front PMSM max torque 9.6 Nm 9.6 Nm 9.6 Nm
Front PMSM min torque -27.4 Nm -26.9 Nm -28.1 Nm
Front PMSM RMS torque 5.9 Nm 5.6 Nm 7.6 Nm
Front PMSM max speed 18 207 RPM | 17 385 RPM | 18 493 RPM
Front PMSM RMS speed 10 169 RPM | 10 246 RPM | 10 392 RPM
Rear PMSM max power 15.8 kW 15.8 kW 15.8 kW
Rear PMSM min power -8.1 kW -7.5 kW -8.8 kW
Rear PMSM RMS power 5.3 kW 5.1 kW 6.4 kKW
Rear PMSM max torque 13.5 Nm 13.5 Nm 15.8 Nm
Rear PMSM min torque -7.5 Nm -7.4 Nm -7.6 Nm
Rear PMSM RMS torque 3.7 Nm 3.7 Nm 4.8 Nm
Rear PMSM max speed 18 220 RPM | 17 396 RPM | 18 496 RPM
Rear PMSM RMS speed 10 107 RPM | 10 189 RPM | 10 300 RPM
Battery max power 74.2 kW 74.1 kW 74.2 kW
Battery max charging power -60.4 kW -62.2 kW -71 kW
Battery RMS power 26 kW 24.8 kW 30.8 kW
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6.2.3 Acceleration result tables

Table 13: Acceleration drive cycles results with 1:12 gear ratio where the performance requirements for
the front and rear PMSMs are shown and the battery powerflow is also shown

Parameters Acceleration 1 | Acceleration 2 | Acceleration 3
Front PMSM max power 16.2 kW 17.7 kW 17.3 kW
Front PMSM min power -12.7 kW -32.7 kW -21.2 kW
Front PMSM RMS power 9.3 kW 12.9 kW 8.1 kW
Front PMSM max torque 12.2 Nm 12.6 Nm 12.2 Nm
Front PMSM min torque -11.8 Nm -37.2 Nm -23.5 Nm
Front PMSM RMS torque 9.2 Nm 15.7 Nm 9.2 Nm
Front PMSM max speed 14 331 RPM 14 355 RPM 14 195 RPM
Front PMSM RMS speed 9553 RPM 9101 RPM 9506 RPM
Rear PMSM max power 16.1 kW 16.1 kW 16.7 kW
Rear PMSM min power -3.7 kW -10.1 kW -6.4 kW
Rear PMSM RMS power 9.3 kW 10 kW 8.6 kW
Rear PMSM max torque 19 Nm 19.4 Nm 19.2 Nm
Rear PMSM min torque -3.5 Nm -9.8 Nm -6.3 Nm
Rear PMSM RMS torque 11.4 Nm 11.5 Nm 11.4 Nm
Rear PMSM max speed 14 337 RPM 14 363 RPM 14 207 RPM
Rear PMSM RMS speed 9356 RPM 8987 RPM 9324 RPM
Battery max power 64.6 kW 68.3 kW 65.8 kW
Battery max charging power -31.3 kW -81.8 kW -52 kW
Battery RMS power 45.6 kW 46.2 kW 45 kW

Table 14: Acceleration drive cycles results with 1:14 gear ratio where the performance requirements for
the front and rear PMSMs are shown and the battery powerflow is also shown

Parameters Acceleration 1 | Acceleration 2 | Acceleration 3
Front PMSM max power 16.6 kW 18.1 kW 17.7 kW
Front PMSM min power -12.4 kW -32.3 kW -20.9 kW
Front PMSM RMS power 9.4 kW 13 kW 8.3 kW
Front PMSM max torque 10.3 Nm 10.7 Nm 10.3 Nm
Front PMSM min torque -10 Nm -32.1 Nm -20 Nm
Front PMSM RMS torque 7.9 Nm 13.4 Nm 7.9 Nm
Front PMSM max speed 16 720 RPM 16 741 RPM 16 559 RPM
Front PMSM RMS speed 11 136 RPM 10 608 RPM 11 082 RPM
Rear PMSM max power 15.9 kW 15.9 kW 15.9 kW
Rear PMSM min power -3.7T kW -10.1 kW -6.4 kW
Rear PMSM RMS power 10.6 kW 10.1 kW 10.4 kW
Rear PMSM max torque 16.3 Nm 16.6 Nm 16.4 Nm
Rear PMSM min torque -3.2 Nm -8.6 Nm -5.6 Nm
Rear PMSM RMS torque 9.7 Nm 9.8 Nm 9.7 Nm
Rear PMSM max speed 16 727 RPM 16 757 RPM 16 575 RPM
Rear PMSM RMS speed 10 908 RPM 10 472 RPM 10 869 RPM
Battery max power 63.8 kW 68.7 kW 67.1 kW
Battery max charging power -30.4 kW -81.1 kW -52.1 kW
Battery RMS power 46.1 kW 46.5 kW 45.4 kW
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Table 15: Acceleration drive cycles results with 1:16 gear ratio where the performance requirements for

the front and rear PMSMs are shown and the battery powerflow is also shown

Acceleration 2

Acceleration 3

Parameters Acceleration 1
Front PMSM max power 17 kW 18.6 kW 18.2 kW
Front PMSM min power -11.9 kW -31.9 kW -20.5 kW
Front PMSM RMS power 11.5 kW 13 kW 11.4 kW
Front PMSM max torque 9 Nm 9.2 Nm 8.8 Nm
Front PMSM min torque -8.6 Nm -28.3 Nm -17.3 Nm
Front PMSM RMS torque 6.8 Nm 11.7 Nm 6.8 Nm
Front PMSM max speed 19 109 RPM 19 140 RPM 18 931 RPM
Front PMSM RMS speed 12 716 RPM 12 110 RPM 12 656 RPM
Rear PMSM max power 15.8 kW 15.8 kW 15.7 kW
Rear PMSM min power -3.5 kW -10.2 kW -6.4 kW
Rear PMSM RMS power 9.5 kW 10.1 kW 10.5 kW
Rear PMSM max torque 14.2 Nm 14.5 Nm 14.3 Nm
Rear PMSM min torque -3 Nm -7.8 Nm -5.0 Nm
Rear PMSM RMS torque 8.4 Nm 8.6 Nm 8.4 Nm
Rear PMSM max speed 19 117 RPM 19 152 RPM 18 944 RPM
Rear PMSM RMS speed 12 456 RPM 11 951 RPM 12 411 RPM
Battery max power 64.5 kW 70.3 kW 68.7 kW
Battery max charging power -29.3 kW -80.5 kW -51.3 kW
Battery RMS power 46.7 kW 46.8 kW 45.9 kW

59




Speed [RPM]

40

30

10

Torque [Nm]

-10

-30

-40

Master Thesis

6.3 Drive cycle analysis summary and finalized design parameters

The drive cycle data obtained indicate that the largest torque requirements on the front motors will occur
in regenerative braking. The largest minimum torques required from the motors according to the drive
cycle simulations occurred during the optimum lap simulation where -37.3 Nm was with a 1:12 gear ratio
was used. Also a similar value was obtained from the Endurance 3 drive cycle where the minimum torque
was -37 Nm. These torque magnitudes are much larger than that of the acceleration simulations where
in the acceleration events the maximum torque was 12.6 Nm and was obtained in Acceleration 2. Both
in Autocross 1, 2, optimum lap, Endurance 1 and 3 the maximum torque reached when accelerating was
13.3 Nm with a 1:12 gear ration. That is still substantially lower than the minimum torque previously
mentioned. In order to determine the maximum torque of required from the motors, torque curves of the
optimum lap simulation and Endurance 3 drive cycles must be studied in detail. The plots are shown in
Figure 28 and 29 and it can be seen that the torque magnitude exceed 20 Nm a total of 25 times during
the optimum lap simulation.
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Figure 28: Endurance 3 simulation results using a 1:12 gear ratio where the front and rear PMSM torque,
traction limits, references and mechanical brake torque. Also the PMSM speeds and powerflow for one
front and rear motors are shown
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Figure 29: Optimum lap simulation result using a 1:12 gear ratio where the front and rear PMSM torque,
traction limits, references and mechanical brake torque. Also the PMSM speeds and powerflow for one

front and rear motors are shown

From these results it becomes apparent that the motors would need to be up sized in order to be able
to cover all torques. The question now has to be raised weather the large negative torques is necessary
or even possible to fully utilize in the real car. The first point that should be discussed is the used gear
ratio which currently is 1:14 in the car. However there are plans to change the gear ratio to 1:13 for the
2021 season with a new wheel assembly and then to 1:15 for the 2022 season with a new gearbox design.
Therefore it can be concluded that the torque magnitudes required for the 1:12 gear ratio likely is not
needed. That does however indicate that studying the requirements between gear ratios of 1:12 to 1:16
would ensure that the requirements for the 2021 and 2022 seasons are covered. The second point which

must be discussed is the charging capabilities of the battery.

Currently the CFS battery has charging

capabilities of about 7.3 kW continuously and a peak power of 14.8 kW according to the cell manufacturer.
Comparing that to the results seen in the power plots in Figures 27, 25, 26, 28 and 29, it can be noted
that the number is much lower than the power that just one front motor is able to regenerate. Also the
plots only show the battery power to one set of PMSMs which means that the actual battery power will
be twice as much. In Tables 10, 7, 11, 8, 12 and 9 it is shown that the maximum charging power is much
higher than what is specified in the datasheet. In addition to that it can also be seen that the RMS
powers also exceed the maximum allowed power. However, there has been instances where the Formula
Student teams have been able to up-rate their battery cells which allowed them to charge with higher
current and hence is able to regenerate more power. An increase of the charge current of lithium battery
cells could however impact the lifetime of the cells due to increased stresses on the cells. It is not possible
to speculate about if it is possible to up-rate the specific battery used in the Formula Student 2021 car so
in order to avoid having to re-design the motors for future battery packs, it will be assumed that it will
be possible to charge it with 80 kW. Another aspect which should be considered is how frequently the
front motors reach certain torque levels. In order to do that the time distribution for the torques of the
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Endurance 3 and optimum lap simulation drive cycles with a 1:12 gear ratio is shown in Figures 31 and
30.
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Figure 30: Endurance 3 simulation time distribution map using a 1:12 gear ratio where all of the
torque/speed datapoints are shown for the front and rear PMSMs and how much time is spent at each
speed/torque combination
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Figure 31: Optimum lap simulation time distribution map using a 1:12 gear ratio where all of the
torque/speed datapoints are shown for the front and rear PMSMs and how much time is spent at each
speed/torque combination
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The time distribution for the torque in the Endurance 3 drive cycle indicates that most of the torques are
distributed within 0-20 Nm. In the case of the Optimum lap simulation, the prevalence at higher torques
is slightly higher for the larger negative torques. From this it was concluded that a suitable maximum
torque for the new front PMSM would be 20 Nm. The required rated torque from the machine will depend
on the gear ratio as well and is more difficult to choose. Instead of specifying one specific value, a range is
specified for different gear ratios where the motor should achieve a certain efficiency. That would ensure
that the motor would not overheat if the gear ratio were changed in the future. When studying the rated
power requirements of the PMSM, there is one datapoint which is deviating which is that of the optimum
lap simulation where it is much higher than the other drive cycles. Since the optimum lap is of shorter
duration than Autocross 1 and Autocross 2 it might be the case that having a lower rated power than
what is indicated by the optimum lap simulation. Also it is unlikely that the motor would overheat from
being operated at levels slightly higher than what it is rated for a duration less than two minutes. The
endurance drive cycles are more important and the drive cycle Endurance 3 indicate that a minimum
rated power of 8.7 kW would be required. A safety margin of 2 kW was added to the rated power to
ensure that no overheating issues would occur which would equate to a rated power of about 11 kW. The
maximum speed of the machine was unchanged compared to the CFS17 PMSM since the driving cycles
presented in Table 15 would indicate that the car reaches its maximum speed at around 19 200 RPM.
The maximum speed of the old CFS17 PMSM is 20 000 RPM.

Finding the speed at which the motor should enter field weakening is very difficult. The 1-D power-
train model has a built-in field weakening algorithm as can be seen in Figure 30 and 31 and in that may
need to be removed in order to see where the motor will enter its constant power region. As mentioned
in Section 4.1.2; using concentrated windings can cause some problems with controlling the motor in the
field weakening region which would indicate that it would be beneficial to have the rated speed above the
RMS speed. The RMS speeds indicated in Tables 9 and 12 that the rated speed should exceed 11 800
RPM. A safety margin of 200 RPM was added which then sets the target rated speed as 12 000 RPM.
The rated torque is calculated to 8.7 Nm at the rated speed with the given rated power and the maximum
power is calculated to 25 kW. The performance specification which the PMSM will be designed after is
specified in Table 16.

Table 16: Performance requirements of the new PMSM obtained from the drive cycle analyses

Parameter Value
Rated torque 8.7 Nm
Maximum torque 20 Nm

Rated speed 12 000 RPM
Maximum speed | 20 000 RPM
Rated power 11 kW

Maximum power 25 kW
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7 Design iterations to improve the PMSM and Results

This section will describe the design modifications to the CFS17 PMSM to tailor it to be used as a front
motor in the CFS car. The design process will be iterative where changes will be implemented and eval-
uated and based on the evaluation, further design changes are implemented. The design is looped until a
satisfactory PMSM design is achieved which lacks obvious shortcomings which impairs the functionality
of the motor. The minimum requirement for a completed design is that the PMSM should fulfil the per-
formance requirement specified in Table 16. Once the requirements have been fulfilled, further iterations
can be made to increase efficiency and/or decrease weight.

When initializing the re-design of the CFS17 PMSM, some design parameters should seek to be kept
since they would have major impacts on other parameters which may lead to a complete redesign. There
are also some parameters which should not be changed on the basis that the performance improvements
would not be significant enough to motivate making them. The first parameter which was to remain
unchanged was the number of rotor poles. The reason for this is that the mechanical strength of the
rotor will be affected by that as discussed in Section 4.2. Since the pole number would be unchanged in
order to maintain the number of slots per pole per phase, the slot number would not be changed. That
is because it is desirable to have the lowest order harmonic to be the working harmonic and hence the
one that is producing torque as discussed in Section 4.2. That also means that the harmonic content
in the motor should remain similar to the CFS17 motor. For the same reason as the two parameters
above, concentrated windings will be kept with the new design. Concentrated windings will also weigh
less compared to distributed. Even though there could be some benefits of having distributed windings in
the field weakening region, having higher power density and lower weight is more important for applica-
tions within Formula Student. The suspension and wheel assembly group requested that the outer stator
diameter should not increase which was because of the issues that would cause with the wheel assembly
in terms of packaging. For that reason, the outer diameter must not be increased. After conducting the
literature study summarized in Section 4.4, it was found that the potential performance improvements
when changing the rotor-magnet topology would not provide enough benefits to be able to motivate in-
vesting the time required in order to re-design the entire rotor. However, that could be an area of interest
for Chalmers Formula Student. The stator slot opening will influence the harmonics in the flux and the
MMF and hence the cogging and ripple torque as well as the harmonics of the phase voltage. Should
CFS see any benefit in changing the slot opening an in-depth study will have to be conducted in order
to see if it the harmonics could be reduced. The end winding insulation will not be changed due to time
restrictions and no study has been conducted in what improvements changing the end winding insulation
could bring. The end winding insulation could possibly improve the cooling of the windings but there are
changes that could have more significant impacts on the thermal behaviour such as reducing copper losses.

The material of the stator is to remain unchanged since it was changed for the CFS17 motor and it
is already using an iron cobalt alloy which allows for high flux densities. Changing to a material with a
higher concentration of cobalt could potentially increase the cost of the stator also. The rotor material
could be changed in order to reduce the copper losses at higher torques due to a reduction in reluctance
at higher magnetic flux which means that the total MMF needed would be reduced and therefore a lower
current would be needed. There are however more considerations to be made apart from the magnetic
circuit as discussed in section 4.2 such as the mechanical aspect of the rotor such as thermal expansion
and strength. For that reason, the rotor material would be kept. The rotor shaft is also a part of the me-
chanical design, of the motor and the dimensions of that should also remain unchanged since a change in
that does not only require a more in-depth mechanical design but it could also have considerable effects on
the systems surrounding such as the gearbox, encoder housings and bearings. The slot insulation material
will not be changed in this design but could be a subject of interest in the future to improve the cooling
of the copper wires in the slots. In order to not increase the difficulty of winding the motor by hand, it
was decided that the fill factor would at least not increase. The airgap should also not be changed since
the machine is operating at high speed and hence, reducing the airgap could lead to decreased reliability
as seen in Section 4.3. Increasing the airgap would however lead to lower power density in the motor. For
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that reason, the airgap will be kept the same. All of the locked parameters are presented in Table 17.

Table 17: Locked design parameters of the new PMSM design which should not be changed

Parameter Must be
Number of Pole pairs p =3
Number of slots Nyt =9
Winding type Concentrated
Outer stator diameter OD g qt0r < 90 mm
Rotor topology Flat TPM
Stator and rotor material Unchanged
Slot opening width Unchanged
End Winding insulation Unchanged
Fill factor <04
Airgap length 144, = 0.5 mm

7.1 FEM modelling of the CFS17 motor in Ansys maxwell

The original FEM model of the CFS17 motor was provided by AROS Electronics and is shown in Figure
4a. The model is controlled by selecting the mechanical speed in the motion setup and feeding the coils
with an ideal sinusoidal current with a specified amplitude, dg-angle and frequency. The simulation du-
ration is also specified. The angle is given relative to the g-axis which means that setting the angle to
zero would mean that the g-axis current is the full supplied current magnitude.

When making changes in the FEM model, the core loss calculation will be reset and hence will need
to be manually set in order for the calculation output to be correct. The 2D-model used will also not
provide accurate results and correction factors are required to be used in the post processing of the results.
The model uses current excitation which means that the input phase currents are manually set in the
model. The current waveform used was an ideal sinusoidal wave without any harmonics which will not
be the case in reality since the motor will be supplied using a PWM drive. The additional high-frequency
current harmonics present when using a PWM drive will cause additional iron and magnet losses [45]. The
proximity and skin effects are also not taken into account which means that the copper losses could be
underestimated. Also, the magnet segmentation is not accounted for in the Eddy current loss calculation
which means that the Eddy current losses in the magnets can be overestimated [46]. In order to account
for the above mentioned inaccuracies, a correction factor of 1.7 was used on the stator iron losses after
consultation with Johan Astrom. Since magnet losses can be significantly influenced by the supply and
that the magnet segmentation is not accounted for, no correction factor was used for the total rotor losses
(iron and magnet losses).

When conducting the simulations, the interesting data obtained is the losses of the machine, the phase
voltage and the power output. Also, the location of the losses is of interest. The first simulations performed
was a performance analysis at rated power in order to estimate the efficiency of the motor. The results
from this simulation is presented in Chapter 8.1.2. The second simulation conducted is a maximum power
simulation where the expected maximum torque is obtained, the phase voltage at base speed and the
efficiency. This simulation is performed at 11 900 RPM for all motors. The cogging torque was also
checked by running the motor at a 11 900 RPM without feeding the motor with any current. The final
simulations performed running the motor at a number of speeds and torques to obtain the efficiency map
of the motor. One problem with obtaining the efficiency maps was that it was very time consuming and
hence could not be done for all of the motor concepts. In the end, three efficiency maps were obtained
and all the data from those simulations will be presented in under the respective motors.
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7.1.1 Peak torque operation of the CFS17 PMSM

The peak torque operation of the CFS17 motor was investigated in order to obtain the maximum torque
that the motor could be operated at and to study the phase voltage waveforms. A RMS current of 125 A
and a current angle 8 of 90° was used for the CFS17 motor. Since the maximum torque is of the CFS17
motor is known, the current just had to be tuned to reach the specified torque. Using a current angle of
90° means that the full current magnitude will be in the g-direction as stated in (78) and (79). In Figure
32, the torque curve at 11 900 RPM is plotted where a total of 2.38 electric cycles. What also should
be seen is that the torque is not constant and that is caused by the variation in machine flux. The flux
varies due to the varying MMF from the coils since it is supplied with AC and the varying reluctance as a
result of the different rotor positions. The peak-to-peak torque ripple was in this case about 30 % of the
average torque of the machine. One important aspect to note from these plots is that the average torque
will depend on if full electric periods are plotted or not. In this project it was not and hence there may be
some deviations in the torque between different speeds. For that reason it is important that simulations
which are to be compared to each other is to be done at the same speed.
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Figure 32: CFS17 motor operating at 11 900 RPM while being supplied with a phase current of 125 A
RMS and a current angle of 90° where it produces an average torque of 24.1 Nm

In the Figure 33, the phase voltage from the three phases is plotted for 2.38 electric periods. The voltage
consists of the induced voltage caused by the change in flux linkage and the resistive voltage drop. This
voltage is described in (35), (36) and (37).
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Phase voltage of the CFS17 PMSM
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Figure 33: Phase voltage from the three phases of the CFS17 PMSM when operating at 11 900 rpm and
24.1 Nm

What can be noted in this Figure 33 is also that the waveforms are not sinusoidal and there seem to be
significant harmonic content in the voltage. In order to get a better view of the fundamental component
of the voltage and the harmonic content, an FFT was performed which is shown in Figure 34. It can be
noted from the FFT plot that the first large peak in the voltage occurs at approximately 3 kHz which
also where the 5:th harmonic is expected to be. The second peak occurs at about 4.2 kHz which is where
the 7:th order harmonic is expected to occur. The magnitude of the fundamental of the CFS17 PMSM is
265.4 V, for the 5:th harmonic it is 63 V and for the 7:th harmonic it is 31.68 V.
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FFT of the phase voltage for one phase in the CFS17 motor
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Figure 34: FFT of the phase voltage from one of the phases in Figure 33 coming from CFS17 PMSM
when operating at 11 900 RPM and 24.1 Nm

Additionally, in the torque plot shown in Figure 32 it can be seen that there may be some cogging
torque present. These indications become more prevalent at lower torque magnitudes. As mentioned, the
cogging torque is one part which is causing the ripple torque during operation. The cogging torque can
be investigated by running the model at a constant speed but setting the current magnitude to zero. The
results from the FEM model show that the cogging torque is slightly lower than 1 % of the maximum
torque of the machine as can be seen in Figure 35. Since mechanical vibrations is not of great concern for
a Formula style racing car, this lever of cogging torque is deemed as acceptable.
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Figure 35: Cogging torque of the CFS17 motor operating at 11 900 RPM where the supply current has
been set to zero
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7.1.2 Losses for the CFS17 PMSM

Due to some inconsistencies in the old power loss data from the FEM model compared to what the model
gave when running it with a newer version of the software, the data was updated in order to get a more
accurate comparison between the versions. The temperature of the motor was set to 150° C because
that is the temperature at which the CFS17 motor should reach equilibrium at rated operation and also
the temperature where the magnets in theory will demagnetize. Using a higher temperature will mainly
affect the windings where the resistance will increase as shown in (86). The higher wire resistance will
give a better indication of the actual resistance which will be experienced when the motor run for a long
duration. These data points would also be used to obtain the efficiency maps of the different design
concepts. In Tables 18, 19, 20, 21, 22 the loss data are presented. The first thing that can be noted is that
the current magnitudes are independent of the speed of the machine. That is because the current which
is fed to the motor will only influence the torque as seen in (76). From that it can be concluded that the
torque will mainly influence the copper losses in the machine so as the torque increase, the copper losses
increase. What also should be noted is that the stator iron and rotor iron losses increase as the speed
increases and that is caused by the increase in magnetizing frequency as stated in (89), (91) and (90). The
Eddy current losses have the highest speed dependence where it is proportional to the frequency squared
and hence will increase faster that the excess or hysteresis losses. When the current angle is changed,
the current magnitude needs to be changed in order to maintain the torque of the machine. The current
magnitude and the angle will influence the flux density in the machine therefore the iron losses will also
be influenced by the current angle. The current angle at which the lowest current is achieved for a given
torque is not the same across the torque span. In Table 22 and 21 it can be noted that the lowest current
is achieved at 15° for 16 Nm and at 35° for 20 Nm and that is due to the MTPA being non-linear and
the angle will gradually increase at higher torques.

Table 18: Speed sweep at 6 Nm for three current angles for the CFS17 PMSM where the copper, stator
iron and rotor iron losses were obtained

Speed | Current angle | Current magnitude | Copper losses | Iron losses | Rotor losses
5000 15° 30.76 A 120 W 121' W 18 W
5000 35° 32.53 A 134 W 106 W 15 W
5000 45° 35.78 A 162.6 W 102 W 15 W
8000 15° 30.76 A 120 W 2656 W 39 W
8000 35° 32.563 A 134 W 234 W 34'W
8000 45° 35.78 A 162.6 W 22T W 28 W
11000 15° 30.76 A 120 W 422 W 67 W
11000 35° 32.53 A 134 W 380 W 59 W
11000 45° 35.78 A 162.6 W 376 W 57 W
14000 15° 30.76 A 120 W 612 W 104 W
14000 35° 32.563 A 134 W 551 W 91 W
14000 45° 35.78 A 162.6 W 549 W W
16000 15° 30.76 A 120 W 752 W 132 W
16000 35° 32.53 A 134 W 647 W 115 W
16000 45° 35.78 A 162.6 W 583 W 95 W
18000 15° 30.76 A 120 W 914 W 119 W
18000 35° 32.563 A 134 W 823 W 144 W
18000 45° 35.78 A 162.6 W 820 W 139 W
20000 15° 30.76 A 120 W 1077 W 200 W
20000 35° 32.53 A 134 W 975 W 174 W
20000 45° 35.78 A 162.6 W 975 W 168 W
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Table 19: Speed sweep at 12 Nm for three current angles for the CFS17 PMSM where the copper, stator
iron and rotor iron losses were obtained

Speed | Current angle | Current magnitude | Copper losses | Iron losses | Rotor losses
5000 15° 59.82 A 455 W 162 W 26 W
5000 35° 62.22 A 492 W 151 W 21 W
5000 45° 66.47 A 561 W 153 W 21 W
8000 15° 59.82 A 455 W 356 W 55 W
8000 35° 62.22 A 492 W 340 W 47T W
8000 45° 66.47 A 561 W 351 W 48 W
11000 15° 59.82 A 455 W 572 W 98 W
11000 35° 62.22 A 492 W 562 W 80 W
11000 45° 66.47 A 561 W 599 W 82 W
14000 15° 59.82 A 455 W 841 W 153 W
14000 35° 62.22 A 492 W 830 W 123 W
14000 45° 66.47 A 561 W 889 W 124 W
16000 15° 59.82 A 455 W 1029 W 198 W
16000 35° 62.22 A 492 W 1031 W 156 W
16000 45° 66.47 A 561 W 1123 W 158 W
18000 15° 59.82 A 455 W 1251 W 242 W
18000 35° 62.22 A 492 W 1256 W 195 W
18000 45° 66.47 A 561 W 1367 W 197 W
20000 15° 59.82 A 455 W 1478 W 297 W
20000 35° 62.22 A 492 W 1491 W 235 W
20000 45° 66.47 A 561 W 1631 W 236 W

Table 20: Speed sweep at 14 Nm for three current angles for the CFS17 PMSM where the copper, stator
iron and rotor iron losses were obtained

Speed | Current angle | Current magnitude | Copper losses | Iron losses | Rotor losses
5000 15° 70 A 622 W 174 W 29 W
5000 35¢ 72.1 A 661 W 162 W 23 W
5000 45° 78.63 A 785 W 168 W 24 W
8000 15° 70 A 622 W 383 W 62 W
8000 35° 72.1 A 661 W 365 W 51 W
8000 45° 78.63 A 785 W 389 W 54 W
11000 15° 70 A 622 W 615 W 113 W
11000 35° 72.1 A 661 W 602 W 87T W
11000 45° 78.63 A 785 W 665 W 92 W
14000 15° 70 A 622 W 908 W 175 W
14000 35° 72.1 A 661 W 894 W 134 W
14000 45° 78.63 A 785 W 990 W 140 W
16000 15° 70 A 622 W 1114 W 223 W
16000 35° 72.1 A 661 W 1110 W 169 W
16000 45° 78.63 A 785 W 1251 W 178 W
18000 15° 70 A 622 W 1356 W 276 W
18000 35° 72.1 A 661 W 1356 W 212 W
18000 45° 78.63 A 785 W 1528 W 222 W
20000 15° 70 A 622 W 1607 W 341 W
20000 35° 72.1 A 661 W 1610 W 256 W
20000 45° 78.63 A 785 W 1824 W 266 W
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Table 21: Speed sweep at 16 Nm for three current angles for the CFS17 PMSM where the copper, stator
iron and rotor iron losses were obtained

Speed | Current angle | Current magnitude | Copper losses | Iron losses | Rotor losses
5000 15° 81.5 A 843 W 184 W 29 W
5000 35° 83 A 875 W 174 W 25 W
5000 45° 89.8 A 1024 W 185 W 2T W
8000 15° 81.5 A 843 W 407 W 63 W
8000 35° 83 A 875 W 395 W 56 W
8000 45° 89.8 A 1024 W 429 W 60 W
11000 15° 81.5 A 843 W 656 W 114 W
11000 35° 83 A 875 W 654 W 95 W
11000 45° 89.8 A 1024 W 736 W 102 W
14000 15° 81.5 A 843 W 970 W 178 W
14000 35° 83 A 875 W 974 W 147 W
14000 45° 89.8 A 1024 W 1099 W 157 W
16000 15° 81.5 A 843 W 1195 W 226 W
16000 35° 83 A 875 W 1212 W 186 W
16000 45° 89.8 A 1024 W 1388 W 199 W
18000 15° 81.5 A 843 W 1458 W 280 W
18000 35° 83 A 875 W 1483 W 233 W
18000 45° 89.8 A 1024 W 1695 W 249 W
20000 15° 81.5 A 843 W 1729 W 346 W
20000 35° 83 A 875 W 1762 W 281 W
20000 45° 89.8 A 1024 W 2025 W 298 W

Table 22: Speed sweep at 20 Nm for three current angles for the CFS17 PMSM where the copper, stator
iron and rotor iron losses were obtained

Speed | Current angle | Current magnitude | Copper losses | Iron losses | Rotor losses
5000 15° 109 A 1506 W 213 W 32 W
5000 35¢ 104 A 1376 W 207 W 30 W
5000 45° 1134 A 1626 W 229 W 33 W
8000 15° 109 A 1506 W 47T W 68 W
8000 35° 104 A 1376 W 469 W 67 W
8000 45° 1134 A 1626 W 531 W 75 W
11000 15° 109 A 1506 W 782 W 122 W
11000 35° 104 A 1376 W 783 W 114 W
11000 45° 113.4 A 1626 W 915 W 128 W
14000 15° 109 A 1506 W 1160 W 190 W
14000 35° 104 A 1376 W 1169 W 177 W
14000 45° 1134 A 1626 W 1370 W 195 W
16000 15° 109 A 1506 W 1442 W 242 W
16000 35° 104 A 1376 W 1456 W 224 W
16000 45° 1134 A 1626 W 1728 W 247 W
18000 15° 109 A 1506 W 1763 W 299 W
18000 35° 104 A 1376 W 1783 W 282 W
18000 45° 113.4 A 1626 W 2110 W 311 W
20000 15° 109 A 1506 W 2095 W 370 W
20000 35° 104 A 1376 W 2122 W 339 W
20000 45° 1134 A 1626 W 2522 W 372 W
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7.2 Design concept 1, reduction in stack length

The first version of the new motor was to reduce the stack length. That would mean that the flux
density distribution in the motor would be unchanged since the reluctance would be equally increased
in all parts of the machine for a given flux. The first version of the stack length reduction model only
changed the length and did not change the winding layout or the magnets in the rotor. That means that
for a given current, the total flux in the stator will decrease and hence a lower phase voltage is obtained
and a lower torque is produced. In general the torque produced by a given machine will scale linearly to
the stack length of the machine since the stack length will influence the reluctance of each part in the
machine equally as specified in (26). That is because the cross-section area of the flux path will be equally
influenced by the change of stack length for all parts of the machine. So in order to obtain the correct
torque of the new PMSM concept according to the new specification in Table 16 the stack length can be
reduced by 17 %. That in practice means that decreasing the stack length from 70 mm to 58.1 mm. The
stack length was set to 59 mm for the first concept to have some safety margin. The original FEM model
seen in Figure 23 of the CFS17 motor was used when designing this new version of the motor, but with
the reduced stack length.

The first problems that did arise when editing the model was that the BH-curves of the materials used
was removed when a newer version of the software was used and hence, they had to be manually added
again in order to be able to run any simulations. Also, it was important to extrapolate the curves to cover
higher levels of flux density than what is defined in the material datasheets. The reason for that is that
there could occur point in the model where that high levels of flux density is achieved and if there is no
defined point in the BH-curve for that flux density, the simulation will not be able to run. The maximum
torque that the motor can produce under the same operating conditions as in Figure 32 is shown in Figure
36. As can be seen, the average torque is reduced to 20.3 Nm which just above the desired torque of 20
Nm which is expected since a safety margin was added onto the calculated 58.1 mm. It should also be
noted that the torque was 1.5 % higher than what was desired which is roughly the same as percentage
that was added on as a safety margin. From that it should be noted that there should be some room for
further changes should it be desired and that very minor changes to the flux path can have a large impact
on the torque that the machine is able to produce.
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23 Maximum torque of concept 1
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Figure 36: Iteration 1 of the PMSM with a reduced stack length operating at 11 900 RPM while being
supplied with a phase current of 109 A RMS and a current angle of 90° where it produces an average
torque of 20.3 Nm

Due to the reduction in overall flux in the machine, the phase voltage is reduced which can be seen in
Figure 37. The voltage depends according to (35), (36) and (37) on the restive voltage drop over the
copper and on the rate of change of the flux linkage in the machine. Since the wire length has been
reduced, the copper resistance will be reduced according to (85), the restive voltage drop will be reduced.
Also the overall flux in the machine is reduced which means that the voltage drop caused by the rate
of change in the flux linkage will also be scaled linearly with the flux since the number of turns is not
changed. In order to get a better view of the phase voltage an FFT was again conducted which can be
seen in Figure 38.
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Phase voltage of concept 1
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Figure 37: Phase voltage from the three phases of iteration 1 of the PMSM with reduced stack length

when operating at 11 900 rpm and 20.3 Nm

The fundamental part of the phase voltage reaches a magnitude of 224 V which means that the voltage
has been reduced by 15.6 %. That is almost the same as the reduction in the stack length which was of
15.7 %. the 5:th order harmonic was reduced by 15.7 % to 53.1 V and the 7:th order by 15.4 % to 26.7
V. From that it can be seen that the voltage scales in about the same manner as that of the torque given

that the number of coil turns are unchanged.
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FFT of the phase voltage for one phase from concept 1

2501
[ ]
X 590
200 | Y 224
150
=
L k]
fy]
o
©
- 100}
X 2950
Y 531
50 F ?I X 4130
||'\ Y 26.7
[| e
[ /"n
D '“—/\f_/l l‘\-—| ll“"—-" Nr——_ |"‘*—”h‘“-4—a-~—/h\ _/\-—_u_ . i

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Frequency [Hz] x10*

Figure 38: FFT of the phase voltage from one of the phases in Figure 37 coming from iteration 1 of the
PMSM with reduced stack length when operating at 11 900 rpm and 20.3 Nm

Next the cogging torque was examined in order to see how it was affected by the reduction in stack length.
The cogging torque is shown in Figure 39 where it can be noted that the magnitude of the cogging torque
peak-to-peak ripple is reduced from 546 mNm to 470 mNm which is a decrease of 14 %.
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Cogging torque of Concept 1
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Figure 39: Cogging torque of iteration 1 of the PMSM with the reduced stack length operating at 11 900
RPM where the supply current has been set to zero
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7.3 Design concept 2, reduction in outer diameter of the stator

This design concept focused on reducing the outer diameter of the stator rather than shortening the stack
length. Reducing the outer stator diameter will have the same effect it terms of increasing the reluctance
of the flux path and hence a lower flux will flow. If this concept could considerably reduce the outer
diameter of the stator, there would not only be benefits in terms of weight reduction in the motor but also
in terms of packaging in the wheel assembly. The diameter however cannot be linearly scaled as the stack
length could but rather it is the stator back which is to be linearly scaled. The number of stator turns
was increased to 47 turns to solve the issues experienced with losses in concept 1. That meant that the
slot area had to be increased compared to the CFS17 PMSM in order to maintain the fill factor which is a
priority to ensure that the new motor does not become more difficulty to manufacture. The wire diameter
was kept due to the significant copper losses experienced in concept 1 and reducing the wire diameter
would increase the copper losses. That created problems with scaling the stator back since the change in
slot area also will impact the stator back. Figure 40 shows the final 2D-model used in the simulations.

Figure 40: 2D-model of concept 2 with the reduced outer diameter and increased number of turns

After implementing the changes to the stator, the average maximum torque was lower than that of concept
1. In addition to that, the peak-to-peak torque ripple as seen in Figure 41 was increased to 9.3 Nm which
is 50 % of the average maximum torque of the machine.
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Figure 41: PMSM with reduced outer stator diameter operating at 11 900 RPM while being supplied with
a phase current of 109 A RMS and a current angle of 90° where it produces an average torque of 18.6 Nm

The phase voltage shown in Figure 42 did not reach the desired magnitude and the harmonic content was
significant as can be seen in the FFT plot in Figure 43.
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Phase voltage of concept 2
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Figure 42: Phase voltage from the three phases of the PMSM with reduced outer stator diameter when
operating at 11 900 rpm and 18.6 Nm

The fundamental part of the phase voltage reached a magnitude of 238 V with the 5:th harmonic reaching
a magnitude of 101.3 V and the 7:th reached 57.62 V. Comparing those values to that of concept 1, it

can be noted that the 5:th order harmonic is almost twice the magnitude for the second concept. That is
also the case for the 7:th order harmonic.
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FFT of the phase voltage for one phase from concept 2
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Figure 43: FFT of the phase voltage from one of the phases in Figure 42 coming from the PMSM with
reduced outer stator diameter when operating at 11 900 rpm and 18.6 Nm

Since there were significant changes to the slot design there could be changes in the cogging torque. It
can also be seen in Figure 44 that the peak-to-peak ripple is 550 mNm. That is a higher cogging torque
than that of the original CFS17 motor.
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Figure 44: Cogging torque of the PMSM with the reduced outer stator diameter operating at 11 900 RPM
where the supply current has been set to zero

7.4 Evaluation of concepts

The first parameter of comparison is the maximum torque of the machines where concept 1 is able to
produce 20.3 Nm whilst concept 2 was only able to produce 18.6 Nm. The fundamental harmonic of
the phase voltage reached in concept 1 was 317.3 V compared to 338 V in the second concept. The 5th
and 7th order harmonics of concept 2 was however significantly larger than that of concept 1. Due to
these severe phase voltage harmonics and time constraints, it was decided that the first concept would be
further improved whilst the second concept would be scrapped.

7.4.1 Losses and proposed modifications to concept 1

With the decrease in stack length compared to the CFS17 motor, the overall flux in the machine will
decrease as a result of a increased reluctance. This version required a higher current than the CFS17
motor to produce the same torque. The shorter stack will lead to a reduced wire length and hence the
resistance will be lower. However with the current magnitude maintained, the copper losses will be higher
at lower torques since the losses depend on the current squared. For comparing losses of the different
concepts, one data point was selected at close to the rated operation point. These data points for the
different motors are presented in the next chapter in Table 33 and 34. The reason that only one data
point was selected for this concept was that this specific design is not of sufficient quality to move forward
with without further modifications.
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Due to a reduction in flux in the machine, the phase voltage will also decrease for the same current
which means that the motor will enter field weakening at a higher speed. That means that the current
will be unnecessarily high during all stages of operation and the copper losses across the entire speed
range will be higher. One way of solving this problem is to add more coil turns in the stator which will
increase the total flux in the motor and will lead to an increase of phase voltage.
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7.5 Iteration 2, reduction in stack length with increased number of turns

The second version of the reduced stack length has a higher number of turns which would increase the
phase voltage. The number of turns was increased from 41 turns per coil to 46 turns per coil. The number
of turns selected was based on the how the phase voltage magnitudes had changed from Figure 34 and 38.
Unfortunately the values was misread and therefore number selected turned out to be too low. Having
increased the number of turns without decreasing the wire diameter, will force an increase of the slot
area. The reason for not decreasing the wire diameter is for practical reasons where the old CFS17 motor
uses 1.12 mm and CF'S has several kg of that wire type in house. Also that would eliminate the risk of
the wrong wire diameter being used when winding, especially if several different motor types would be
manufactured in parallel. In a PMSM, the stator tooth is generally the location where the maximum
flux density is achieved. That means that when increasing the slot area, reducing the width of the stator
tooth should be avoided since that would cause higher iron losses in the machine. Instead, the slots were
made larger by reducing the cross-section of the stator yoke since that would lead to a lower increase of
iron losses.

Figure 45: PMSM iteration 2 with a reduced stack length where the slot area has been increased as
compared to Figure 23

After implementing this change, the maximum torque decreased as compared to iteration 1 as can be seen
in Figure 46. The peak-to-peak ripple torque in this machine is approximately 40 % of the total torque
produced as compared to that of the CFS17 motor and iteration 1 where it was only 30 %. One possible
reason for this increase in stator core reluctance due to the higher required slot area which will lead to
decrease in total flux of the machine.
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23 Maximum torque of iteration 2
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Figure 46: Iteration 2 of the PMSM with the reduced stack length operating at 11 900 RPM while being
supplied with a phase current of 111 A RMS and a current angle of 90° where it produces an average
torque of 19.4 Nm

The phase voltage can be seen in Figure 47 where it can be seen that the waveforms has been significantly
changed as compared to concept 1 and the CFS17 PMSM as can be seen in Figures 33 and 37.
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Phase voltage of iteration 2
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Figure 47: phase voltage from the three phases of iteration 2 of the PMSM with reduced stack length
when operating at 11 900 rpm and 19.4 Nm

The FFT plot in Figure 48 also indicates large changes as compared to Figures 34 and 38. The fundamental
is increased from concept 1 by 7.4 % to 240.6 V. That was not expected since the number of turns was
increased by 12 %. This behaviour can be explained by the reduction in tooth width and stator back
width which caused the reluctance of the fluxpath to increase as shown in (26). The 5:th harmonic was
significantly increased and reached a magnitude of 84.53 V which is a 59 % increase from concept 1 and
33 % higher than the harmonic of the CFS17 motor. Also the 7:th order harmonic increases but that was
only by 7 % to 28.91 V as compared to that of concept 1.
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FFT of the phase voltage for one phase from iteration 2
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Figure 48: FFT of the phase voltage from one of the phases in Figure 47 coming from iteration 2 of the
PMSM with reduced stack length when operating at 11 900 rpm and 19.4 Nm

Since there were changes required on more of the stator geometries, the cogging torque could be changed
in an unexpected way. The peak-to-peak ripple as can be seen in Figure 49 is 472 mNm which is an
increase of 0.4 % from concept 1. That is likely attributed to the small changes in slot geometries.

87



Master Thesis

Coqging torque of iteration 2
250 . . 99 lg 9 . ;

200 “ “ ﬂ “ “ “ F F p | Cogging torque _

150 7

100 7

Torque [mMNm]
=

-100 B

-1580 i

2Py e err el

_250 i I | I | i i
0 0.5 1 1.5 2 2.5 3 3.5 4

Time [s] %1073

Figure 49: Cogging torque of iteration 2 of the PMSM with the reduced stack length operating at 11 900
RPM where the supply current has been set to zero

More simulations were conducted on this motor in order to in detail check the losses across the entire
motor map and the results are shown in Section 7.5.1.
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7.5.1 Losses

Table 23, 24, 25, 26 and 27 show the losses in the machine at different torques and speeds when providing
the motor with an ideal sinusoidal current. What should be seen here is that the current required to
obtain the same torque is higher for iteration 2 as compared to the CFS17 motor. Also the losses are
generally higher for iteration 2. One interesting point which can be seen is that for 6 Nm, the iron losses
are lower for iteration 2 as compared to the CFS17 motor for current angles of 35° and 45°. The rotor
iron losses are however higher for iteration 2 which is not desirable due to the cooling issues of the rotor
which are described in Section 4.7. The lowest current magnitude obtained is for torques up to 14 Nm is
at 15 which was not the case for the CFS17 motor where that angle had the lowest current magnitude
up to 16 Nm.

Table 23: Speed sweep at 6 Nm for three current angles for PMSM iteration 2 with reduced stack length
where the copper, stator iron and rotor iron losses were obtained

Speed | Current angle | Current magnitude | Copper losses | Iron losses | Rotor losses
5000 15° 335 A 139.1 W 123.5 W 20 W
5000 35° 34.6 A 150.2 W 103.8 W 18 W
5000 45° 36.3 A 165.3 W 98.2 W 17 W
8000 15° 335 A 139.1 W 268 W 43 W
8000 35° 34.6 A 150.2 W 2275 W 39 W
8000 45° 36.3 A 165.3 W 2175 W 38 W
11000 15° 33.5 A 139.1 W 430 W 75 W
11000 35° 34.6 A 150.2 W 375 W 68 W
11000 45° 36.3 A 165.3 W 365 W 65 W
14000 15° 335 A 139.1 W 628 W 116 W
14000 35° 34.6 A 150.2 W 545 W 105 W
14000 45° 36.3 A 165.3 W 535 W 100 W
16000 15° 335 A 139.1 W 774 W 148 W
16000 35° 346 A 150.2 W 678 W 134 W
16000 45° 36.3 A 165.3 W 668 W 128 W
18000 15° 335 A 139.1 W 964 W 184 W
18000 35° 34.6 A 150.2 W 818 W 166 W
18000 45° 36.3 A 165.3 W 802 W 159 W
20000 15° 335 A 139.1 W 1140 W 223 W
20000 35° 346 A 150.2 W 970 W 202 W
20000 45° 36.3 A 165.3 W 956 W 193 W
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Table 24: Speed sweep at 12 Nm for three current angles for PMSM iteration 2 with reduced stack length
where the copper, stator iron and rotor iron losses were obtained

Speed | Current angle | Current magnitude | Copper losses | Iron losses | Rotor losses
5000 15° 64 A 514 W 165 W 29 W
5000 35° 65 A 530 W 145 W 23 W
5000 45° 71.3 A 638 W 148 W 24 W
8000 15° 64 A 514 W 366 W 63 W
8000 35° 65 A 530 W 324 W 51 W
8000 45° 71.3 A 638 W 339 W 54 W
11000 15° 64 A 514 W 586 W 114 W
11000 35° 65 A 530 W 533 W 87T W
11000 45° 71.3 A 638 W 576 W 92 W
14000 15° 64 A 514 W 865 W 177 W
14000 35° 65 A 530 W 795 W 135 W
14000 45° 71.3 A 638 W 859 W 142 W
16000 15° 64 A 514 W 1067 W 226 W
16000 35° 65 A 530 W 988 W 170 W
16000 45° 71.3 A 638 W 1085 W 180 W
18000 15° 64 A 514 W 1302 W 279 W
18000 35° 65 A 530 W 1209 W 213 W
18000 45° 71.3 A 638 W 1326 W 224 W
20000 15° 64 A 514 W 1542 W 345 W
20000 35° 65 A 530 W 1437 W 257 W
20000 45° 71.3 A 638 W 1584 W 269 W

Table 25: Speed sweep at 14 Nm for three current angles for PMSM iteration 2 with reduced stack length
where the copper, stator iron and rotor iron losses were obtained

Speed | Current angle | Current magnitude | Copper losses | Iron losses | Rotor losses
5000 15° 76 A 725 W 176 W 30 W
5000 35¢ 7T A 743.7T W 162 W 26 W
5000 45° 83 A 865 W 167 W 28 W
8000 15° 76 A 725 W 391 W 64 W
8000 35° 7T A 743.7 361 W 57 W
8000 45° 83 A 865 W 382 W 62 W
11000 15° 76 A 725 W 633 W 115 W
11000 35° 7T A 743.7 599 W 98 W
11000 45° 83 A 865 W 652 W 105 W
14000 15° 76 A 725 W 935 W 178 W
14000 35° 7T A 743.7 894 W 151 W
14000 45° 83 A 865 W 980 W 161 W
16000 15° 76 A 725 W 1158 W 228 W
16000 35° 7T A 743.7 1112 W 191 W
16000 45° 83 A 865 W 1231 W 205 W
18000 15° 76 A 725 W 1414 W 281 W
18000 35° 7T A 743.7 1362 W 240 W
18000 45° 83 A 865 W 1484 W 256 W
20000 15° 76 A 725 W 1679 W 347 W
20000 35° 7T A 743.7 1621 W 289 W
20000 45° 83 A 865 W 1764 W 307 W
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Table 26: Speed sweep at 16 Nm for three current angles for PMSM iteration 2 with reduced stack length
where the copper, stator iron and rotor iron losses were obtained

Speed | Current angle | Current magnitude | Copper losses | Iron losses | Rotor losses
5000 15° 90 A 1016 W 1915 W 30 W
5000 35° 88 A 971.4 W 182 W 29 W
5000 45° 95.3 A 1139 W 191 W 31W
8000 15° 90 A 1016 W 424 W 66 W
8000 35° 88 A 971.4 W 407 W 64 W
8000 45° 95.3 A 1139 W 437 W 0 W
11000 15° 90 A 1016 W 685 W 118 W
11000 35° 88 A 971.4 W 676 W 109 W
11000 45° 95.3 A 1139 W 749 W 119 W
14000 15° 90 A 1016 W 1028 W 183 W
14000 35° 88 A 971.4 W 1010 W 168 W
14000 45° 95.3 A 1139 W 1120 W 184 W
16000 15° 90 A 1016 W 1278 W 234 W
16000 35° 88 A 971.4 W 1258 W 213 W
16000 45° 95.3 A 1139 W 1415 W 233 W
18000 15° 90 A 1016 W 1562 W 289 W
18000 35° 88 A 971.4 W 1539 W 267 W
18000 45° 95.3 A 1139 W 1730 W 192 W
20000 15° 90 A 1016 W 1858 W 357 W
20000 35° 88 A 971.4 W 1833 W 322 W
20000 45° 95.3 A 1139 W 2068 W 350 W

Table 27: Speed sweep at 20 Nm for three current angles for PMSM iteration 2 with reduced stack length
where the copper, stator iron and rotor iron losses were obtained

Speed | Current angle | Current magnitude | Copper losses | Iron losses | Rotor losses
5000 15° 128 A 2055 W 244.8 W 33 W
5000 35¢ 111.3 A 1554 W 223 W 32 W
5000 45° 121.5 A 1851 W 2556 W 39 W
8000 15° 128 A 2055 W 546 W 2 W
8000 35° 111.3 A 1554 W 499 W 1TW
8000 45° 121.5 A 1851 W 581 W 90 W
11000 15° 128 A 2055 W 912 W 128 W
11000 35° 111.3 A 1554 W 835 W 121' W
11000 45° 121.5 A 1851 W 1001 W 151 W
14000 15° 128 A 2055 W 1360 W 197 W
14000 35° 111.3 A 1554 W 1250 W 188 W
14000 45° 121.5 A 1851 W 1498 W 234 W
16000 15° 128 A 2055 W 1693 W 252 W
16000 35° 111.3 A 1554 W 1564 W 238 W
16000 45° 121.5 A 1851 W 1888 W 296 W
18000 15° 128 A 2055 W 2066 W 311 W
18000 35° 111.3 A 1554 W 1918 W 298 W
18000 45° 121.5 A 1851 W 2312 W 373 W
20000 15° 128 A 2055 W 2455 W 383 W
20000 35° 111.3 A 1554 W 2288 W 361 W
20000 45° 121.5 A 1851 W 2767 W 447 W
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7.5.2 Proposed modifications to iteration 2

This version proved to have higher iron losses in the stator and the rotor compared to the previous version,
but it also had significantly lower copper losses. When comparing it to the old motor, it should be noted
that the iron losses are overall similar, but the rotor losses are significantly higher in this version. The
reason for this could be because of the flux paths in the rotor. The flux from the magnets and the flux
from the coils will not have the same flux path in the rotor. The flux from the magnets will flow into and
out from the cross-section of the magnet poles whilst the flux from the coils will flow in between the rotor
ribs which will have a higher flux density than the previous motor. Since there is now a higher reluctance
in the flux path, the magnet flux will decrease since the MMF from the magnets are unchanged. That
means that a larger portion of the total flux must be produced by the coils which means that a higher
current is needed. That will increase the copper losses and it will also increase the amount of flux that
will flow in the rotor ribs. The increase in flux through those ribs caused the increase in rotor losses.
That problem could be solved by increasing the magnet thickness which was done in the next version of
the motor.
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7.6 Iteration 3, reduction in stack length with increased number of turns and
increased magnet thickness

The third iteration of the reduced stack length was a late change in the project. The magnet thickness
marked in Figure 50 was changed to the maximum thickness that the current ribs would allow spacing
for. The ribs are important for the structural strength of the rotor and can therefore not be reduced that
much. The increase in magnet volume did not exceed the volume of the old magnets and hence it would
not increase the cost of magnets. There are two possible problems with this design. The first is that
larger cut-outs in the rotor are required which could cause problems with structural integrity of the rotor.
The second problem is that there is less space in the rotor cut-outs for mounting the magnets and that is
because the new magnet thickness prevents any extension of the flux barrier cut-outs.

 »

-

Figure 50: 2D-model of iteration 3 with the shortened stack length, increased number of turns and
increased magnet thickness
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This increase in magnet thickness did lead to an increase in overall torque which is attributed to the
increase in overall MMF in the motor. In Figure 51, it can be seen that the torque is increased from
19.4 Nm to 19.7 Nm which is an increase of 1.5 %. Those 1.5 % was not proportional to the increase
in magnet thickness and the reason for that is that for the maximum torque, the motor is operating at
higher flux densities and hence the material will be more saturated. That can be seen in Figure 18. The
peak-to-peak ripple for this motor was 7.9 Nm which is about 40 % of the average torque that the motor
produces. That is approximately the same as for the second iteration but more than the concept design
where it was about 30 % of the average torque.

o Maximum torque of iteration 3
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Figure 51: Tteration 3 of the PMSM with the reduced stack length operating at 11 900 RPM while being
supplied with a phase current of 111 A RMS and a current angle of 90° where it produces an average
torque of 19.7 Nm

However, the phase voltage was still not of the same magnitude as the CFS17 motor as could be seen in
Figure 53 and the significant magnitudes of the 5:th and 7:th harmonic was also still present as can be
seen in Figure 52 and 53.
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Phase voltage of iteration 3
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Figure 52: Phase voltage from the three phases of iteration 3 of the PMSM with reduced stack length
when operating at 11 900 rpm and 19.7 Nm

The fundamental component of the voltage was unchanged and remained at 240.5 V and the 5:th and
7:th harmonics was decreased by about 2 V compared to iteration 2.
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FFT of the phase voltage for one phase from iteration 3
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Figure 53: FFT of the phase voltage from one of the phases in Figure 52 coming from iteration 3 of the
PMSM with reduced stack length when operating at 11 900 rpm and 19.7 Nm

The cogging torque peak-to-peak ripple did increase to 481.8 mNm compared to the 472 mNm of iteration
2 which can probably be attributed to the larger magnets where the attraction forces between the stator
and rotor has increased.
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Coqging torque of iteration 3
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Figure 54: Cogging torque of iteration 3 of the PMSM with the reduced stack length operating at 11 900
RPM where the supply current has been set to zero
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7.6.1 Proposed changes to iteration 3

Due to the remaining phase voltage issues, a final iteration of this motor was required. Since it was
concluded early that a fourth version of the would be needed, no data for the efficiency maps was obtained.
The reason for that is that the time restrictions would not allow for it. After studying the flux densities in
different parts of the stator, it could be concluded that the flux density in the stator yoke was much higher
than what was expected. That means that there is a much higher risk of having small local saturations
which could contribute to higher levels of harmonics in the phase voltage.
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7.7 Iteration 4, reduced stack length with increased number of turns, in-
creased magnet thickness and altered stator back/tooth width ratio

In the final version of the shortened stack shown in Figure 55, the number of coil turns was again increased
to 50 turns in order to obtain the correct phase voltage magnitude. Also, it was attempted to find the
optimal relationship between the width of the stator tooth and the width of the stator yoke. The changes
implemented forced a slight increase in the stack length in order for the motor to still be able to produce
the same torque output.

Y

P |

Figure 55: Final version with the shortened stack length

The maximum average torque produced by the motor remained unchanged with the implementation of
these changes. However the peak-to-peak torque ripple changed where it was now 35.5 % of the average
torque which was a 5 % decrease from iteration 3 as can be seen in Figure 56. It is however still more
than that of the CFS17 motor.
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23 Maximum torque of iteration 4
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Figure 56: Iteration 4 of the PMSM with the reduced stack length operating at 11 900 RPM while being
supplied with a phase current of 111 A RMS and a current angle of 90° where it produces an average
torque of 19.7 Nm

The changes made, had significant impact on the phase voltage waveform as can be seen in Figure 57.
The FFT of the voltage indicated that the 5:th order harmonic was reduced to 70.12 V as can be seen in
Figure 58 compared to iteration 3. That is however 11.3 % higher than that of the CFS17 motor. Also
the fundamental increased to 262.6 V which is very close to that of the CFS17 motor which was one of
the main goals with this iteration.
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Phase voltage of iteration 4
400 . . . . .

300

200

100

Voltage [V]
=

-100

-200

-300

_400 i i | i | i i
Time [s] w1073

Figure 57: Phase voltage from the three phases of iteration 4 of the PMSM with reduced stack length
when operating at 11 900 rpm and 19.7 Nm

The FFT plot did however also indicate that the 7:th order harmonic increased to 42.75 V which is 34 %
higher than the CFS17 motor.
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FFT of the phase voltage for one phase from iteration 4
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Figure 58: FFT of the phase voltage from one of the phases in Figure 57 coming from iteration 4 of the
PMSM with reduced stack length when operating at 11 900 rpm and 19.7 Nm

The cogging torque peak-to-peak ripple of iteration 4 increased to 520 mNm which can probably be
attributed to the change in geometries in the slot.
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Figure 59: Cogging torque of iteration 4 of the PMSM with the reduced stack length operating at 11 900

RPM where the supply current has been set to zero

7.7.1 Losses

For this motor, a full sweep of the operation points was performed which would be used to obtain the
efficiency maps. The data is presented in Tables 28, 29, 30, 31, 32. It can be noted that the current
magnitudes for lower torques are lower than the currents in the CFS17 PMSM. The rotor losses and iron
losses are slightly higher and that might be attributable to the higher flux densities in the machine. It

%107

should however be said that the loss magnitudes are very similar in the stator and rotor.
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Table 28: Speed sweep at 6 Nm for three current angles for PMSM iteration 4 with reduced stack length
where the copper, stator iron and rotor iron losses were obtained

Speed | Current angle | Current magnitude | Copper losses | Iron losses | Rotor losses
5000 15° 27.7 A 117 W 128 W 18 W
5000 35° 29 A 128 W 109 W 16 W
5000 45° 32 A 156 W 105 W 16 W
8000 15° 27.7 A 117 W 27T W 40 W
8000 35° 29 A 128 W 237 W 36 W
8000 45° 32 A 156 W 231 W 36 W
11000 15° 27.7 A 117 W 441 W 0 W
11000 35° 29 A 128 W 385 W 63 W
11000 45° 32 A 156 W 384 W 61 W
14000 15° 27.7 A 117 W 640 W 108 W
14000 35° 29 A 128 W 557 W 96 W
14000 45° 32 A 156 W 558 W 94 W
16000 15° 27.7 A 117 W 787 W 137 W
16000 35° 29 A 128 W 690 W 123 W
16000 45° 32 A 156 W 694 W 120 W
18000 15° 2717 A A 117 W 955 W 1711w
18000 35° 29 A 128 W 830 W 153 W
18000 45° 32 A 156 W 833 W 150 W
20000 15° 27.7T A 117 W 1127 W 208 W
20000 35° 29 A 128 W 983 W 185 W
20000 45° 32 A 156 W 990 W 181 W

Table 29: Speed sweep at 12 Nm for three current angles for PMSM iteration 4 with reduced stack length
where the copper, stator iron and rotor iron losses were obtained

Speed | Current angle | Current magnitude | Copper losses | Iron losses | Rotor losses
5000 15° 57 A 494 W 160 W 24 W
5000 35¢ 56 A 47T W 150 W 21 W
5000 45° 61 A 566 W 150 W 22 W
8000 15° 57 A 494 W 354 W 53 W
8000 35° 56 A 47T W 336 W 47T W
8000 45° 61 A 566 W 344 W 48 W
11000 15° 57 A 494 W 570 W 94 W
11000 35° 56 A 47T W 548 W 80 W
11000 45° 61 A 566 W 578 W 48 W
14000 15° 57 A 494 W 836 W 146 W
14000 35° 56 A 47T W 812 W 123 W
14000 45° 61 A 566 W 856 W 126 W
16000 15° 57 A 494 W 1036 W 185 W
16000 35° 56 A 47T W 1006 W 156 W
16000 45° 61 A 566 W 1080 W 160 W
18000 15° 57 A 494 W 1264 W 231 W
18000 35° 56 A 47T W 1231 W 195 W
18000 45° 61 A 566 W 1321 W 199 W
20000 15° 57 A 494 W 1497 W 284 W
20000 35° 56 A 47T W 1460 W 135 W
20000 45° 61 A 566 W 1574 W 239 W
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Table 30: Speed sweep at 14 Nm for three current angles for PMSM iteration 4 with reduced stack length
where the copper, stator iron and rotor iron losses were obtained

Speed | Current angle | Current magnitude | Copper losses | Iron losses | Rotor losses
5000 15° 69 A 724 W 1711w 25 W
5000 35° 66 A 662 W 164 W 23 W
5000 45° 70.5 A 756 W 165 W 24 W
8000 15° 69 A 724 W 381 W 55 W
8000 35° 66 A 662 W 367 W 52 W
8000 45° 70.5 A 756 W 378 W 54 W
11000 15° 69 A 724 W 618 W 97T W
11000 35° 66 A 662 W 601 W 88 W
11000 45° 70.5 A 756 W 639 W 92 W
14000 15° 69 A 724 W 906 W 152 W
14000 35° 66 A 662 W 892 W 136 W
14000 45° 70.5 A 756 W 950 W 141 W
16000 15° 69 A 724 W 1126 W 193 W
16000 35° 66 A 662 W 1107 W 173 W
16000 45° 70.5 A 756 W 1198 W 179 W
18000 15° 69 A 724 W 1370 W 240 W
18000 35° 66 A 662 W 1357 W 216 W
18000 45° 70.5 A 756 W 1466 W 223 W
20000 15° 69 A 724 W 1624 W 296 W
20000 35° 66 A 662 W 1610 W 296 W
20000 45° 70.5 A 756 W 1747 W 268 W

Table 31: Speed sweep at 16 Nm for three current angles for PMSM iteration 4 with reduced stack length
where the copper, stator iron and rotor iron losses were obtained

Speed | Current angle | Current magnitude | Copper losses | Iron losses | Rotor losses
5000 15° 83 A 1047 W 189 W 27T W
5000 35¢ 75 A 855 W 178 W 25 W
5000 45° 82.5 A 1035 W 189 W 28 W
8000 15° 83 A 1047 W 420 W 58 W
8000 35° 75 A 855 W 398 W 56 W
8000 45° 82.5 A 1047 W 431 W 62 W
11000 15° 83 A 1035 W 688 W 102 W
11000 35° 75 A 855 W 654 W 95 W
11000 45° 82.5 A 1035 W 732 W 106 W
14000 15° 83 A 1047 W 1007 W 159 W
14000 35° 75 A 855 W 972 W 147 W
14000 45° 82.5 A 1035 W 1090 W 162 W
16000 15° 83 A 1047 W 1257 W 202 W
16000 35° 75 A 855 W 1208 W 186 W
16000 45° 82.5 A 1035 W 1373 W 206 W
18000 15° 83 A 1047 W 1526 W 251 W
18000 35° 75 A 855 W 1481 W 233 W
18000 45° 82.5 A 1035 W 1679 W 258 W
20000 15° 83 A 1047 W 1808 W 309 W
20000 35° 75 A 8556 W 1758 W 281 W
20000 45° 82.5 A 1035 W 2003 W 309 W
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Table 32: Speed sweep at 20 Nm for three current angles for PMSM iteration 4 with reduced stack length
where the copper, stator iron and rotor iron losses were obtained

Speed | Current angle | Current magnitude | Copper losses | Iron losses | Rotor losses
5000 15° 115 A 2011 W 235 W 29 W
5000 35° 100 A 1520 W 221 W 29 W
5000 45° 103.5 A 1629 W 236 W 33 W
8000 15° 115 A 2011 W 523 W 65 W
8000 35° 100 A 1520 W 492 W 65 W
8000 45° 103.5 A 1629 W 536 W 74 W
11000 15° 115 A 2011 W 875 W 112 W
11000 35° 100 A 1520 W 820 W 111'W
11000 45° 103.5 A 1629 W 917 W 125 W
14000 15° 115 A 2011 W 1284 W 175 W
14000 35° 100 A 1520 W 1230 W 175 W
14000 45° 103.5 A 1629 W 1370 W 193 W
16000 15° 115 A 2011 W 1605 W 222 W
16000 35° 100 A 1520 W 1532 W 217 W
16000 45° 103.5 A 1629 W 1726 W 243 W
18000 15° 115 A 2011 W 1942 W 27T W
18000 35° 100 A 1520 W 1880 W 272 W
18000 45° 103.5 A 1629 W 2112 W 305 W
20000 15° 115 A 2011 W 2298 W 339 W
20000 35° 100 A 1520 W 2236 W 328 W
20000 45° 103.5 A 1629 W 2521 W 367 W

7.8 Other concepts

There were other concepts designed and built but the results from those models were either inconclusive
or not good enough to be able to motivate further investigation. There was a concept where a new rotor
design was made. It utilized a smaller rotor which had smaller magnets and used a flat-PM topology. That
motor had lower magnet flux which meant that the flux from the coils had to be higher in order to obtain
the same total flux. This motor in particular, required a significantly higher coil flux which meant that
the number of turns had to be increased significantly. That created problems with slot area and in the
end, it ended up not being smaller or lighter than the concept where the width of the flux path was reduced.

A FEM model skeleton for a 10-pole motor was built but was not further investigated and due to in-

sufficient time, it could not be completed and tested. However, for future projects, the completion of that
model could be of interest. Especially when having a new in-house designed and built inverter.
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8 Final design

This section will display the performance criteria of the machines and compare the different concepts.
Also, the final choice of motor concept will be made.

8.1 Comparison of motors

There were three main comparisons done on the motors. The first was to compare them at rated operation
where the results are presented in Section 8.1.1. The second one was to compare them at maximum power
which is shown in Section 8.1.2 and finally the weight of the motors was compared which is shown in
Section 8.1.3. Also efficiency maps were obtained for three motors and are shown in Section 8.1.4.

8.1.1 Rated operation and efficiency

The simulations at the expected rated operation point were performed in order to estimate what the rated
efficiency of the motor would be and what the relative losses to the new cooling surface of the stator would
be. The cooling surface is calculated using the outer diameter of the stator and stack length according to

Acooling = ODgtatorT Lstack (105)

where Acooling is the cooling surface. That will be the contact surface between the stator and the cooling
jacket which can be seen in Figure 21. That could give an early indication on what cooling requirements are
needed for the new motor and if the current cooling system is sufficient. The simulations were performed
using the same dqg-current angle due to problems when performing MTPA calculations on the models.
The dg-current angle was set to 125° for all of the motors since that in general produced results with high
efficiency for all of the motors.

Table 33: Operation at close to the rated torque and speed of the CFS17 motor, iteration 1 and 2 of the
PMSM with reduced stack length where the efficiency and relative loss to cooling surface is shown

Motor CFS17 motor | Concepts 1 Iteration 2
Current magnitude 55.9 A 55.9 A 48 A
Torque 10.8 Nm 9.1 Nm 8.7 Nm
Speed 11 900 RPM | 11 900 RPM | 11 900 RPM
Copper losses 396.7 W 350 W 289 W
Stator losses 611.3 W 515 W 521 W
Rotor losses 88 W 88 W 86 W
Efficiency 92.5 % 92.2 % 92.4 %
Power loss magnitude 1.01 kW 885 W 824 W
Relative loss -
- to cooling surface 1 0.96 1.03
Relative loss corrected for 11 kW 1.23 0.99 1.02
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Table 34: Operation at close to the rated torque and speed of iteration 3 and 4 of the PMSM with reduced
stack length and Concept 2 with reduced outer stator diameter where the efficiency and relative loss to
cooling surface is shown

Motor Iteration 3 Concept 2 Tteration 4
Current magnitude 47 A 40 A 43.2 A
Torque 8.6 Nm 8.5 Nm 9.2 Nm
Speed 11 900 RPM | 11 900 RPM | 11 900 RPM
Copper losses 27T W 266 W 284 W
Stator losses 506 W 592 W 549 W
Rotor losses 83 W 80 W 82 W
Efficiency 92.5 % 91.9 % 92.6 %
Power loss magnitude 804 W 857 W 848 W
Relative loss -
- to cooling surface 1.06 0.99 1.09
Relative loss corrected for 11 kW 1 0.96 1.14

One important aspect to consider when studying these results is that all of the simulations were done at
the same current angle of 125° which is not the MTPA angle of the CFS17 motor and likely not for any
of the other motors either. One simulation was performed with the MTPA angle on the CFS17 motor in
which it was noted that the copper losses as expected was reduced but the rotor losses increased whilst
the iron losses remained almost the same. The efficiency at that current angle was calculated to 92.6%
which is the same as the efficiency that of Iteration 4. The reason that all of the simulations was not
performed at the model respective MTPA angle was that the calculation of the harmonic content of the
inductances was not accurate and hence the MTPA angle calculations was incorrect.

The relative loss to cooling surface of the machine gives an idea of where the motor will have its rated
operation point. That is the reason that the torque varies to a certain extent due to a higher accuracy
required to calculate the relative loss. The exact point of operation is of less interest as compared to the
losses since the main reason for performing these simulations is to find the rated torque. If the relative
loss is less than one, it means that the motor cannot be sufficiently cooled at that operation point and
hence the rated point of operation must be lower. That is the case for the first version of the shortened
stack and the reduction in width concept. Iteration 4 turned out to have the highest relative loss and
whilst also having the highest power output. That would indicate that the Iteration 4 has the highest
point of rated operation.

8.1.2 Maximum power

The maximum power comparison was made by supplying the models with an RMS current which produced
the same MMF as when the CFS17 motor was supplied with 125 A in g-direction and 0 A in d-direction.
The machines were run at their rated speed of 11900 rpm and their maximum torque, losses and phase
voltage would be monitored. If the correct number of turns has been selected, the torque should be the
highest for the most efficient motor. The results from these simulations are presented in Table 35.
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Table 35: Maximum power of the CFS17 motor, Concept 1 and Iteration 2

Motor CFS17 motor | Concept 1 | Iteration 2
Current 176.8 A 176.8 A 157 A
Torque 24.1 Nm 20.3 Nm 19.4 Nm
Copper losses 3969 W 3502 W 3114 W
Stator losses 1366 W 1152 W 1318 W
Rotor losses 186 W 186 W 171 W
phase voltage magnitude 350 V 295 V 312V
Power 30 032 W 252906 W | 24 175 W
Efficiency 84.47 % 83.94 % 84 %

Table 36: Maximum power of Concept 2, Iteration 3 and 4

Motor Iteration 3 | Concept 2 | Iteration 4
Current 157 A 154 A 145 A
Torque 19.7 Nm 18.6 Nm 19.7 Nm
Copper losses 3114 W 3958 W 3194 W
Stator losses 1275 W 1530 W 1215 W
Rotor losses 168 W 137 W 152 W
phase voltage magnitude 311V 330 V 350 V
Power 24549 W | 23 178 W | 23 802 W
Efficiency 84.3 % 80.5 % 83.4 %

The motor will be ran at lower current magnitude as compared to the CFS17 motor which means that it
should be possible to have a larger voltage drop over the motor whilst still being able to deliver the same
current. When winding the CFS17 motors it is possible although not preferable to add 3-4 more turns to
the stator which would increase the fill factor. Should there not be a sufficient number of turns on the
coils, they can be added afterwards as long as the motor has not been potted.

8.1.3 Weight reduction and magnet volume

The estimated weight reduction will be expressed in terms of % of material volume. The weight from
the stator material, rotor material and copper will be considered. The weight of the copper is the most
difficult weight to estimate. The method used to approximate the weight of the windings was to use given
weight in the datasheet and relating it to the per phase wire resistance. The wire resistance is calculated
using (85) and by estimating the wire length, the resistance is can be calculated as

2
. Nturn,phaseN“l(’t
Rphase = Pcopper 2(Lstack+
3Acy
Aslot

+2 - Rinsulation + 4 - (4 + 2Ltooth,w)) (106)

(ODstator/2 - I-Dstaifor/2 - Ltooth,w - HSO))
Where:

Rphase is the phase resistance [(]

Niots 1s the number of stator slots

Lstack is the stack length [m)

ODgyat0r is the outer diameter of the stator [m]
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IDgtator is the inner stator diameter [m]

Hg is the slot opening height [m]

® Liooth,w is the length of the non-slot wedge tooth length [m]

A,y is the copper area in the slot [m?]

® Ninsulation is the end winding insulation height [m]

These geometry definitions used to calculate the wire length are illustrated in Figure 23. That is assuming
that the wire diameter is unchanged. Also, the magnet volume is an important factor when it comes to
cost of the motor. In the Tables 37 and 38, the weight of the different parts of the motors are shown and
the magnet volume is shown.

Table 37: Weight summary and magnet volume of the CFS17 motor, iteration 1 and 2 of the PMSM with
reduced stack length

Motor CFS17 motor | Concept 1 | Iteration 2
Stator iron weight 1.65 kg 1.39 kg 1.29 kg
Rotor iron weight 0.54 kg 0.45 kg 0.45 kg
Copper weight 0.6 kg 0.53 kg 0.59 kg
Magnet volume per pole 5.4 cm? 4.6 cm? 4.6 cm?®
Total weight 2.79 kg 2.37 kg 2.33 kg
Percent weight reduction 0% 15 % 16.5 %

Table 38: Weight summary and magnet volume of iteration 3 and 4 of the PMSM with reduced stack
length and the PMSM with reduced outer stator diameter

Motor Iteration 3 | Concept 2 | Iteration 4
Stator weight 1.29 kg 1.15 kg 1.32 kg
Rotor weight 0.44 kg 0.54 kg 0.44 kg
Copper weight 0.59 kg 0.72 kg 0.79 kg
Magnet volume per pole 5 cm? 5.4 em3 5.4 em3
Total weight 2.32 kg 2.41 kg 2.55 kg
Percent weight reduction 16.8 % 13.6 % 12 %

From Tables 37 and 38 it can be seen that all of the motors will lead to substantial weight reduction as
compared to the previous motor. One very important note when it comes to weight is that the power
density of iteration 4 is reduced as compared to the CFS17 motor which is not desirable. The power
density should be possible to improve and will be discussed further in the future work section.

8.1.4 Efficiency maps

For the efficiency maps, only three motors would be compared to the CFS17 motor. The reason for this is
the computational time required to perform these simulations. As previously mentioned, only three maps
were obtained and are presented in Figure 60. Only values up till torque levels of 20 Nm was obtained and
in the case of the CFS17 motor, that was deemed sufficient even though it did not cover the full torque
span of the motor. The reason for this is that the comparison at maximum power in the previous section
was deemed sufficient and that the time required to run the final simulations could not be motivated.
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Figure 60: Low resolution of the efficiency maps of the CFS17 motor, iteration 2 and 4 of the reduced
stack length

When studying these results, it should be kept in mind that the current was set manually and the accuracy
of the torque output which was deemed acceptable was set to £0,2 Nm. That could have more of an
impact at lower torque levels where it could skew the actual power output by up to 3-4 %.

From these plots, it should be noted that the behaviour between Iteration 4 and the CFS17 motor is
similar which could indicate that they also will behave similarly in reality. It can also be seen that the
changes made from version two of the shortened stack to the final Iteration led to a larger span where
relatively high efficiency is obtained.

Another important aspect which can be examined on the efficiency maps. Depending on the gear ra-
tio that is used in the car, the RMS speed and torque changes. For that reason, it is important to have
a wide span at which the efficiency is high to avoid requiring a re-design if the gear ratios are changed.
It can be noted that the span where high efficiency is obtained for Iteration 4 is larger than that of the
CFS17 motor and the second version of the shorter stack concept. That means that this motor may be
less sensitive to changes in gear ratios.
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8.2 Recommendation of concept PMSM

When making the final recommendation of which of these motors would be the most suitable for CFS,
the total weight of the motor and the efficiency will be the main two factors considered whilst also taking
into account any large changes in manufacturability and/or cost of the motor.

The first version of the reduction in stack length will not be recommended as a suitable machine since
the copper losses are significantly higher than that of the other motors. It is also had the highest rotor
losses at rated speed as compared to the other versions. The rotor losses were the same as in the CFS17
motor and with a smaller thermal mass in the rotor, there could be a risk of it overheating.

The concept using the smaller outer stator diameter did show promise in terms of the location of the
losses were mainly the iron losses increased but due to it not providing a significant reduction in weight
whilst also not reducing the diameter significantly, it cannot be recommended for future CFS teams. It
was also the least efficient concept of the two.

Iteration 2 of the reduction in stack length was more efficient than the first version and that could
mainly be attributed to the decrease in copper losses in the stator. The rotor losses also decrease slightly
whilst the iron losses increased. The increase in iron losses can probably be attributed to the increase
in stator reluctance as a result of the larger slots required to maintain the fill factor. This version was
0.1 % less efficient at rated speed compared to the CFS17 motor and the largest proportional increase
in losses was in the rotor. The reduction in stack length also did lead to the largest reduction in weight
as compared to the reduction in flux path width. The stator design was kept for the third iteration and
was initially intended to be the one recommended for future use for CFS but it was later noticed that its
phase voltage waveforms which had significant 5:th and 7:th order harmonic magnitudes.

Iteration 3 of the reduction in stack length had a new rotor design with thicker magnets which increased
the magnet MMF and hence increased the magnet flux in the machine. That meant that the flux from
the coils could be reduced and hence the copper losses decreased. Also, the flux distribution in the stator
and rotor core changed which led to lower rotor losses and lower iron losses. This version also proved to
be the more efficient and had similar efficiency to iteration 2.

Due to the problems with the harmonic content in the phase voltage combined with a magnitude which
was too low it was decided to make one final iteration of the stator. In that version the stator was altered
to reduce points in the stator where high flux densities are achieved. That version sacrificed a bit of its
power density in order to obtain better EMF wave forms. This motor proved to have significantly reduced
rotor losses and to have significantly improved phase voltage wave forms. This version of the motor proved
to be about 5 % heavier than its predecessor but due to the problems that the phase voltage could cause
combined with a lower efficiency of that version this stator will be recommended.

To summarize, the fourth iteration of the reduction of stack length is recommended as the new front
motors for the CFS22 team. That is because of it having the highest efficiency of the investigated motors
combined whilst also having the lowest harmonic content of all of the versions. It also had lower rotor
losses which indicates that the risk of having overtemperatures in the rotor and thereby demagnetizing
the magnets is reduced.
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8.3 Suggested manufacturing methods of the motor

When manufacturing the motor, the methods used could significantly impact the performance of the mo-
tor. The findings from the literature study conducted and summarized in Chapter 4 indicates that the
stator laminations should preferably be cut using wire electrical discharge machining since that is more
suitable for prototype and low quantity production combined with having lower degradation effects on the
material. The bonding should be done using coating since that will have the lowest risk of failure combined
with lower levels of degradation and having lower Eddy current losses. The end-winding insulation will
be a transferable part from the old to the new motor. In that way, they will not need to be manufactured
separately.

The winding of the stator will be done by hand or partially with a needle and the rest by hand. The
reason for this is that the changes that would be required in order to fully wind the coils in a machine
would have a significant impact on the performance of the machine. The coils would ideally be connected
in series but since that would require a thicker wire, that would be required to be tested in order to verify
if it is possible or not in terms of winding.

The motors should be potted since that method has been used in the past but that is something that
should be studied further since there are significant benefits if that could be avoided in terms of being
able to remove damaged windings. Not potting the motor may however lead to higher risks of insulation
failures in the windings and worsened heat dissipation from the coils. Also the risk of windings coming
loose will be more likely.

8.4 Suggested prototype manufacturing and testing

The winding of the prototype should be done slightly differently where it should be done with 2 mm wires
instead of 1.12 mm and the coils should be connected in series. The number of turns per coil should them
be 1/3 of the number specified in Section 7.6. The motor should initially not be potted since that would
make it impossible to adjust the number of turns if it should be needed. The initial tests should monitor
the phase voltage and if it is possible, check if the maximum torque can be produced at the intended
base speed. If it cannot be done, one turn per stator tooth should be removed and the tests should be
re-done. Having to remove turns will lead to higher copper losses at all torques which makes it even more
important to have the largest phase voltage possible whilst still being able to push maximum torque at
rated speed. These tests must be performed for short durations to avoid overheating the coils and the
stator.

Once the correct phase voltage has been ensured, the motor can be potted and then a temperature
test can be performed. The temperature test entails running the motor as base speed and base torque
and the rotor and stator temperatures are monitored. The motor should run until the temperatures reach
equilibrium or the maximum temperature. Should the motor reach maximum temperature, the motor
will have to be downrated and the base operation point must be lowered in terms of torque or speed. The
expected rated power should be slightly higher than 11.5 kW which should be confirmed when testing.
According to the data from the drive cycle analysis that rated power will be sufficient for all expected
operating conditions for the front motor.
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9 Conclusion

The aim of this thesis is to re-design the CFS17 PMSM to suit the performance requirements of the front
hub motors of the CFS21 car. Drive cycle analysis was used to obtain the parameters, needed for the new
PMSM. A 1-D powertrain model was used to run the drive cycles which was also used in 2017 when the
parameters of the old motors was found. The power train model was updated, and new drive cycles were
created with more up to date data. The results indicated that a new smaller motor could be obtained.
The new motor should be able to deliver maximum 20 Nm at 12 000 RPM and be 8.7 Nm continuously.

The FEM model of the CFS17 motor was provided by AROS electronics of which two design concepts were
made. These concepts were implemented the FEM software and the results were evaluated in Chapter 4.
IRO AB provided feedback on the manufacturability of the motor, the manufacturing methodology was
specified, and the designs were adjusted in order to be able to implement the chosen methodology. The
designs were evaluated, and the most suitable design choice was chosen based on the results presented in
Chapter 8. A shorter stack with thicker magnets in the rotor and a higher number of coil turns proved to
be the most suitable motor. The new motor will be able to deliver 19.7 Nm at 12 000 RPM and more than
9.1 Nm continuously with an estimated efficiency of 92.6 % which is 0.1 % higher than the old CFS17
motor. The stator and rotor iron combined with the copper in the windings will weigh 12 % less than the
old CFS17 motor.
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10 Future work

Before making a motor prototype, there are some considerations and further work required.

e The total power density of the machine is reduced and that is a consequence of EMF waveform
problems in the machine. For future work, the iteration 4 motor model could potentially be used as
a base-line design and then make smaller changes to reduce the weight further.

e A study of the rotor topology should be conducted and changing the magnet topology to a V-shape
or decentred magnet topology. By doing that, it might be possible to increase the MMF produced
by the magnets. In such a study, the magnet dimensions can also be varied. That could be suitable
as a design project team within Formula Student or as a standalone design project.

e The stator can be optimized more to minimize the iron losses whilst maintaining the weight reduc-
tion. The weight might even be able to be further reduced. The area that is of the main interest
is the slots where if possible, a topology optimization should be performed. When performing the
optimization, the fill-factor should be maintained in order to not affect the manufacturability of the
motor. One way to study this in detail is to make a full motor in 2-D instead of just a fraction of
it. Then study the flux density distributions at different instances during one electric cycle when
the losses have stabilized. Having instances of high flux distributions in the core will lead to higher
hysteresis losses and hence it would be of interest to try to limit them without increasing the weight
of the stator.

e Since CFS21 is developing a new inverter, the concept of increasing the number of poles in the motor
should be examined. The concept has been built in the FEM software, but extensive optimization
or testing has not been performed. The use of more poles will require a higher electrical frequency
of the motor, but the motor will be able to produce a higher overall flux and hence the potential
torque production increases. It is not certain that a larger number of poles will be possible when
having such a small rotor, but it should be investigated.

e In order to be able to obtain more reliable data on what performance requirements are needed from
the front motors, in car testing should be done where the maximum power that can be regenerated
can be examined. Also, the power-flow during an endurance run and during autocross should be
examined in detail in order to be able to see where the actual rated torque and power is.

e Also, the torque vectoring system should be tested in the car and the extreme cases should be tested
in terms of how the power could be distributed during a turn. Since the CFS17 motors are over
dimensioned, they can be used to see what the extreme cases are and by utilizing power limiting
in the motors, the theoretical behaviour of the new motors can be examined. From that data,
conclusions can be made regarding if they are dimensioned correctly or not.

e In order to test the regenerative braking properly, the battery cells would require extensive testing
in order to be uprated such that they can handle higher levels of regenerative braking. Also, the
power requirement, of the rear motor should be examined and if a new design would be needed
there. Since CFS22 will have a new gearbox with a new gear ratio, the power requirements of the
motor should be examined again. Preferably during the summer of 2021 when more test data is
available.

e When designing new motors, the FEM software can be controlled using MATLAB and that will save
significant time when compared to doing everything by hand. There exists old code which maybe
could be modified to be able to be used for future re-designs of the motors.

115



Master Thesis

References

1]

FSG, Formula student rules 2020, 2020. [Online]. Available: https://www.formulastudent .de/
fileadmin/user \textunderscoreupload/all/2020/rules/FS-Rules\textunderscore2020\
textunderscoreV1.0.pdf.

B. J. et al, Vehicle dynamics compendium for course mmf062, University Compendium, 2015.

A. Andersson and M. Vencel, “Design and verification of a sic voltage source inverter for chalmers
formula student”, Master’s thesis, Chalmers University of Technology, 2020.

E. Lund and R. Lause, “Design and implementation of a pmsm control system for use in a formula
student car”, Master’s thesis, Chalmers University of Technology, 2020.

R. A. Serway and J. W. J. Jr, Physics for Scientist and Engineers with Modern Physics, English,
9th ed. 2015, 1SBN: 978-1-305-40196-9.

S. J. Chapman, Electric Machinery Fundamentals fifth edition. Avenue of the Americas, New York:
McGraw-Hill, 2011, 1SBN: 978-0-07-352954-7.

D. K. Cheng, Field and Wave Electromagnetics, Seventh FEdition. Edinburgh gate, Harlow: Pearson
education limited, 2013.

Y. Liu, J. Tang, N. Sharma, and A. Rodionov, “Electrical machines, design and analysis”, unpub-
lished, unpublished.

P. Sekerak, V. Hrabovcova, J. Pyrhonen, L. Kalamen, P. Rafajdus, and M. Onufer, “Comparison of
synchronous motors with different permanent magnet and winding types”, IEEE Transactions on
Magnetics, vol. 49, pp. 1256-1263, Mar. 2013. DOI: 10.1109/TMAG.2012.2230334.

M.-D. Calin and E. Helerea, “Temperature influence on magnetic characteristics of ndfeb permanent
magnets”, 2011 7th International Symposium on Advanced Topics in Electrical Engineering, ATEE
2011, Jan. 2011.

L. Harnefors, Control of Variable-speed Drives. Applied Signal Processing and Control, Department
of Electronics, Mélardalen University, 2002. [Online]. Available: https : //books . google . se/
books?id=wyXXjwEACAAJ.

R. H. Park, “Two-reaction theory of synchronous machines generalized method of analysis-part i”,
Transactions of the American Institute of FElectrical Engineers, vol. 48, no. 3, pp. 716-727, 1929.
DOI: 10.1109/T-AIEE. 1929.5055275.

P. Pillay and R. Krishnan, “Modeling of permanent magnet motor drives”, IEEE Transactions on
Industrial Electronics, vol. 35, no. 4, pp. 537-541, 1988. DOI: 10.1109/41.9176.

P. Kundur, Power System Stability and Control. New York: McGraw-Hil, 1994, pp. 1-1200, 1SBN:
978-0070359581.

W. C. Duesterhoeft, M. W. Schulz, and E. Clarke, “Determination of instantaneous currents and
voltages by means of alpha, beta, and zero components”, Transactions of the American Institute of
Electrical Engineers, vol. 70, no. 2, pp. 1248-1255, 1951. DOI: 10.1109/T-AIEE. 1951.5060554.

J. Pyrhonen, T. Jokinen, and V. Hrabovcova, Design of Rotating Electrical Machines, Fnglish, 2nd
ed. 2013, 1SBN: 978-1-118-58157-5.

A. Lehikoinen, N. Chiodetto, E. Lantto, A. Arkkio, and A. Belahcen, “Monte carlo analysis of cir-
culating currents in random-wound electrical machines”, IEEE Transactions on Magnetics, vol. 52,
no. 8, pp. 1-12, 2016. DOI: 10.1109/TMAG.2016.2535332.

A. Al-Timimy, P. Giangrande, M. Degano, M. Galea, and C. Gerada, “Investigation of ac copper
and iron losses in high-speed high-power density pmsm”, Sep. 2018, pp. 263-269. DOI: 10.1109/
ICELMACH.2018.8507166.

G. Bertotti, F. Fiorillo, and G. Soardo, “The prediction of power losses in soft magnetic materi-

als”, http://dx.doi.org/10.1051 /jphyscol:19888867, vol. 49, Dec. 1988. DOI: 10. 1051/ jphyscol :
19888867.

116



Master Thesis

[26]

[27]

[28]

[33]

[34]

[35]

D. Lin, P. Zhou, W. Fu, Z. Badics, and Z. Cendes, “A dynamic core loss model for soft ferromagnetic
and power ferrite materials in transient finite element analysis”, Magnetics, IEEE Transactions on,
vol. 40, pp. 1318 1321, Apr. 2004. DOT: 10.1109/TMAG. 2004 .825025.

J. Cros and P. Viarouge, “Synthesis of high performance pm motors with concentrated windings”,
IEEE Transactions on Energy Conversion, vol. 17, no. 2, pp. 248-253, 2002. por: 10.1109/TEC.
2002.1009476.

P. Lindh, J. Nerg, J. Pyrhonen, M. Polikarpova, H. Jussila, and M. Rilla, “Interior permanent
magnet motors with non-overlapping concentrated windings or with integer slot windings for traction
application”, Przeglad Elektrotechniczny, vol. 88, pp. 9-12, Jan. 2012.

K. Yamazaki, Y. Fukushima, and M. Sato, “Loss analysis of permanent magnet motors with con-
centrated windings - variation of magnet eddy current loss due to stator and rotor shapes”, in 2008
IEEFE Industry Applications Society Annual Meeting, 2008, pp. 1-8. DOI: 10.1109/08IAS.2008.55.

Y.-Y. Choe, S.-Y. Oh, S.-H. Ham, I.-S. Jang, S.-Y. Cho, j. Lee, and K.-C. Ko, “Comparison of
concentrated and distributed winding in an ipmsm for vehicle traction”, Energy Procedia, vol. 14,
Dec. 2012. DOI: 10.1016/j.egypro.2011.12.1103.

A. Krings, S. A. Mousavi, O. Wallmark, and J. Soulard, “Temperature influence of nife steel lam-
inations on the characteristics of small slotless permanent magnet machines”, IEEE Transactions
on Magnetics, vol. 49, no. 7, pp. 4064-4067, 2013. DOI: 10.1109/TMAG.2013.2255026.

S. Raj, R. Aziz, and M. Ahmad, “Influence of pole number on the characteristics of permanent
magnet synchronous motor (pmsm)”, Indonesian Journal of Electrical Engineering and Computer
Science, vol. 13, pp. 1318-1323, Mar. 2019. DOI: 10.11591/ijeecs.v13.1i3.pp1318-1323.

S. Skoog and A. Acquaviva, “Pole-slot selection considerations for double layer three-phase tooth-coil
wound electrical machines”, in 2018 XIII International Conference on FElectrical Machines (ICEM),
2018, pp. 934-940. DOT: 10.1109/ICELMACH.2018.8506772.

Seun Guy Min and B. Sarlioglu, “Investigation of electromagnetic noise on pole and slot number
combinations with possible fractional-slot concentrated windings”, in 2017 IEEE Transportation
Electrification Conference and Expo (ITEC), 2017, pp. 241-246. DOT: 10.1109/ITEC.2017.7993278.

N. Bianchi and M. Dai Pre, “Use of the star of slots in designing fractional-slot single-layer syn-
chronous motors”, IEE Proceedings - Electric Power Applications, vol. 153, no. 3, pp. 459-466, 2006.
DOI: 10.1049/ip-epa:20050284.

N. Bianchi, S. Bolognani, and E. Fomasiero, “A general approach to determine the rotor losses
in three-phase fractional-slot pm machines”, in 2007 IEEE International Electric Machines Drives
Conference, vol. 1, 2007, pp. 634—641. DOI: 10.1109/IEMDC.2007.382741.

S. Sharkh, J. Renedo Anglada, and M. Yuratich, “Rotor losses in pm synchronous machine”, Jul.
2017.

H. Zhang and O. Wallmark, “Limitations and constraints of eddy-current loss models for interior
permanent-magnet motors with fractional-slot concentrated windings”, Energies, vol. 10, p. 379,
Mar. 2017. DoI: 10.3390/en10030379.

L. Chong, Design of an interior permanent magnet machine with concentrated windings for field
weakening applications, 2011.

L. Chong, R. Dutta, and M. Rahman, “Field weakening performance of a concentrated wound pm
machine with rotor and magnet geometry variation”, Aug. 2010, pp. 1 —4. po1: 10.1109/PES.2010.
5589868.

F. Ma, H. Yin, L. Wei, G. Tian, and H. Gao, “Design and optimization of ipm motor considering flux
weakening capability and vibration for electric vehicle applications”, Sustainability, vol. 10, p. 1533,
May 2018. po1: 10.3390/su10051533.

117



Master Thesis

[36]

[43]

[44]

W. Purwanto, R. Risfendra, D. Fernandez, D. Sudarno Putra, and T. Sugiarto, “Design and com-
parison of five topologies rotor permanent magnet synchronous motor for high-speed spindle ap-
plications”, International Journal of GEOMATE, vol. 13, pp. 148-154, Jan. 2017. DOI: 10.21660/
2017.40.02765.

C. Studer, A. Keyhani, T. Sebastian, and S. K. Murthy, “Study of cogging torque in permanent mag-
net machines”, in IAS °97. Conference Record of the 1997 IEEE Industry Applications Conference
Thirty-Second TAS Annual Meeting, vol. 1, 1997, 42—49 vol.1. DOI: 10.1109/IAS.1997.643006.

Touzhu Li and G. Slemon, “Reduction of cogging torque in permanent magnet motors”, IEEE
Transactions on Magnetics, vol. 24, no. 6, pp. 2901-2903, 1988. DOI: 10.1109/20.92282.

F. Meier, “Permanent-magnet synchronous machines with non-overlapping concentrated windings
for low-speed direct-drive applications”, 2008.

W. Tong, Mechanical design of electric motors. Jan. 2014, pp. 1-680. DOI: 10.1201/b16863.

Bayraktar and Y. Turgut, “Effects of different cutting methods for electrical steel sheets on perfor-
mance of induction motors”, Proceedings of the Institution of Mechanical Engineers Part B Journal
of Engineering Manufacture, vol. 232, pp. 12871294, Aug. 2016. DOI: 10.1177/0954405416666899.

M. Bali, H. De Gersem, and A. Muetze, “Finite-element modeling of magnetic material degradation
due to punching”, IEEE Transactions on Magnetics, vol. 50, no. 2, pp. 745-748, 2014. por: 10.
1109/TMAG.2013.2283967.

A. J. Clerc and A. Muetze, “Measurement of stator core magnetic degradation during the manufac-
turing process”, IEEE Transactions on Industry Applications, vol. 48, no. 4, pp. 1344-1352, 2012.
DOI: 10.1109/TIA.2012.2199950.

Y. Gai, M. Kimiabeigi, Y. Chuan Chong, J. D. Widmer, X. Deng, M. Popescu, J. Goss, D. A.
Staton, and A. Steven, “Cooling of automotive traction motors: Schemes, examples, and computation
methods”, IEEE Transactions on Industrial Electronics, vol. 66, no. 3, pp. 1681-1692, 2019. DOI:
10.1109/TIE.2018.2835397.

A. Krings, J. Soulard, and O. Wallmark, “Pwm influence on the iron losses and characteristics of a
slotless permanent-magnet motor with sife and nife stator cores”, IEEE Transactions on Industry
Applications, vol. 51, Mar. 2015. DOI: 10.1109/TIA.2014.2354735.

K. Yamazaki and Y. Fukushima, “Effect of eddy-current loss reduction by magnet segmentation
in synchronous motors with concentrated windings”, IEEE Transactions on Industry Applications,
vol. 47, no. 2, pp. 779-788, 2011. DOI: 10.1109/TIA.2010.2103915.

118



Master Thesis

Appendix A

Author: Diate: Rev: | Rev date:
UTV/BI 2018-02-22 A ‘ -
Technical data sheet
CFS18 stator/rotor

Stator/rotor

Active dimensions: D/d-L = 90/50-70 mm
Stator stack: 01-1010_Prel-B / 01-1011_Prel-B
Rotor: 2 x 01-1009_Prel-A

Rotor inertia: 1.37 kg¥em” /rotor section

Winding

Number of windings: 9

Phase interconnection: 3 in parallel per phase (1.4 and 7 etc), Y-connection
Number of winding turns: 41

Winding wire: @ 1.12 mm (core dia)

Amount of winding wire: ~600 g

Phase to phase resistance: 100 mOhm +5%

Phase to phase EMF: 55.9 VRMS £5% (@ 4000 rpm

Rated voltage: 600 VAC

High voltage testing (windings and temp. sensor): 1000 VAC, 2s and max 0.1 mA
Temperature class: F

Temperature sensor: KTY84 - 130

Cooling

Type: Circulating water, with optional antifreeze and anti-corrosion additives
Coolant inlet temperature: max 40 °C (@ rated output power

Volume flow: min 9 Vmin (@ rated output power (AT 5 K)

Winding temperature increase: ~13 K/s (@ peak torque

Performance

Rated torque: 10.8 Nm
Peak torque: 24.1 Nm

Rated speed: 11900 rpm
Max mechanical speed: 20000 rpm

Rated output power: 13.5 kW
Peak output power: 32 kW

Motor current: 48 A (@ rated output power

Efficiency: 91% (@ rated output power
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