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Axial flux permanent magnet motor Csiro: New
frame design, analysis, steady state model and
comparison to radial flux permanent magnet moto

Biel

Rabih Al Zaher, Mechanical Engineering Msc studebitaduation professor: Prof. P. Wieringa,
Supervisors: Ir. H. Polinder, Ir. S. de Groot

Abstract— This paper analyses, models and presents a newA. Description of axial flux and radial flux permanent magnet
frame design for the Csiro electric drive for solar cars. The motor
main objective is to determine whether Csiro motor (CM) is more -
efficient than the Biel motor (BM). To do that, performance tess In a RFPM motor, armature windings and magnets are
were conducted and compared with both drives. Results showed arranged in a radial way. These magnets are placed parallel
that the CM is more efficient at low torques. The same results to the shaft of the machine. In an AFPM machine, armature

The Model is based on four major losses in the CM. Using the : : - -
model it was possible to determine the areas where improvements are perpendicular to the shaft direction whereas the flieslin

were possible to boost the efficiency, to optimize the mechanical 8'€ parallel to it. Figure 2 shows schematic figure an AFPM
design and to calculate the losses and efficiency of the CM whenand RFPM motors.
subjected to some certain load.

Index Terms— Axial/radial flux permanent magnet brushless
DC motor, Ironless stator, efficiency, steady state modeling, dre
train, in-wheel motor

I. INTRODUCTION

HE solar car Nuna has been very successful winning the

World Solar Challenge (WSC) in 2001, 2003, 2005, 2007
(figure 1) and was second in 2009. The WSC is a 3023 km
race through Australia. Until 2007, Nuna was driven by aalriv
train consisting of an in-wheel Radial flux permanent magnety. 2. Flux lines in radial (left) and axial (right) motors
motor (RFPM) motor called BM and a motor controller. It
was custom developed and built for the WSC of 1993 at the
Fachhochschule of Biel for their solar car Spirit of Biel II.
It was one of the first in-wheel motors used in WSCin 1993. . . ] )
The Biel drive train (BDT) was analyzed and tested in 2005 The Csiro electric motor for solar cars is an ironless
by G. Arkestein and E. De Jong [1]. They performed a wid@'ushless axial flux permanent magnet motor. It was devellope
range of tests in order to quantify and model the efficiend) 1996 [4] and used with the Aurora solar Team who won
and losses of this drive train at several voltages, speeds fth it the race in 1999. CM is available with two different
torques. However, all direct competitors of Nuna use an ifiagnetrings: one with surface Permanent magnets (PM) glued
wheel Axial flux permanent magnet motor (AFPM) motort© Steel discs and one with PMs arranged in a halbach array.

called Csiro. This motor was especially developed in 1996 f& halbach array consists of specially arranged PM in a way
the WSC. that the magnetic field is increased on side and reduced to

nearly zero on the other side. No backing steel is used in such
an array. This increase in the magnetic field leads to motors
with higher efficiencies. The efficiency of a CM with surface
PM is 97.5% [4] whereas the efficiency with a halbach array
is 98.2% respectively [6]. The CM investigated in this paper
is the one with surface PMs. Its specifications according to
the manufacturer are shown in table I. It is delivered as a
Fig. 1. Photograph of Nuna4 during World solar challenge07 kit consisting of two rotors containing surface mountecerar
earth magnets (NdFeB), a wound stator embedded in epoxy, a

. Csiro motor




position sensor and three inductors as shown in figure 3. Tokler to predict its efficiency at a given speed and torque.
purchaser can then integrate the kit into a frame of directiinally, the final optimized mechanical design is presented
into an inwheel frame.

TABLE | Il. MECHANICAL DESIGN
CSIRO MOTOR SPECIFICATIONS . . . . .
Because the Csiro electric motor is delivered as a kit, a

Nominal Spee‘{md/s); 111 mechanical housing is needed in order to turn it into an in-
N°m,'§f?i[;§,§‘g§e(%m) és‘i wheel motor. The mechanical design of an electric motor
Maximum speed (rad/s) 300 has direct consequences on the performance of the motor,
Maximum torque (Nm) 50.2 for example bearing and windage losses are caused by the
Approximate weight of frameless motor (kg) 10.9 motor frame and should be kept as low as possible. The most

important requirements are minimum weight, compactness,
reliability and ease of maintenance.

A. Design description

The in-wheel motor mechanical design which is shown on

—— I the left in figure 5 consists of four main components: rotor
T frame for the first magnet ring fixation with a 16 inch rim
: : %ﬁ for tire mounting, rotor cover for the second magnet ring
bl fixation, a shaft/hub combination for the support of themstat
= ek —39 and position sensor and finally a double groove ball bearing.

Finite element analysis is conducted to optimize the design

1 Position Sensor Board

3 Inductors

Fig. 3. Csiro motor kit components. B. Comparison to conventional design and advantages of the
new design

A conventional housing design is shown on the right in

C. Importance of this study figure 5. During the assembly of the conventional design

Nuna won the race in Australia 4 times with BM. ThesPecial care should be given not to damage the bearing; the
specifications of CM shows however, that it is currently th@@gnetic attraction force can cause misalignments between
most efficient motor for a solar car commercially availabléhaft, motor frame and bearing. Bearing damage can occur.
A comparison study between BM and CM has not been pél'rhis problem is more sever when dismantling the motor. The
formed. It is an interesting comparison because those miotBEW suggested frame is designed in such a way that this
differ in type: BM is a RFPM motor while CM is an AFPM problem can never occur: there is no contact between motor
one with an ironless stator. Several studies showed thatAFEover and bearing. The magnetic attractive force between th
motors [3], [8], [9], [10], [11], [12] and [13] can be a bettermagnet rings does not act in anyway on the bearing. In the
replacement for the more conventional RFPM motors due $§nventional design, this magnetic force is acting on both
the fact that AFPM have higher torque to volume/mass ratiogides of the motor frame in which a bearing is mounted.
Furthermore, Csiro claim that the efficiency at nominal terq The bearing can be damaged during assembly, dismantling
and speed is 97.5%. This is questionable because this walugfiService. Moreover, the weight is greatly reduced due ¢o th
based on a simplified analytical model where the influence @ct that the motor cover has a donut shape with an inner
the mechnical design is neglected [4]. For example, beariﬁ'@meter slightly smaller than the magnet ring left in figbre
losses are dependent on the bearing choice and windage lo§skther, the width of the motor is just 60mm and compared
are caused by the frame design. Moreover, there hasn't bd@he conventional design is much smaller figure 4. It is even
any published testing results confirming the claim of csirsmaller than the Michelin radial tire which is 65mm as shown
Therefore, a performance test is needed in order to quan®) the right of figure 4.
the efficiency of CM.

This paper presents in the first section a nhew mechanical n
design for the CM. The proposed design differs radically
from previous designs which are mostly based on the AuroraCsiro Research group claims [4] that the efficiency of CM
design [4]. The advantages of this design for a solar car ase97.5% at nominal speed and torque with an airgap of
then discussed. The second section presents the efficiebcgbmm. With a new custom made motor frame the steady-
tests performed on a specially designed test setup at elifferstate performance is tested in order to quantify the effayierf
torques and speeds. The results are then compared with Bl motor. The mechanical design has direct influence on the
motor efficiencies [7] and clarified. The third section, aasle efficiency of the motor: losses are caused by both the frictio
state model based on major losses in the motor is derivedirnthe bearing and the aerodynamic drag of the rotating frame

. PERFORMANCETEST
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Fig. 5. Left: Motor, Csiro motor with new mechanical designestigated in this paper, right: Test load, Csiro motor basethe Aurora solar team motor
design [4] and [5]
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Fig. 4. Photograph of Csiro inwheel motor assembled prototype Speeajrpm]

Fig. 6. Average speed and torque of World Solar Challenge (WWi$2007.

A. Defining the operating conditions
B. Test setup description

In order to conduct the tests, a special test setup was
During the race in Australia, Nuna drives mostly at designed in which two solar car in-wheel motors (CM and/or
constant speed that is dictated by a cruise control systeBM) can be mounted as shown in figure 7. In order to remove
Depending on several factors such as battery state of ghaany possible mechanical losses due to misalignments betwee
road conditions, torque requirements, weather condittartd  the motors shafts, the mounting frame is designed in such a
as sun intensity, cross wind speeds, clouds density ettiaNuvay that the mounted motors are perfectly aligned. During
developed a strategy program to calculate the optimal speszbsting, one motor acts as a motor the other one acts as a
From telemetry data of the race in 2007, the average spdedd (generator). The load is defined by a variable resistanc
and torque were 960.1 rpm and 18.25 Nm. Figure 6 shoBgtween the two motors a torque sensor is placed in order to
the speeds and torques Nuna4 drove during the race. Eachrmegsure the torque delivered by the tested motor. For the tes
dot is an average of speed and torque of 6 min. Therefote/o CMs are used with different mechanical housing designs.
based on those results, efficiency tests were conductetidor ©ne motor is fitted with the new mechanical design and the
speeds of 800, 900, 1000, 1100rpm with torque values varyiather one is fitted with the conventional design see figure 5.
between 10 and 22 Nm. Further, a power analyzer is used to measure the power going



D. Results

The test results are shown here below. In each graph several
lines are plotted: motor controller efficiency (up-red), toro
efficiency (middle-purple) and the total set efficiency {bot-
blue). The curves are the average of two performed tests. The
results of each test are given for each efficiency by a dot and a
cross. The difference between the two tests is very small and
does not exceed 0.3%.

E. Efficiency comparison Csiro motor (CM) with Biel motor
(BM)

The efficiency plot in figure 10 shows that CM is more
efficient up to a certain torque. In the 3D plot, the efficiency
surface plot of each motor is given. The CM efficiency surface

into the motor controller and the one to the motor. Beinptersect with the BM efficiency surface plot at a toque vagyi
recommended by Csiro, two Tritium WaveSculptor invertef§0m 19 to 22Nm for speeds varying from 800 to 1100 rpm. In

are used to control the motors. The whole test setup is sholf§ tested range CM is up to 4% more efficient at low torque
in figure 8. (1ONm). These results can be explained by a crucial differen

between CM and BM. BM stator contains iron laminations
which cause eddy currents losses that are not present in the
ironless CM stator. At larger torques however, due to the
absence of iron in the stator of CM large currents are needed
in order to achieve the torque requirement. This will cause a
increase in the copper losses. For the same high torque load,
the presence of iron helps BM to use less current than CM
and therefore copper loss will also be smaller. In this case
the copper loss in CM is larger than both eddy currents and
copper loss in BM.

Fig. 7. Test frame for mounting the motors: (1) new motor framegiesi
(2)couplings, (3)standard AFPM motor frame design , (4)tergensor.

IV. STEADY STATE MODELING

During a solar race, Nuna drives on a specially developed
cruise control system. The cruising speed is mostly cohstan
and varies gradually during the day. The genetic algorithm
based software of the cruise control system uses several
Fig. 8. Laboratory set for measuring the driver performanctestdy state:(1) parameters to calculate an _(_)ptlmal speed. Among those
power analyzer, (2) two laptops for communication with the motmtrollers Parameters are weather conditions and weather forecalst suc
and torque sensor and logging measured data,(3) test franmeolamting the as sun intensity, cross winds, humidity level and clouds
motors,(4) variable resistance,(5) Tritium motor contmslle density, battery state of charge at the of a racing day and
the race, rolling resistance, road conditions, aerodyosrof
the car and efficiency of the electric drive. The motor power
consumption and efficiency is therefore needed in order to
help the strategy program calculate the optimal speed at a

As mentioned earlier, tests were conducted for the speetifined speed and torque.
of 800, 900, 1000 and 1100 rpm with torque varying between
10 and 22 Nm. In this torque range up to 17 set points The steady state model is also a powerful tool to define and
were tested. Each set point was tested for four minutes fanderstand of the source of the losses in the motor. It is also
mainly two reasons. The first is to have enough points tsed not only for strategy purposes but also to improve the
calculate the torque mean. The second is practical to hawetor frame design.
enough time to write the power measurements of the power
analyzer in the ex.cel sheet. The torque sensor frequency V}@SAssumptions
set to 100Hz while the power analyzer was sampled at a
frequency of 5EMHz. Tests were performed twice W|th a Week In Order to derive the m0de| some aSSUmptions were made.
time between the first tests and the second tests. Morebeer, the most important ones are given here below.ws
second test results showed little difference with the fiesstt o The current is assumed to be sinusoidal
results. Temperature in the laboratory varied slightlyimyr « The torque constant of the motéf; is considered to be
testing between 20.5 and 23 degrees Celsius. constant

C. Test procedure
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Fig. 9. Test results.

3D Efficiency plot comparison Biel vs CSiro
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« The influence of the temperature is not taken into consid- Copper losses (CL)are calculated as follows:
eration in the model because the temperature is relatively
low (41° at 22.8Nm and 1100rpm) at steady state condi- 9

tions at low torques. Fe=3H )

It is temperature dependent as the resistance increase with
B. Equivalent circuit increasing temperature

In order to model the steady state performance of the Csiro R = Ry(1 + 0.0039(T,, — Tp)) (5)
the equivalent circuit is needed [2]. The equivalent ctrafi
the CM drive is presented in figure 11, where R axig are Where:
the winding resistance and leakage reactance resp., E is th& = Winding resistance a0°[Ohm]
EMF induced in the stator winding, X external inductors, Udc Zo = 293[K] Winding Temperature &20°
terminal voltage, i is the rms value of the current. i = RMS current value per phase [A]
T,, =Winding temperature [K]
The influence of the temperature change is so small that it
is kept out of consideration in the model derivation.

Csiro Motor

Eddy current losses
Eddy current losses in the stator windings can be both analyt
ically calculated or experimentally tested. In order tolgtia
cally determine them, some parameters should be known such
as the radius R of the winding conductor, resistivityand
length | of the conductors. However, the information needed
is not available. Therefore eddy current losses are detechi
experimentally.

The motor is driven at no load at several speed. The
mechanical power needed to drive the motor is measured.
This power is equal to the sum of eddy current losses and
C. Losses and efficiency definition rotational losses. The same experiments are then repeated

The losses in the motor can be both electrical and meith a dummy stator. The mechanical power difference
chanical. Only major losses of both electrical and meclanidetween the first and second tests is equal to the eddy current
aspects are taken into consideration in the derivation ef tlosses. Csiro specifies eddy current losses to be equal\e 2.1
steady state model. The electrical losses are conductsedosat nominal speed. However measurements showed the eddy
(copper losses , eddy current losses of the copper windimgjs &urrent losses to be much higher. In table Il eddy current
inductor losses. The mechanical losses also know as noéhtiolosses are given for the speeds 800, 900, 1000 and 1100 rpm.
losses are known as Bearing losses (BL) and Windage losses
(WL). The total loss of the motor is equal to the sum of the Rotational losses The rotational losses consists of two

Tritium

Motorcontroller

Fig. 11. Csiro drive equivalent circuit.

mentioned losses. components: BL and WL. BL are linear with the speed
whereas the WL have a cubic relation with the rotational
P)loss = Ielec T PTot = Pc + Pe + Pind + Pb + Pwind (1) s
peed.
where:
P, = conductor losses [W]
c Prot = Py 4+ PyinalW 6
P, = eddy current loses [W] rot = P & Puina[ W] ©)
P,,; = rotational losses [W]
P;,q = inductor losses [W]
P, = bearing losses [W] By = 0.06K gy (1m0 + mgp Jwm [W] @)
Pyina = windage losses [W] Where:
The mechanical power output of the motor: m, = 15.2, rotor mass: consisting of motor frame and two

@) magnet rings [kg]

Poi=7 w
out " mgp, = 1.5, shaft mass: consisting of the shaft and stator

where: [ka]
7 = motor delivered torque [Nm] K, = 1, bearing friction coefficient: the coefficient taken
wy, = motor rotational speed [rad/s] to be equal to one as the bearing is light tensioned added to
The efficiency of the motor is calculated as follows [2] anghe fact that the motor is hanging in the test setup and not in
[6]: the car.
" _ Pout (3) P . — } 2 3 5 5
motor Pori + Pross wind = 2Cfp( ﬂ'wn) (Rout — Ry, )[W] 8)



Where:

Re = p% Reynolds numbep is the specific density
of air v = 2w R,sw is the linear velocity at the outer radius
Rout Iz is the dynamic viscosity of the aity = % Drag
coefficient

Inductor losses The induction losses includes two compo-
nents: copper losses and yoke losses as defined in [6]. Those
are defined as:

Pci = RciiQ (9)
Py =27 107633 f (10)
Where: f = fundamental frequency of excitation [6] Fg. 13.
D. Model results .

The model results are shown in figure 12 together with
the data plot of the motor efficiency. The difference between
measured and modeled steady state performance is very small

V. FINAL FRAME DESIGN

After having extensively tested the prototype of the new
mechanical design of the motor, some modifications were®
needed in order to increase the efficiency of the Csiro drive
as much as possible. In order to prove the benefits of some
of the modifications extra tests were conducted. Sincee littl
modifications can be made on the electrical part of the
motor most suggestions are mechanical. in the following two ®
paragraphs, the optimization suggestions are discusskethan
final design is presented.

A. Motor optimization

It was obvious after having tested tested the Csiro motor
and made the steady state model that are a lot of possibilitie
of improvement especially in the frame design. Most of the
improvements here below were taken into the final desgin.

« Weight reduction
Use of light weight materials, for example magnesium *
for the rotor parts and carbon for tire rim, in order to
reduce the total weight of the motor and as a result
reduce the bearing losses and unsprung mass. This is
however limited by the load cases (magnetic attraction
force between the magnet rings) and was carefully engi-
neered with FEM programs. This will however increase
the mechanical design costs.

« Airgap width reduction
This increases the magnetic field density and a result less

rol test from 1000 to O rpm

— 1.75mm
— 1mm

800 [

700

600

500 [

Speed [rpm]

400

300

200

100+

1500 2000 2500 3000

Time step 0.25s

0 500 1000

Comparison roll test between 1 and 1.75 mm airgap.

Aerodynamics improvement

Smoothing the inner and the outer surfaces of the motor
to reduce the windage losses. The motor was covered
in foil in order to cover surface irregularities caused by
bolts, inner spokes and the tire. To find out the influence
of such an action, the mechanical power difference is
measured between normal and foil-covered motor at no
load at several speeds. The results are shown in table II.
Hybrid bearing

Using hybrid spindle bearings with5° angular contact
and ceramic balls will minimize the bearing losses. This
type of bearing is the most efficient groove ball bearing
available.

Cooling

Use of cooling for example during race qualification laps
can be very beneficial because the motor is delivering
constantly high torques during heavy acceleration and
braking. The temperature of the motor will rise extremely
to hit the motor thermal limit. Luckily, cooling can be
easily integrated in the proposed design just by adding
an adding a filter cover to the open side of the motor .
Moreover, during testing a 10 degrees Celsius difference
was measured between the new (open) and the conven-
tional (closed) design.

Better inductors

Use inductors with smaller induction losses. The induc-
tors delivered with the motor are quite over engineered.
A custom made inductors with suitable induction values
for CM will reduce the inductor losses. However attempts
to test self-made inductors with smaller induction value
failed in giving results because wrong parameters were
used. Most top solar car racing teams use custom made
inductors for CM.

current is needed at higher torques. However, this reduced/!- FINAL FRAME DESIGN FOR THEWSCIN OKTOBER

the top speed of the motor and put the mechanical design

2009

under higher stresses. Yet the increase in efficiency isThe final design of the motor is given here below. The test
quite large up to nearly 0.8% at speed of 1000rpm amdsults, the experience gained by building 2 concepts aad th
1100 rpm as shown in figure 14. It has however smaduggestions listed earlier were all taken into considanaitn

influence on the windage loss as the roll test shows the the definitive design. As schematic cross section in show

figure 13.

in figure VI. The suggestions listed above were taken into
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TABLE I
EDDY CURRENT LOSSES AND AERODYNAMIC IMPROVEMENT

speed [rpm] | motor with real stator[W]| with dummy stator[W] [ improved aero[w] | Eddy currents losses[W]
800 16.74 12.45 12.04 4.7
900 20.71 15.31 15.08 5.6
1000 25.52 19.39 18.67 6.9
1100 30.80 24.34 22.85 7.9
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ACRONYMS

WSC  World Solar Challenge

BDT  Biel drive train

CDT  Csiro drive train

PM Permanent magnets

CM Csiro motor

BM Biel motor

AFPM Axial flux permanent magnet motor
RFPM Radial flux permanent magnet motor
FEM  Finite element analysis

CL Copper losses
ECL Eddy current losses
BL Bearing losses

WL Windage losses
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Appendix A

Mechanical design

A.1 Introduction

An important part of an in-wheel motor is the frame in which stator and rotor are mounted.
This is even more crucial in the case of an AFPM motor. The frame of an AFPM motor is
actually very challenging not only in design but also in assembly and maintenance due to
the high attraction forces between the magnet rings. The Csiro electric motor is delivered
by the manufacturer as a kit: 2 rings with PMs glued on steel discs, stator which consists
of windings embedded in epoxy, 3 inductors and a position sensor. An important missing
part of the motor is then the mechanical frame. The motor frame should be designed by
the buyer and has to fulfill a set of requirements which are discussed here below.

In this appendix, a new frame design is presented and compared to the conventional
design. In the first section, the requirements for the frame design to fit in a solar car are
given. In the second section, two design are described and compared. For both designs
FEM analysis is made presented and discussed. Finally, in the last section a choice is made
for the frame design which will be used in the tests

A.2 List of requirements

The design has to comply with a long list of requirements. The most important are listed
here below.

e Fit in a 16” tire: Solar cars use special tires. In order to reduce the rolling resistance,
special tires were developed for solar car racing. The best available tire is the Miche-
lin Solar Radial which is a 16inch tire. Although very expensive (250 euro), the Solar
Radial is the tire with the lowest rolling resistance ever measured. Moreover, it is
practically impossible to fit the CM in a tire smaller than 15 inch due to the large
diameter of the stator. Another frequently used tire is the Dunlop Solar max is also
16inch.

iii
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2 Magnet Rings

1 Positioh Sensor Board

3 Inductors

Figure A.1: Csiro electric motor components as delivered by the manufacturer

e Withstand a set of load conditions: the motor housing is subject to statical and
dynamical forces and must be able to withstand those forces without any failure.
Thoses forces are:

— Statical forces: the strong magnetic attraction force between the rotor discs
and the maximum generated torque. The magnetic force is a function of the
airgap. Airgap is the distance between the magnet ring and stator. The motor
frame should be able to withstand the magnetic force of 4.9kN and the maximum
torque of 50.2 Nm at an airgap of 1.75mm [6]. A safety factor of 1.5 is also used
to optimize the mechanical design stiffness. Moreover, the possibility of reducing
the airgap is also taken into consideration and is covered by the safety factor.
It is important to mention, the purpose to measure the efficiency of the motor
at an airgap of 1.75mm in order to compare it to the efficiency given van Csiro.

— Dynamical forces: are caused by the operational condition of the machine.
The housing should be able to withstand braking with an deceleration of 1G,
cornering with an acceleration of 1G and bump load caused by an obstical of
60mm height causing an acceleration of 4G. The largest load is the 4G bump
load combined with a cornering manoevre. The components of this load are:
4350N backward, 1100N lateral, 4825N upward.

— Vibrations: Beside the forces acting of the housing, the eigen-frequencies of
the housing must be higher than the operating frequencies. A modal analysis is
needed to compete the eigen-frequencies and keep them above operating condi-
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tions.

Lightweight design: this is important for several reasons. First of all to keep the
bearing losses as low as possible because the weight of the motor influences the bear-
ing losses as discussed in paper. Second, the motor is an unsprung mass. Unsprung
mass must be kept very low because it negatively influences the riding comfort of the
vehicle. Finally, to keep the total weight of the car low and as a result the rolling
resistance. In Nuna4 the drive train was 9.5% of the total weight of the car.

Compactness: the length of the motor shaft influences the width of the rear fairing
of the solar car. A smaller fairing means lower aerodynamic resistance: therefore the
length of the shaft must be kept as low as possible.

Easy to assemble and dismantle for maintenance: during the race a flat tire can oc-
cur or a bearing can break; therefore, the mechanical housing should allow quick and
easy maintenance on the road with as much little equipment as possible. A motor
change during the race is prohibited.

If possible adjustable airgap (AG): smaller AG will increase the magnetic flux density
in the motor. The torque is calculated following T' = Ky.i or T = F.R;

Where:

Kt is torque constant [Nm/A]

i is line current [A]

F is the Lorentz force caused by the interaction between the stator windings and the
PM’s [N]

R is the radius where resulting F' is created [m]

K, is a function of the magnetic flux density B and F' is a function of both B and
current ¢. For some torque T, when AG decreases B increases. As a result a smaller
i is needed to maintain the same T. The conductor losses (Ri%) which are a function
of i, will be smaller. The efficiency of the motor will then be higher.

A.3 Proposed motor frames

Before the designs are discussed, an important issue in designing AFPM motor frames must
be explained. In a conventional AFPM motor frame design, magnet rings are fixeted on the
rotor discs. The rotor discs are connected to the shaft through one pair of bearings: one
bearing on each side of the stator. The stator is fixed to the shaft through a flange. Each
rotor disc must have two surfaces with a strict tolerances (surface, dimension, parallelism
and cocentricity see technical drawing): one for the other rotor disc and one for the bearing
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(see figure[A.2)). When assembling the motor, a set consisting of one rotor disc with bearing
and shaft can be easily mounted but when the second second of a rotor disc with bearing
must mounted things get difficult. It is practically impossible to mount a bearing on a shaft
and inset it in a hole without damaging the bearing: balls inside the bearing push against
the bearing rings and leave damage. Unless assembly is done with ultimate precaution
expensive bearing can be destroyed.

Fitting surfaces

Figure A.2: Fitting surfaces in a conventional AFPM motor

For the CM, two different concepts were worked out. The first one is based on the
Aurora design as shown in [3],[5] and in figure The aurora team motor frame design
was purchased and used as inspiration for a Nuna conventional design. Many changes were
made on the aurora design so that the motor comply with design philosophy of of the
Nuna team. For example: hybrid spindle bearing are used in place of standard groove ball
bearing, the width of the motor is reduced from 110mm to just 70mm, etc. The second
concept is a new concept which differs a lot from the Aurora design. The description of
the designs is given in the following section.

A.3.1 Description of the designs

The first design (Aurora design) is inspired by the Aurora solar team design. The magnet
rings are placed on two discs. The rotor assembly rotates around the stator-shaft-flange
assembly. The bearing between the rotor part and the stator part is a set of two spindle
hybrid bearing from INA FAG. Each bearing is placed in a special bearing sleeve in one
rotor disc.

The second design (Nuna Design) is completely new and offers many advantages that
the design of Aurora design lacks. The rotor assembly of the motor consists of magnet
rings mounted on a disc and a large ring called motor cover. The stator consists again
of a shaft, a flange and the windings. The bearing in this concept is double row angular
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Figure A.3: Csiro original design made in 1996 [3]

contact ball bearings placed between the shaft and the rotor disc. There is in this way no
contact between the motor cover and the bearing unit. no bearing dammage is possible
during assembly or dismantling the motor.

A.3.2 FEM analysis

In an axial flux permanent magnet motor a strong attractive magnetic force exists between
the permanent magnet rings. In the case of Csiro this force is equal to 4.96kN with an
airgap of 1.75Nm and 5.54kN with 1mm airgap. Finite element analysis were conducted
in order to optimize the design with safety factor of 1.5.

For ease of production, aluminum 7075 T6 chosen for the prototype of both designs. How-
ever, the final Csiro race motor would be a combination of magnesium and carbon. A new
round of FEM analysis is then needed to optimize the design.

The most important factor in the design of the frame is the deflection of the magnet rings
mounting covers. The magnet rings must in all time be mounted parallel in order to create
a uniform magnetic field. This is a critical issue in the new proposed design. On the open
side of the motor, the cover is only supported on the outer radius. The inner radius will
be pulled towards the other magnet ring. In a worst case scenario the magnet rings will
not be parallel anymore and the magnet flux won’t be constant anymore. As a result, the
performance of the motor will be negatively affected. In the prototype version, the motor
cover is over engineered to avoid this problem.

The result of the FEM analysis are shown in figure [A.4l Both Von Mises stress and the
displacements are shown. The stresses (23.4MPa) are below the maximum allowed stress
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(80MPa) in Aluminum. The maximum deflection is 0.077mm with an airgap of 1mm and
a magnetic attractive force of 6kN. It should be mentioned that in the motor was not
designed for the airgap of lmm. But after the first tests with the motor, it was decided to
test the airgap of 1mm to see what the influence of airgap reduction on the performance
would be.

The maximum displacement of 0.077mm might seem large when compared to the airgap
however, this is acceptable for two reasons. First, the deflection at the magnets is much
smaller around the magnet rings. Second, the magnets rings add stiffness to the assembly
through steel backing plates. The steal backing plates of the magnet rings were not taken
into the analysis. Measurements showed that the distance between the mounted rings is
uniform and that displacement is less than 0.04mm.

FEM analysis of the aurora design were also made. In figure [A.H] the results of FEM
analysis of the motor cover, the shaft and the flange are shown. The rotor sides were
analyzed for the magnetic force results are shown in figure |A.5(a)| and |[A.5(b)| the shaft
for the bump load (see figure |A.5(a)| and [A.5(b)|) and the stator mounting flange for the
maximum torque produced by the motor (see figure |A.5(e)| and |A.5(f)) . This motor was
also built in Nuna4 as shown in figure [A.6] and tests were conducted with this motor on
the track of RDW in Lelystad.

A.4 Comparison between Nuna and Aurora designs

It is important to make a comparison between both design in order to make a choice for
the design that will be used in the car during the race. Not only the advantages of the
Nuna design are discussed but also an efficiency test comparing both designs.

A.4.1 Advantages of the Nuna design

The difference between both design becomes obvious when the assembly procedure is dis-
cussed in table [ALJl The Nuna concepts offers many advantages in comparison to the
Aurora concept. Some of those are obvious from the assembly procedure. Here below a
summation of the important advantages:

e Lower rotor weight due to the donut shape rotor cover instead of a rotor disc.

e Ease of assembly at least with 2 steps less. the chance of damaging the bearing is
very much reduced as the attractive force between has no possibility to influence the
assembly of the bearing.

e Offer the possibility of inspecting the stator cables without the need of dismantling
the motor.

e Better cooling: The motor can be left partially open on the donut shaped rotor cover.
This will be more obvious during testing.
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Stress Vo Mises (center of element's valles). 1

S_m2
2,3e+007
I 2,11e+007
1,88e+007
1,64e+007
1,41e+007
o L1l8e+007
i 9,43e+006
0 7.le+006
4,77e+006
I 2,438+006
1,03e+005
Q1 2ounday

Stress Vo1 ises (cente” of element's vales). 1

T-aslational disolacement magitide. 1
mm
00765
I 0,0685
00612
0,0535
0,0459
. 00382
i 00306
B 00229
0,0153
I 000765
o]

07 3oUndaty

(a) Von Mises 1mm (b) Displacements results 1mm

T-anslational disolacement magnituide. 1

N_m2 mm
2,1e+007 00885
I 1596+007 I 00616
1,68e+007 0,0548
1478+007 00479
1,268+007 00411
| 105e+007 L 00342
i 8,44e+006 i 00274
| 6,35e+006 N op20s
4,278+006 00137
I 2,18e+008 I 000885
9,236+004 a
Q1 Zounday 07 3oundaty
= 2y
(c) Von Mises 1.75mm (d) Displacements results 1.75mm

Figure A.4: FEM results for the motor cover for both 1mm and 1.75mm airgap.
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Stress o Yises {cete” of element's values). 1 Traslational disolacement magitLide. 1

M_mz mm
1,76e+007 00253
I 1,5%e+007 I 0228
1,41e+007 00202
1,2364007 00177
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| BAZe+005 L 00126
I 7,058+006 l 0,0101
5,29e+008 000759
3,53e+005 0,00506
I 1,76e+006 I 000253
671 Q
Q1 3oUnday 07 3oundaty
*NE SN
(a) Rotor Von Mises 1.75mm (b) Rotor displacements 1.75mm
Stress Wo Vises (cente of element's values). 1 T-anslational disslacement magrituide. 1
N_m2 mm
9,15e+007 0,0213
I B,24e+007 I 0,0192
7,32e+007 00171
&,41le+007 00,0149
5,4%e+007 0,0128
| 4,58e+007 L 00107
I 3,55e+007 I 0,00854
2,759e+007 00,0064
1,83e+007 0,00427
I 9,15e+006 I 0,00213
1,21e+003 Q
07 3ounday Q7 3ounday
(¢) Shaft Von Mises bump load (d) Shaft displacements bump load
Stress Vo Vises (cente” of element's values). 1 T-anslational disolacement magitude. 1
N_m2 mm
3,2e+006 0,00224
I 2,58e+006 I 0,00265
2,56e+006 0,00235
2,25e+006 0,00206
1,93e+008 0,00177
o lBle+00e . 000147
I 1,29e+006 I 0,00118
9,72e+005 0,000883
&,53e+005 0,000588
I 3,35e+005 I 0,000234
1,66e+004 a
01 3oundaty Q1 3ounday

L L
(e) stator flange von mises stress maximum torque (f) stator flange displacements maximum torque

Figure A.5: FEM results for the motor rotor, stator mounting flange and shaft of aurora concept with
1.75mm airgap.
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.

Figure A.6: Csiro built in Nuna4

A.4.2 Comparison test

The mechanical advantages of the new design are not enough to make a choice for the final
frame frame design. Therefore, testing will make it clear which frame design is better.
The efficiency of the motor was both tested for the speeds of 800-900-1000-1100 rpm while
varying the torque between 12 and 21Nm with a step of about 1,5Nm. The results of those
tests are shown here below in figure [A.7l

e At low torque: All the results show that at low torque the efficiency of the con-

ventional design is slightly higher but as the torque increases the efficiency difference
becomes in the favor of the new design. The new design is on average 0.5% more
efficient. This can be easily explained. At low torque, the dominant losses in the
motor are the bearing losses as shown later appendix C. They count up 35% of the
losses. The new design is fitted with the ZLKF20 bearing. It is a double row angular
groove ball bearing with an angle of 60°. This bearing is actually not suitable for this
type of application; this was however discovered after the motor was actually made
and assembled. In the conventional design 2 hybride (ceremic balls) spindle bearings
are used. Those are the most efficient bearing available. Therefore at low torque
where the rotational losses are sort of dominant, both design have equal efficiency.

At high torque:

The copper losses becomes larger and more dominant in the losses scheme. The
temperature measurements showed that the conventional design reaches much higher
temperatures up to 12° in comparison as shown in table[A.2l The Nuna concept have
therefore lower copper losses and a result higher efficiency.
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Figure A.7: Efficiency comparison between Nuna and Aurora concept
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Table A.1: Assembly procedure comparison between the proposed motor framel

Motor assembly steps

Aurora design (modified)

Nuna Concept

-Mount magnet ring on rotor disc

-Mount magnet ring on rotor disc

-Insert bearing in sleeve

-Insert shaft in bearing

-Insert bearing and sleeve in rotor
discs

-Mount stator on flange and shaft

-Mount stator on flange and shaft

-Mount stator assembly the rotor
disc with special tools

-Mount stator assembly to rotor disc
with 4 M6 bolts

-Connect power cables to terminals
on flange and than to three cables
throughout the shaft

-Connect stator cable to terminals
on the flange . power cables go
straight of the motor opening

-Mount the second rotor disc. care
must be given to this step. a mis-
alignment can damage the bearing.
after this step no cabling change is
possible

-Mount the rotor donut disc to the
rest. Due to its opening cables are
still accessible

A.5 Conclusion

Based on the assembly and production benefits and the results of the comparison tests, it
was chosen to continue testing with the newly proposed design with the centrally placed
bearing. With this motor a series of test were conducted in order compare CM with BM.

In table [A.3] the components of the housing, their function and the material used for
fabrication are given.
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Table A.2: Motor temperature in degree Celsius rise during testing

Motor temperature
Aurora concept | Nuna Concept
800 28.1-37.7 35.3-49.4
900 29.6-38.8 36.4-49.8
1000 29.9-39.5 35.2-49.4
1100 31.1-37.3 38.4-49.4
Machine part Material Proprieties
Shaft 42CrMo4 High strength
ZKLF20 Bearing INA FAG pre-load adjustable
AM20 precision locknut INA FAG steel tensioning the bearing

Rotor

ALU 7075 T6 | high thermal conductivity and strength

(40x)M4x10mm - magnet rings fixation

RVS 316 Din912-non magnetic ease of assembly

(10x)M0x20mm - stator fixation

RVS 316 Din912-non magnetic ease of assembly

(20x)Mbx12mm - stator fixation

RVS 316 Din914-non magnetic ease of assembly

air valve

Aluminum non magnetic ease of assembly

Table A.3: Motor components
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Test Setup measurements

Since the CM is a special design for a special application finding a test setup was not
possible. Therefore, a custom setup was needed in order to measure the efficiency of
the Csiro drive. Not only a custom test setup was needed, the test procedure was very
important and had to be done with a lot of care. The start up of a test for example is crucial;
any mistake in the order of turning on the machinery can cause damage to the equipments
the motor had to be brought slowly into its voltage. Another example is regenerative
braking of the tested motor, switching the throttle to the regenerative mode could have
destroyed the motor controller. In the appendix the test setup and test procedures are
described.

B.1 Test setup

The test setup consist of 2 parts: the motor side and the load side. Between the motor
and the load a torque sensor is placed (see figure [B.3]) to measure the torque delivered by
the motor. Electric power is fed to the motor through three power supplies (see figure [B.1])
and inverter also known as motor controller. The power input and output of the motor
controller is measured by power analyzer (see figure[B.2]). Sadly this was the limiting factor
of the tests. The maximum allowed current through this power analyzer was 20A. This
value limited the maximum torque that was tested (22Nm at 800rpm increasing 24Nm at
1100rpm). Luckily that was in the torque and speed range of Nuna during the race. On
the motor side the speed is set and controlled by the motor controller software.

On the load side, generated power is dissipated in a large heating unit. The heating
unit consist of a large variable resistance (see figure [B.6l). The torque was defined by the
value of the resistance. The load was also connected to a motor controller and laptop.
The laptop had a monitoring function such as temperature monitoring of the stator and
velocity check. 3 extra small power supplies were used: 2 for the motor controllers and one
for the torque sensor. The layout of the test setup is shown in figure [B.7 and figure [B.5l
The components used in the test set are listed in table [B.1k

XV
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Table B.1: Equipments used during testing.

Device

Function

Model

3 large DC power supply

Stable, variable DC voltage, power supply

Delta electronics SM70-22

2 small DC power supply

Power supply for torque sensor

Delta electronics E 030-1 ES 030-2

Power analyzer

Electric power measurements

Yokogawa PZ4000 fig[B.2l

Electrical Variable resistance power discharge generated by load Smit Slikkerveer fig/B.6l
2 laptops Control and data logging HP nc 8430
2 motor controllers Control of motor and load Tritium WaveSculptor figB.4]
1 circuit breaker/glow circuit | Slowly bring the motor under the desired voltage self-made
2 couplings Motor /load connection to toque sensor Lorenz 950-300 fig[B.3]
Mechanical Torque sensor Torque measurements Lorenz dual torque sensor DR-2412R fig[B.3|

Test Frame

Motor and load mounting

Custom design
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B.2 Test condition and procedures

The performance measurements took place for the following operating conditions:

e DC-link bus voltage = 160V dc

e Torque = [10; 23] Nm with a step of about 0.75Nm

e Rotational speed = [800; 900; 1000; 1100] RPM

The procedure followed for these measurements is:

1. Adjust DC-link bus voltage to desired value 160V dc on the power supply as shown
in figure [B.1

2. Adjust the rotational speed to desired value through the controlling program delivered
with Tritium controller

3. Go through the torque range by adjusting the load manipulating the DC generator
anchor resistance. 2 steps turns on the variable resistance are roughly equal to
0.75Nm step.

Wait by each torque until speed of motor stabilize

Measuring time for each torque value is 4min: practical reasons

Turn on the averaging function of the power analyzer

Fill in the values of the average input powers into motor controller and motor

Turn off averaging and repeat previous steps

4. Repeat previous two steps until all desired speeds are measured.

5. Logging data in excel sheet:

fill in excel sheet log time start of the measurements for each speed and torques
Write DC-link bus voltage average in Volts. Average given by the power analyzer

Torque sensor output is directly logged and should be averaged later with a
Matlab program

RPM of motor using the motor controller
Input current in Amperes. Average given by the power analyzer
Input Power of motor and motor controller (average by the power analyzer)

Begin and end temperature of both motor and load.

6. Repeat above procedure for all conditions

7. Perform the measurements for each speed twice

The results of such a measurement for one speed (1100rp,) are shown in table [B.2]



APPENDIX B. TEST SETUP MEASUREMENTS

xviil

Table B.2: Measurements data for a 1100rpm test.

Data Csiro test 1100 rpm [10; 24] Nm

t Start t Stop | Stand | P; Usp I3, P3| Tmean | Pmech | %ocontroller | % m | % set | tms | tme | tg—s | tge
15:28:00 | 15:32:00 | S3-4 | 1201 | 118,45 | 8,26 | 1167 | 9,66 | 1112,49 97,17 95,33 | 92,63 | 30,2 | 29,9 | 37,5 | 35,8
15:34:00 | 15:38:00 | S4-1 1314 | 118,42 | 8,85 | 1279 | 10,56 | 1215,86 97,34 95,06 | 92,53 | 29,9 | 29,9 | 35,5 | 34,7
15:40:00 | 15:44:00 | S4-3 | 1421 | 1184 9,84 | 1383 | 11,43 | 1317,00 97,33 95,23 | 92,68 30 | 30,2 | 34,7 | 34,6
15:46:00 | 15:50:00 | S4-5 | 1538 | 118,38 | 10,15 | 1497 | 12,39 | 1427,66 97,33 95,37 | 92,83 | 30,3 | 30,5 | 34,9 | 35,1
15:52:00 | 15:56:00 | S5-2 | 1636 | 118,36 | 10,74 | 1594 | 13,22 | 1522,69 97,43 95,53 | 93,07 | 30,6 | 30,9 | 35,3 | 35,7
15:58:00 | 16:02:00 | S5-4 | 1746 | 118,32 | 11,37 | 1701 | 14,12 | 1626,80 97,42 95,64 | 93,17 | 31 31,3 | 36,1 | 36,6
16:04:00 | 16:08:00 | S6-1 | 1853 | 118,26 | 11,98 | 1805 | 14,99 | 1726,80 97,41 95,67 | 93,19 | 31,4 | 31,8 | 37 | 37,7
16:10:00 | 16:14:00 | S6-3 | 1952 | 118,25 | 12,56 | 1904 | 15,79 | 1819,25 97,54 95,55 | 93,20 | 32 | 32,3 | 38,2 | 38,8
16:16:00 | 16:20:00 | S6-5 | 2060 | 118,22 | 13,21 | 2009 | 16,68 | 1921,09 97,52 95,62 | 93,26 | 32,5 | 32,9 | 39,3 | 40,2
16:28:00 | 16:32:00 | S7-4 | 2250 | 118,11 | 14,34 | 2196 | 18,21 | 2098,54 97,6 95,56 | 93,27 | 33,6 | 34 | 41,9 | 43
16:34:00 | 16:38:00 | S8-1 | 2348 | 118,11 | 14,92 | 2292 | 19,01 | 2189,71 |  97.62 | 95,54 | 93,26 | 34,2 | 34,6 | 43,6 | 44,5
16:40:00 | 16:44:00 | S8-3 | 2438 | 118,08 | 15,46 | 2382 | 19,75 | 2274,77 97,70 95,5 | 93,30 | 34,9 | 35,2 | 45,2 | 46,1
16:46:00 | 16:50:00 | S8-5 | 2539 | 118,05 | 16,07 | 2481 | 20,56 | 2368,68 97,72 95,47 | 93,29 | 35,5 | 35,9 | 46,8 | 47,9
16:52:00 | 16:56:00 | S9-2 | 2628 118 16,59 | 2568 | 21,26 | 2449,24 97,72 95,38 | 93,2 | 36,2 | 36,6 | 48,7 | 49,7
16:58:00 | 17:02:00 | S9-4 | 2721 | 117,95 | 17,17 | 2658 | 22,03 | 2537,41 97,69 95,46 | 93,25 | 36,9 | 37,3 | 50,5 | 51,7
17:04:00 | 17:08:00 | S10-1 | 2811 | 117,92 | 17,69 | 2748 | 22,73 | 2618,37 97,76 95,28 | 93,15 | 37,5 | 37,9 | 52,3 | 53,5
17:10:00 | 17:14:00 | S10-3 | 2897 | 117,9 | 18,21 | 2833 | 23,41 | 2697,21 97,79 95,21 | 93,10 | 38,3 | 38,7 | 54,3 | 55,5
17:16:00 | 17:20:00 | S10-5 | 2991 | 117,85 | 18,78 | 2925 | 24,17 | 2783,79 97,79 95,17 | 93,07 | 39 | 39,5 | 56,4 | 57,8
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Figure B.2: Power analyzer Yokogawa PZ4000 DC twoMHz 5MS/s.

B.3 Results

During testing there was three sources of data: torque from the torque sensor, velocity and
temperature from the motor controller and power from the power analyzer. From all these
data only the torque data had to be processed. The other data value were given straight
on the laptop or the power analyzer screens and were overwritten manually into an excel
sheet.

For each tested speed, the torque was increased from 10 to 24Nm with a step of about
0.8Nm. The test was continuous and lasted nearly two hours. This meant that the torque
data file was very large (frequency 100Hz). The time start of each tested set point was
written down. In this way, there was a main start time of a test and sub starting points for
the torques. An example is given here below for the 900rpm in table The Torque data
file was cut in Matlab and into smaller intervals in which the efficiency of the motor was
calculated. An example of the torque is given in figure The complete set of results of
the testing is given in several tables in the excel sheet file.

Table B.3: Time intervals during testing at 900 rpm

Timeline 900 rpm

Start | 11:30:30 | 11:36:15 | 11:42:45 | 11:48:45 | 11:54:45 | 12:00:45 | 12:06:50

12:13:45

12:19:45

End | 11:34:30 | 11:40:15 | 11:46:45 | 11:52:45 | 11:58:45 | 12:04:45 | 12:11:40

12:17:45

12:23:45
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Figure B.3: Torque sensor en couplings assembly.

Figure B.4: Motor controller Tritium WaveSculptor.

Figure B.5: Side view Mounting frame of the motor and load
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Figure B.6: Variable Resitance

Power analyzer
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I Mcchanical power

Power measurment

Electric net |\~~~ > Resistor
\ ,- - Laptop reg. speed
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Figure B.7: Connection diagram of the test setup equipments.
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Troque plot of 900 rpm
24 ‘ ‘

Torque Nm

8 | | | | | |
0 1 2 3 4 5 6 7

Time[0.01s]

Figure B.8: Torque plot of 900 rpm



Appendix C

Model evaluation

C.1 Introduction

Modeling the Csiro motor is not only important to understand its efficiency but also to
separately qualify and quantify the losses in order to optimize the drive. In the case of
the csiro, improvements are possible mechanically in the design of the motor frame and
electrically in the inductors. In this section of the appendices, the influence of each loss is
shown and calculated and when possible compared to what was measured during testing.

C.2 Influence of each loss

Figure shows the influence of each loss discussed above.

Efficiency plot motor 1100rpm

Model with Pe+Pe —<———— Model with Pc

Model with Pc+Pe+Pyi—
_ Model with Pc+Pe-+Prot(calculated)

Model with Pc+Pe-+Prot(measured

96.5-

96

Efficiency %
&
@

95

9 I I I I I |

16
Torque[Nm]

Figure C.1: Influence of each loss on the model curve (1000rpm)

xx1il
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Table C.1: Influence on the mechanical losses

T000RPM-BL10oo = 16.7[W].W L1000 = 2.2[W]

Total losses [W] | CL [W] | CL % | RL % | YL [W] | YL % | ECL %
47,5 21,6 444 39,8 0,6 1,2 14,6
51,3 %5 | 482 | 368 | 08 15 | 135
55.3 295 | 51,6 | 341 | 09 17 | 125
59.3 335 | 546 | 318 | 1.1 19 | 117
64,1 383 | 57.6 | 295 | 1.4 21 | 108
68,4 426 | 599 | 276 | 16 23 | 10,1
73.4 476 | 623 | 257 | 1.9 2.6 9.4
78,3 525 | 642 | 241 | 22 2.8 8.9
83,3 57,5 66,0 22,7 2,5 3,0 8,3
89,0 63,2 67,8 21,2 2,9 3,2 7,8
94,2 684 | 692 | 201 | 32 3.4 74
1001 743 | 706 | 189 | 3.6 3,6 6,9
1061 80,3 | 718 | 17.8 | 41 3.8 6.5
111,8 86,0 | 729 | 169 | 45 10 6,2
1185 92,6 | 740 | 159 | 5.0 12 5.9
1241 98,3 74,8 15,2 9,5 4.4 9,6
130,7 104,9 75,7 14,5 6,0 4,6 9,3

This graph shows that the influence of the mechanical design is large. For example,
the copper losses at 1000 rpm varies from 21.6 to 104.9W with a torque varying from
10.1 to 22Nm. The rotational losses are 18.9W (WL=2.2W and BL=16.9W) calculated
with model and 25.52W measured. It is than obvious that the rotational losses are very
important and must be taken into consideration. The influence of the rest of the losses are
shown in figure

In [3] the efficiency is given to be 97.5% but without taking the mechanical losses
into consideration. This explains the difference between measured efficiency and specified
efficiency by the manufacturer.

Measured | Calculated
16.7 14.61
20.7 16.7
25.5 18.9
30.8 21.2

Table C.2: Comparison of measured and calculated rotational losses

The difference between the measured and calculated rotational losses is expected as the
equations used are an approximation. A different approach can be used to get a better
calculation of the rotational losses. The bearing losses are proportional to the rotational
speed whereas the windage losses are proportional to the rotational losses to the third
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rol test fram 1000 to O rpm

30 -
25
20

Speed [rpm]
i

D 1 | | | 1 k| 1
] 100 200 300 400 S00 B00 700
Time step 0.25

Figure C.2: Rol test from 28rpm to 0

power. A small part of a roil test is shown in figure The test was made with a fake
stator just to have influence of the rotational losses. An example of such a test is given in
figure 13 of the paper. Just at the end of the test, the influence of the windage becomes
ignorable. The speed curves becomes a straight line. From this line the deceleration caused
by the bearing internal friction can calculated. It is equal to the slop of the line. From the
deceleration, the negative torque cause by the bearing can be calculated.

Knowing the formula of the bearing losses, windage losses formula can be derivated.

This method have one disadvantage, any change in the bearing pre-tension means that
the formula isn’t valid anymore. Another important point is that when the motor will be
build in the car, the bearing losses will become larger as the weight of the vehicle causes
more friction in the bearing. This is in the scoop of this thesis not important because the
comparison is made with another motor that was also bench tested.

C.3 Conclusion

The results of the model showed the rotational losses are very important and must not be
neglected. This explains the difference between the measured efficiency and the efficiency
given van the manufacturer.
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Appendix D

Matlab files

In this appendix the matlab files created and used in the thesis are given.

D.1  MatlabAnalyzing torque data and computing efficien-
cies

%Processing the torque data and computing the efficiencies of the motor

clear all
close all
clc

for loop=1:2,
%loading data from both experiments at 900rpm
if loop==1,
file =load(’torquedata900_2.txt’);%xlsread(’torquedata900_2_b ’) ;%
t_s= load(’ts_900_2.txt’);
timem = load(’t_900_2.txt’)
p=load (’p_900_2.txt’);
else ,
file = load(’torquedata900_3.txt’);%xlsread (’torquedata900_3_b ’);
t_s= load(’ts_900_3.txt’);
timem = load (’t_900_3.txt’)
p=load(’p_900_3.txt’);

end

%giving the start time from time vector
starth= t_s(1);
startm= t_s (2);
starts= t_s(3);

tel=0;

telh=starth;
telm=startm;
tels=starts;

h = starth;
m = startm;
s = starts;

%defining the time of each torque data set
for i=1l:size(file,1)

if (telh <23)
if (telm <59)
if (tels <59)
if (tel <99)
file(i,2) = h;
file(i,3) = m;
file(i,4) = s;
tel = tel—+1;

xxvil
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16

21

26

31

36

41

46



xxviii

else
file (i
file (i
file (i
tel =

12)
3) =
4) =
0;

s = s + 1;
tels + 1;

tels =

else
if (tel <99)
file (i
file (i
file (i
tel =
else
file (i
file (i
file (i
tel =
%h s = s
% tels
tels =
s=0;
m = m+4

telm =

end
else
if (tels <59)

if (tel <99)
file (i
file (i
file (i
tel =

else
file (i
file (i
file (i
tel =

2) =
3) =
4) =
tel+1;

2) =
»3)
4) =
0;

+ 1
tels

8

03

1
telm +

’
’
t

,4

s = s 4+ 1;
tels + 1;

tels =
end

else
if (tel <99)
file (i
file (i
file (i
tel =
else

h = h+
telh =

end
else
file(i,2) = h;
file(i,3) m;
file(i,4) s;
telh = O0;
h=0;
end

end

Dbl hh Tl hhhhhhhhhhhhhhhhthhthhhh

%loading motor rotational

1

m;
s

=3

telh + 1;

speed

vector
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61
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71

76

81
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91
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101

106

111

116

121

126

131



D.1. MATLABANALYZING TORQUE DATA AND COMPUTING EFFICIENCIESxxix

s=900; %motor speed [rpm]

%“settiong the torque limits to remove the zero value placed in place of the

%timeout error s 136
grensonder =0;
grensboven =50;

%calculating the torque average

n=[]; 141
for j=1l:length(timem);
startmeeth = timem(j,1);
startmeetm = timem(j,2);
startmeets = timem(j,3);
stopmeeth = timem(j,4); 146
stopmeetm = timem(j,5);
stopmeets = timem(j,6);
startmeet = (10000xstartmeeth) + (100*startmeetm) 4 startmeets; 151
stopmeet = (10000%*stopmeeth) + (100*stopmeetm) + stopmeets;
select =[];
156
for i=1l:size(file,1)
filetime = (10000%file(i,2)) + (100xfile(i,3)) + file(i,4);
if (filetime >=startmeet && filetime<=stopmeet)
if (file(i,1)> grensonder && file(i,l)<grensboven) 161
if (isempty (select))
select = file(i,:);
else
select = [select;file(i,:) ];
end 166
end
end
end ;
171
% figure
% plot(select (:,1))
%calculating the set efficiency
eff_controller (j,1)=p(j,2)/p(j,1)=*100; 176
% de torque file is
T=(select (:,1))
% TT=T(£find (T"=0)); 181
% mean (T)
% mean (TT)
% length (T)
% length (TT) 186
plot (select (:,1))
pause
% de gimmidelde waarde van de torque 191
m(j,l)=mean(T)
% Calculating standard deviation
st (j,1)=std(T)
196
%calculating the mechanical power
pmech (j,1)=pi/30xs*m(j)
%herror cal for the error bar 201
%E(j,1)=st(j,1)/m(j,1)*pmech(j,1)/p(j,2)
%Error in mechanical power calculation
E(j,1)= st(j,1)/m(j,1)=100 206
effmotor (j,l)=pmech(j,1)/p(j,2)*100
eff (j,l)=eff_controller(j,l)*effmotor(j,1) /100
211

%tmean=[tmeam;m(j)]
end

%save the data generated
vec=[eff_controller effmotor eff] 216



XXX

figure (1);

hold on

xlabel (’Torque [Nm]’)
ylabel (’Effiency %)

title (’Efficiency plot motor/controller/set’)

plot (m,vec(:,1),’r’, m,vec(:,2), ’m’,
legend (’eff. controller’,’eff.motor’,
% errorbar (m,vec (:,2) ,E)

pause;
clear

ceff .
all

end

D.2 MatlabPlotting the

%%%hloading and plotting efficiency results

close all

clear all

clc

for loop=1:4,

if loop 1,
s=800;
vec2=load (’eff800_2.txt’);
tor2=load(’gemtorque800_2.txt’);
vec3=load (’eff800_3.txt’);
tor3=load(’gemtorque800_3.txt’);
length(vec2)
length(vec3)
vec= (vec2(1:17 ,:)4+vecd3 (1:17,:))/2;
tor= (tor2(1:17,:)4+tor3 (1:17,:))/2;

%defining error bar

% E= abs(vec2-vec3)

% M= max (vec (:,2))
figure (1);
hold on

xlabel (’Torque [Nm]’)
ylabel (’Efficiency %’)

m,vec (:,3
set’

)
2) 5

’p )

APPENDIX D. MATLAB FILES

results of all speeds and torques

for

all

speeds

title(’Efficiency plot motor/controller/set 800rpm’)

plot (tor ,vec (:,1),’-r’, tor,vec(:,2),
plot (tor2(1:17) ,vec2(1:17,1),’xr’,

plot (tor3(1:17) ,vec3(1:17,1),’
.b7)

legend (Eff. controller’ , ’Eff.

axis ([10 20 91 98])

elseif loop==
s=900;
vec2=load (’eff900_2.txt’);
tor2=load(’gemtorque900_2.txt’);

vec3=load (’eff900_3.txt’);
tor3=load(’gemtorque900_3.txt’);

length(vec2)
length(vec3)

vec= (vec2(1:18,:)4vec3(1:18,:))/2;
tor= (tor2(1:18,:)4tor3(1:18,:))/2;
figure (2);

hold on

xlabel (’Torque [Nm]’)
ylabel (’Efficiency %’)

s-m?

motor’ ,’Eff .

tor ,vec (:,3),
tor2(1:17) ,vec2(1:17,2),’xm’,

.r’, tor3(1:17) ,vec3(1:17,2), ~

set’ ,4);

title(’Efficiency plot motor/controller/set 900rpm’)

plot (tor ,vec(:,1),’-r’, tor,vec(:,2),
plot (tor2(1:18) ,vec2(1:18,1),’xr’,

B

s

tor ,vec (:,3),
tor2(1:18) ,vec2(1:18,2),

and torques

’-b’);%, tor,N, ’g’)

tor2(1:17) ,vec2(1:17,3),’xb

tor3(1:17) ,vec3(1:17,3), °

5
.m’,

’-b’);%, tor ,N, ’g’)
’xm’, tor2(1:18),vec2(1:18,3),’xb

plot (tor3(1:18) ,vec3(1:18,1),’.r’, tor3(1:18) ,vec3(1:18,2), ’>.m’, tor3(1:18) ,vec3(1:18,3), °
.b7)

221

226
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15
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30

35

40

45

50

55

60
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legend (Eff. controller’ , ’Eff. motor’ ,’Eff. set’ ,4);
axis ([10 22 91 98])

elseif loop==3

s=1000
vec2=load (’eff1000_3.txt’);
tor2=load(’gemtorquel1000_3.txt’);

vec3=load (’eff1000_4.txt’);
tor3=load(’gemtorquel000_4.txt’);

length(vec2)
length(vec3)
vec= (vec2(1:17 ,:)4vec3(1:17,:))
tor= (tor2(1:17,:)4tor3(1:17,:))

/2;
/2;

3

figure (3);

hold on

xlabel (’Torque [Nm]’)

ylabel (’Efficiency %’)

title(’Efficiency plot motor/controller/set 1000rpm’)

plot (tor ,vec(:,1),’-r’, tor,vec(:,2), ’-m’, tor,vec(:,3), ’-b’);%, tor,N,

xxxi

plot (tor2(1:17) ,vec2(1:17,1) ,’xr’, tor2(1:17) ,vec2(1:17,2) ,°xm’, tor2(1:17),vec2(1:17,3),’xb

B

plot (tor3(1:19) ,vec3(1:19,1),’.r’>, tor3(1:19) ,vec3(1:19,2), ’>.m’, tor3(1:19) ,vec3(1:19,3), °
.b?)

legend (’Eff. controller’ , ’Eff. motor’ ,’Eff. set’ ,4);
axis ([10 23 91 98])

else

s=1100;
vecl=xlsread(’vec1100_27);
tori=veci (:,1);
length(vecl)

vec2=xlsread(’vec1100_3’);
tor2=vec2 (:,1);

length(vec2)
%chekking length

vec= (vecl1(1:17,2:4) + vec2(1:17,2:4))/2;
tor= (tor1 (1:17,:) + tor2(1:17,:))/2;

figure (4);

hold on

xlabel (’Torque [Nm]’)

ylabel (’Efficiency %’)

title (’Efficiency plot motor/controller/set 1100rpm’)

plot (tor ,vec (:,1),’-r’, tor ,vec(:,2) ’-m’, tor,vec(:,3), ’-b’);%, tor,N,

)
plot (tor1(1:17) ,vec1 (1:17,2),’xr’, tor2(1:17) ,vect1(1:17,3), ’xm’, torl(1:17),vecl(1:17,4), °

xb )

plot (tor2(1:17) ,vec2(1:17,2),’>.r’>, tor2(1:17) ,vec2(1:17,3), ’>.m’, tor2(1:17) ,vec2(1:17,4), °
.b?)

legend (’Eff. controller’ ,’Eff. motor’,’Eff. set’,4);
axis ([10 23 91 98])

pause
clear all

clc
end

D

%
%1lo

3

hhhplotting the test results for all speeds hhhhhhhhhbhhhhhhhhhhhhthhhhhhhhhhhh

ading data

clear all
close all

clc
clf

for

loop=1:4,

MatlabModel and plot with measured data

65

70
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80

85

90

95

105

110

115

125



xxxii

else

s =800;

vec2=load (’eff800_2.txt’);
tor2=load(’gemtorque800_2.txt’);
tw2=load (’tw800_2.txt’);
kt2=load (’kt800_2.txt’);

vec3=load (’eff800_3.txt’);
tor3=load(’gemtorque800_3.txt’);
tw3=load (’tw800_3.txt’);
kt3=load (’kt800_3.txt’);

length(vec2)

length(vec3)

vec= (vec2(1:17 ,:)4vec3 (1:17,:))/2

tor= (tor2(1:17,:)+tor3(1:17,:))/2
87

5

twv= [29.6535; 30.4099; 31.4
39.2447; 40.7794;
42.2505; 44.0115; 45.5296;
tw3 (1:17 ,:))/2;
hkt= (kt2 (1:17) +kt3(1:17))/2;

%kt=1.1655;
length (tw)

%defining error bar
E= abs(vec2—vec3)

if loop==

s=900;

vec2=load (’eff900_2.txt’);
tor2=load(’gemtorque900_2.txt’);
tw2=load (’tw900_2.txt’);
kt2=load (’kt900_2.txt’);

vec3=load (’eff900_3.txt’);
tor3=load(’gemtorque900_3.txt’);
tw3=load (’tw900_3.txt’);
kt3=load (’kt900_3.txt’);

length(vec2);
length (vec3);
vec= (vec2(1:18,:)4vec3(1:18,:))/2;

tor= (tor2(1:18,:)+tor3(1:18,:))/2

YA
t

else

tw= (tw2(1:18,:)+tw3(1:18,:))/2;
w=[30.0089;
31.1210;
32.1791;
33.3897; 34.5623;
35.80009; 37.2234;
38.5054; 40.0120;
41.5425; 43.0381;
44.7459; 46.2598;
47.9913; 49.7083;
51.3798; 53.3479; 53.3479 |
%kt=(kt2(1:18)+kt3(1:18))/2;

%kt=1.1655;
%defining error bar
E= abs(vec2—vec3d);

if loop==

s=1000

vec2=load (’eff1000_3.txt’);
tor2=load(’gemtorquel1000_3.txt’);
tw2=load (’twl000_3.txt’);

kt2=load (*kt1000_3.txt’);

vec3=load (’eff1000_4.txt’);
tor3=load(’gemtorquel000_4.txt’);
tw3=load (’twl1000_4.txt’);
kt3=load (’kt1000_4.txt’);

length(vec2)

length (vec3)

vec= (vec2(1:17 ,:)4+vecd3 (1:17,:))/2;
tor= (tor2(1:17,:)4tor3(1:17,:))/2;
hkt= (kt2(1:17,:)+kt3(1:17,:))/2;
%kt=1.1655;

htw= (tw2 (1:17 ,:)+tw3 (1:17,:))/2;
tw=[30.8787; 32.2806;

33.7635; 35.2474;

37.0239; 38.6268;

40.5094; 42.3442;

8;
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33.9081; 35.0634; 36.5014; 37.8054;

50.5692; 52.0000] %(tw2 (1:17,:)+
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44.2477; 46.4438;
48.4592; 50.7733;
53.1391; 55.4155;
58.0679; 60.3400; 63.0486]

%defining error bar
E= abs(vec2(1:17 ,:)—vec3 (1:17,:));
else
s=1100;
vecl=xlsread(’vec1100_27);
tori=vecl (:,1);
twli=load (’tw1100_2.txt’);
Kti=load (’kt1100_2.txt’);
% elseif loop==2,
vec2=xlsread(’vec1100_37);
tor2=vec2 (:,1);
tw2=load (’twl1100_3.txt’);
Kt2=load (’kt1100_3.txt’);
%chekking length
length(vec2)
length(vecl)
vec= (vec1(1:17,2:4)4vec2(1:17,2:4))/2;
tor= (tor1 (1:17,:)+tor2(1:17,:))/2;

tw=[31.4498; 32.9101; 34.4000; 36.2013;

37.8544; 39.8392; 41.8854; 43.9104; 46.2805;

48.2936; 50.8006; 53.3751; 55.8638; 58.7641; 61.3801; 64.4698;
hkt= (Kt1 (1:17)+Kt2(1:17))/2;
% kt=1.1655;

hCtw2 (1:17)+tw3 (1:17))/2;

length (vec)

length (tor)

length (tw)

%defining error bar

E= abs(vecl (1:17 ,:)—vec2(1:17,:))
end

% one set of data
Tl hhhhh DDk Dl Dh %%

%COPPER LOSSES
%loading temperature

for j=l:length(tw),
%calculating the winding resistance as given by csiro related to temperature

Rc(j)=0.0757%(1+0.0039%(tw(j)));
%determening Kt from the Csiro info guide

%“Kt=load (’kt900_2.txt ’)
Kt=1.1655;

%determening i
i(j)=tor(J)/Kt;%(j);

%the copper losses zijn
Pc(j)= 3*Rc(j)=(i(3) 2);

T hlhhhD DT RDDhTDhhhhhhhhhhhhhhhthhhhhhhhhthhhhhhhhhhhhthhhhhhhhhhhhhhhhhhhhhnb
%POWER OUTPUT
Pout (j)=pi/30xsxtor (j);

I N N N N N N N N N N N N N N N N N N N A N N N N N N N N N N N N N YN Y VY
%eddy current losses based testing reulsts
if loop==1,

Pe= 6.3210e—004x*(pi/30%800) " 2;
elseif loop==2,

Pe= 6.3210e —004x%(pi/30%900) " 2;
elseif loop::3,

Pe= 6.3210e—004x*(pi/30%x1000) ~2;
else

Pe= 6.3210e—004%(pi/30%x1100) " 2;

end

DhlhD DD T DTl hh T hhh bt htThtohhlh ol ohtehhtohtehhtehhhhthhhtehhh’hththhhthththhnhthhhhhhh
% WINDAGE LOSSES
%Bearing losses
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kfb=1; % fricton coefficient of the bearing[m~2/s"2]
mr =4.92x247; % rotor mass [kg]l

msh=1; % shaft mass [kgl

rev=s /60; % speed [rev/s]

Pb=0.06xkfb*(mr+msh)*rev; % bearing losses [W]

DhBhh R LD T hhhhthhhhthh ol hhthhehhhhhhhhhhh™hhhhthhhhhhhh Dbl hhhh D hh %

%aerodymic losses
%determining the reynolds number

ro_air=1.2, % air density [kg/m3]

Rout =0.2026; % outer diameter [m]

Rsh=0.01; % shaft diameter [m]

v=2kpi*Rout*rev; % linear velocity of the outer diameter [m/s]
mu=1.8e —5; % dynamic vicosity of the air [Pa s]

Re= ro_airxRoutxv/mu;
cf=3.87/(Re) "0.5;

%windage losses
Pwind= 1/2xcfxro_air *(2+pi*rev) 3*(Rout 5—Rsh"5) ;

%inductor losses
%Pind=0.063*(i(j) "2);

Db BT h TR DD DD DD Dl D D% b
%EFFICIENCY CALCULATION

bl

N(j)=Pout (j)/(Pout (j)+Pc(j)+Pet Pb+Pwind)*100;

% Pind (j)

end

% plotting the results

if loop==1,

figure (1);

hold on

xlabel (’Torque [Nm]’)

ylabel (’Effiency %)

title (’Efficiency plot motor/controller/set 800rpm’)

%plot (tor ,vec (:,1),’r’, tor,vec(:,2), ’m’, tor ,vec (:,3), ’b’, tor,N, ’g?’)
errorbar (tor, smooth(vec(:,1)), E(:,1)/2,’r?)

errorbar (tor, smooth(vec(:,2)), E(:,2)/2,’k?)

errorbar (tor, smooth(vec(:,3)), E(:,3)/2,’b?)

legend (’eff. controller’,’eff.motor’,’eff. set’,’motor model’ ,4);
axis ([10 20 91 98])

figure (2)

hold on

xlabel (’Torque [Nm]’)

ylabel (’Effiency %)

title(’Efficiency plot motor 800rpm’)

plot( tor,smooth(vec(:,2)), ’m’, tor,N, ’g’)
legend (’Smoothed eff.pmotor’,’Model eff. motor’ ,4);
axis ([10 20 93 98])

figure (3)

hold on

xlabel (’Torque [Nm]’)

ylabel (*kt%’)

title (’kt plot at several torques’)
%plot (tor, kt, ’r’)

legend (’800 rpm’ ,4);

elseif loop==2,

figure (4);

hold on

xlabel (’Torque [Nm]’)

ylabel (’Efficiency %’)
title(’Efficiency plot motor/controller/set 900rpm’)

%plot (tor ,vec(:,1) ,’r’, tor,vec(:,2), ’m’, tor ,vec(:,3), ’b’, tor,N, ’g’)
errorbar (tor, smooth(vec(:,1)), E(:,1)/2,’r?)
errorbar (tor, smooth(vec(:,2)), E(:,2)/2,’k?)
errorbar (tor, smooth(vec(:,3)), E(:,3)/2,’b”)
,

legend (’eff. controller’
axis ([10 22 91 98])

eff .motor’,’eff. set’,’motor model’ ,4);

figure (5)

hold on

xlabel (’Torque [Nm] )

ylabel (’Efficiency %)

title(’Efficiency plot motor 900rpm’)

plot( tor,smooth(vec(:,2)), ’k’, tor,N, ’g’)
legend (’Smoothed eff.motor’,’Model eff. motor’ ,4);
axis ([10 22 93 98])
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figure (3)
hold on
%plot (tor, kt,’b’)

elseif loop==3,

figure (6);

hold on

xlabel (’Torque [Nm] )

ylabel (’Efficiency %)

title(’Efficiency plot motor/controller/set 1000rpm’)

%plot (tor ,vec (:,1),’r’, tor,vec(:,2), ’m’, tor ,vec(:,3), ’b’, tor,N, ’g?’)
errorbar (tor, smooth(vec(:,1)), E(:,1)/2,’r?)

errorbar (tor, smooth(vec(:,2)), E(:,2)/2,’k?)

errorbar (tor, smooth(vec(:,3)), E(:,3)/2,’b?)

legend (’eff. controller’,’eff.motor’,’eff. set’,’motor model’ ,4);

axis ([10 22 91 98])

figure (7)

hold on

xlabel (’Torque [Nm]’)

ylabel (’Efficiency %’)

title (’Efficiency plot motor 1000rpm’)

plot ( tor ,smooth(vec(:,2)), ’b’, tor,N, ’g’)
legend (’Smoothed eff.motor’,’Model eff. motor’ ,4);
axis ([10 22 93 98])

figure (3)
hold on
%plot (tor, kt, ’k’)

else
figure (8);
hold on
xlabel (’Torque [Nm]’)
ylabel (’Efficiency %’)
title (’Efficiency plot motor/controller/set 1100rpm’)
% plot (tor ,vec(:,1),’r’, tor,vec(:,2), ’m’, tor ,vec(:,3), ’b’, tor,N, ’g?’)
errorbar (tor, smooth(vec(:,1)), E(:,1)/2,’r?)
errorbar (tor, smooth(vec(:,2)), E(:,2)/2,’k?)
errorbar (tor, smooth(vec(:,3)), E(:,3)/2,’b?)
legend (’eff. controller’,’eff.motor’,’eff. set’,’motor model’ ,4);
axis ([10 22 91 98])

figure (9)

hold on

xlabel (’Torque [Nm]’)

ylabel (’Efficiency %’)
title(’Efficiency plot motor 1100rpm’)

plot ( tor ,smooth(vec(:,2)), ’r’, tor,N, ’g’)
legend (’Smoothed eff.pmotor’,’Model eff. motor’ ,4);
axis ([10 22 93 98])

figure (3)

hold on

%plot (tor, kt,’g’)

end

pause;
clear all
clc
end

D.4 MatlabComparison between csiro motor and
draw

%surface plot comparison between biel and Csiro motor
close all

clear all

clc

%loading date from the calculted en measured efficiency and torque

%loading 800 rpm data
t800_2=load(’gemtorque800_2.txt’);
e800_2=load (’eff800_2.txt’);
t800_3=load(’gemtorque800_3.txt’);
e800_3=load(’eff800_3.txt’);

surface
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182=length (e800_2);
183=length (e800_3);

t800= (t800_2+t800_3)/2;
e800= (e800_2+e800_3)/2;
kt800=(kt (:,1)+kt (:,2))/2

%loading 900 rpm data
t900_2=load(’gemtorque900_2.txt’)
€900_2=load (’eff900_2.txt’)
t900_3=load(’gemtorque900_3.txt’)
€900_3=load (’eff900_3.txt’)
192=length (e900_2);

193=length (e900_3);

£900= (t900_2 (1:17)+t900_3(1:17))/2;
e900= (e900_2(1:17,:)+e900_3(1:17,:))/2;
kt900=(kt (:,3)+kt (:,4))/2

size (e900)

%loading 1000 rpm data

t1000_3=load (’gemtorquel000_3.txt’);
e1000_3=load(’eff1000_3.txt’);
t1000_4=load (’gemtorquel000_4.txt’);
e1000_4=load (’eff1000_4.txt’);
1103=1length (e1000_3);

1104=length (e1000_4);

£1000= (£1000_4 (1:17)4+t1000_3 (1:17))/2;
e1000= (e1000_4(1:17 ,:)+e1000_3 (1:17,:))/2;
kt1000=(kt (:,5)+kt (:,6))/2

size (e1000)

t1000_1mm_1=load(’gemtorquel000_1mm_1.txt’);
e1000_1mm_1=load(’eff1000_1mm_1.txt’);
t1000_1mm_2=load (’gemtorquel000_1mm_2.txt’);
elOOO_lmm_Q:load(’efflOOO_lmm_2.txt’);

t1001= (t1000_1mm_1(1:16)4+t1000_1mm_2(1:16))/2;
e1001= (e1000_1mm_1(1:16,:)4e1000_1mm_2 (1:16,:)) /2;
11011=length (e1000_1mm_1);

11012=1length (e1000_1mm_2);

%loading 1100 rpm data

v1100_2 = xlsread(’vec1100_27);

v1100_3 = xlsread(’vec1100_37);
v1100_1mm_1 = xlsread(’vec1100_1imm_17);
v1100_1mm_2 = xlsread(’vec1100_1imm_2’);
1112=length (v1100_2);

1113=1length (v1100_3);
11111=length(v1100_1mm_1)
11112=length(v1100_1mm_2)

v1100= (v1100_2 (1:17 ,:)4v1100_3(1:17,:))/2;
v1101= (v1100_1mm_1 (1:16 ,:)4+v1100_1mm_2 (1:16,:))/2;
kt1100=(kt (:,7)+kt (:,8))/2

length (v1100);

size(v1101)

%chekking the langth of the vectors
1=[ 182 183;

192 1935

1103 1104

11011 110123

1112 11135

11111 11112 ];

%smoothing the data to remove the edges
x= [smooth (t800) ’;

smooth (t900(1:17)) 73

smooth (t1000) ’;

smooth (v1100 (:,1)) ] "’;

x1=[smooth (t1001) ’;
smooth (v1101 (:,1)) '] ’;
size (x1)
size (x)
y=[smooth (e800(:,3)) ’;
smooth (e900(1:17,3)) 73
smooth (e1000(:,3)) ’;
)

smooth (v1100(1:17,4)) ’]’;
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yl=[smooth (kt800);
smooth (kt900);
smooth (kt1000);
smooth (kt1100)] ’;

yl=[smooth(e1001 (:,3)) ’;
smooth (v1101 (:,4)) '] ’;
size (y1)

%another check for the vector length
size (e800(:,3) ")

size (e900(1:17,3) ")

size (e1000(:,3) ")
size(v1100(1:17,4) ")

length(x)

%#defining the matrix for the surface plot of the csiro data
s_c=[800 900 1000 1100]

s_c1=[1000 1100]

z=repmat (s_c, 17, 1);

zl=repmat (s_cl, 16, 1);

size (z)

%defining biel data (source Georges Arkestijn)
Tbiel=[6 12 18 24 30;

6 12 18 24 30;

6 12 18 24 30;]°

s_b=[750 1000 1250];

Sbiel=repmat (s_b,5,1);

e75=[83.56172 88.89038 90.36977 93.3117 92.92014];
e100=[82.98791 89.27637 90.99489 94.06795 93.90795];
e125=[80.89687 88.24896 89.82224 92.59246 93.08522];

% effbiell= [85.51259 84.24446 83.56172 82.98791 80.89687;
% 89.34489 88.85437 88.89038 89.27637 88.24896;
% 89.73756 89.82591 90.36977 90.99489 89.82224;
% 91.352 92.81967 93.3117 94.06795 92.59246;
% 90.26509 92.6055 92.92014 93.90795 93.08522]

%effbiel= [smooth(e75’) smooth(e100’) smooth(el125’)];

% effbiel= [83.56172 82.98791 80.89687;
% 88.89038 89.27637 88.24896;
% 90.36977 90.99489 89.82224;
% 93.3117 94.06795 92.59246;
3 92.92014 93.90795 93.08522]
effbiel= [e75’ e100’ el125’];

%surface PLot

figure (1)

hold on

grid on

surf (z, x, y)

%surf (z1l, x1, yi1)

surf (Sbiel , Tbiel, effbiel)
colorbar

xlabel (’Speed [km/h]’)
ylabel (’Torque [Nm]’)

zlabel (’Efficiency [%]°)
%colormap jet

axis ([800 1100 6 30 80 96])
%shading interp

title(’3D Efficiency plot comparison Biel vs CSiro’)

figure (2)

hold on

% grid on

%surf(z, x, y’)

surf (z1, x1, y1)

%surf (Sbiel , Tbiel, effbiel)
colorbar

xlabel (’Speed [km/h]’)
ylabel (’Torque [Nm]’)
zlabel (’Efficiency [%]’)
%colormap jet

axis ([80 110 10 25 80 96])
shading interp
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181
%plot of 1000 rpm
Tb=[6; 12; 18; 24; 30]
eb100=e100 "’
figure (3)
xlabel (’Torque [Nm]’) 186

ylabel (’Efficiency [%]?)

plot (t1000,e1000 (:,3), Tb,eb100)

axis ([8 30 85 96])

title(’Efficiency plot comparison Biel set vs CSiro set at 1000rpm’)
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