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Synopsis:

This project concerns the development of a lig-
uid cooled Permanent Magnet Synchronous Machine
(PMSM). The application of the PMSM may result in
heat problems which are investigated. High operational
speed is required, which entails challenges with gen-
eration of sinusoidal voltages using a Voltage Source
Inverter (VSI). Two prototypes of the PMSM are manu-
factured, where experiences from the first prototype are
used to improve the second prototype.

A 3D thermal lumped parameter model is developed to
estimate the temperatures in a thermal test scenario that
replicates the operational conditions. Different com-
pensation approaches are analysed to avoid over esti-
mation of temperatures when distributed heat sources
are modelled. An electrical and a mechanical model
are used to design and test developed control strategies.
The VSI is modelled to include the effect of pulse width
modulated sinusoidal voltages.

The thermal model is compared to a 2D FEM model and
experimental tests. The deviations are acceptable why
temperatures in the thermal test scenario are estimated.
The electrical models are verified against measured cur-
rents, which show acceptable correlation between the
current characteristics. Simulations with designed con-
trollers and the VSI show large current ripples and os-
cillations due to the high speed and a limited switching
frequency.

Two issues are revealed during the manufacturing; the
liquid cooling is leaky and the rotational losses are
higher than expected. Further verification of the ther-
mal model is required to ensure higher certainty of the

about the model and estimated temperatures.
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PREFACE

The thesis is written by group EMSD4-2.221B during the third and fourth semester of the Master Pro-
gramme in Electro-Mechanical System Design at the department of Mechanical and Manufacturing En-
gineering, Aalborg University. The thesis is a product of project research carried out in the period;
September 1st 2013 to June 3rd 2014. The basic problem of the thesis is: How to develop and operate a
prototype of a high speed PMSM, which is applicable for a low pressure environment?

Special thanks go to Lars Skovlund Andersen as a representative of Johnson Controls Inc. for his support
and involvement in the project and to Tommy Frandsen for his input and feedback during the project.
Thanks are also addressed to Skalform A/S and Dantrafo A/S for their support.

The reader should notice that the content of the thesis is not always in the chronological order, due to
the simultaneous tasks and the time span of the project. Furthermore the number of involved collabora-
tors results in knowledge gained by internal discussion and knowledge sharing, why some background
knowledge is left out as the group cannot take credit for this work. Source references to internal sources
or calculations are made when this is relevant.

The report is documented using IATEX. Data analysis and calculations are carried out in Maple 16 and
MATLAB 2012. An appendix CD is attached in the end of the thesis, which contains:

o A digital copy of the thesis

e Electrical and thermal models of the Permanent Magnet Synchronous Motor
e CAD drawings and pictures of the Permanent Magnet Synchronous Motor

e C code used to control the VSI

e Data sheets

Instructions for reading

Source references in the thesis are made according to the Institute of Electrical and Electronics Engineers
(IEEE) citation style, with the bibliography placed after the conclusion on page 147. Titles, pictures,
equations and tables are numbered. Pictures, equations and tables are in the format x.y, where x indicates
the chapter number and y indicates the consecutive number. A nomenclature list is located after the table
of contents. Some nomenclatures are assumed to be understood and accepted by the reader. These are:
Time derivative X, vector x and matrix x, with x being replaceable.
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RESUME

Dette kandidat speciale omhandler udvikling og test af en Permanent Magnet (PM) motor. PM motoren
skal anvendes i en ny type vanddampskompressor med individuelt drevne kompressorhjul. Formalet
med projektet er at vurdere anvendeligheden af et forslaet motor design, der bygger pa et tidligere pro-
jekt udferdiget pa Aalborg Universitet. Anvendelsen i vanddampskompressoren betyder at PM motoren
skal operere ved lavt tryk og hgje temperaturer. For at imgdega de termiske udfordringer, der opstar
heraf, implementeres et vaeskekglesystem i motor designet. Motorens operationshastighed er 15.000
omdr./min., hvilket medfgrer udfordringer i forbindelse med styringsstrategier og generering af en tre-
faset driftsspending. Driftssp@ndingen generes af en frekvensomformer der anvender pulsbreddemodu-
lation til styring af transistorerne i vekselretteren. Udfordringen ligger i at den hgje hastighed krever en
driftsspending med hgj grundtonefrekvens, hvilket krever en hgj switchfrekvens i frekvensomformeren
for at mindske forvrengningen i den genererede driftsspending. En hgj switchfrekvens er ikke @n-
skverdig da det medfgrer forhgjede tab i frekvensomformeren. Dermed skal switchfrekvensen vealges
som et kompromis mellem grundtone forvrangning og tab i frekvensomformeren.

To prototyper fremstilles med formalet at teste motor design og egenskaber. Fremstillingen inklud-
erer samling, vikling og indstgbning af statoren i EPOXY baseret syntetisk harpiks. Den syntetiske
harpiks har til formal dels at forbedre den termiske ledeevne i motoren og derudover at forsegle kglesys-
temet. Fremstillingen af den f@rste prototype viser at indstgbningsprocessen ikke er i stand til at forsegle
kglesystemet. Utethederne forsgges fjernet, men uden held, hvilket udelukker testkgrsel med vaskekglesys-
temet. Pa trods af det utette veskekglesystem samles den fgrste prototype og det lykkes at kgre den op
til de gnskede 15.000 omdr./min. Baseret pa erfaringerne fra den fgrste prototype opstilles forbedrings-
forslag til den anden prototype, hvilket bl.a. indeberer at indstgbningsprocessen udfgres under vakuum
og dele af veskekglesystemet redesignes. Vakuumindstgbningsprocessen forbedrer forseglingen af kglesys-
temet, men ikke tilstreekkeligt til at prototypen kan samles og testes med vaskekglesystem. Yderligere
forbedringer forslas, men disse eftervises ikke.

En termisk model af PM motoren opstilles med formalet at forudsige varmefordelingen og temperaturene
i motoren under drift. Et termisk test scenarie der representerer det forventede driftsmiljg i vanddamp-
skompressoren opstilles. En 3D termisk koncentreret tabs model opsattes. Metoden udvalges pa bag-
grund af metodens udbredte anvendelighed indenfor termisk modellering af elmotorer og simplicitet. Det
findes ngdvendigt at undersgge og implementere forskellige kompenseringsteknikker for at undga over-
estimering af temperaturene i forbindelse med tildeling af fordelte tab i den koncentrerede tabs model.
Den termiske model verificeres ud fra sammenligninger med en 2D FEM model og malte data.



Input parametrene i det termiske test scenarie bestemmes fra eksperimentelle malinger af tabene pa den
fgrste prototype. De malte tab er hgjere end forventet, hvilket kan skyldes at syntetisk harpiks pa rotor
og stator lamineringerne blev fjernet i en drejebenk. I drejebenken tog lamineringerne skade, hvilket
formentlig resulterer i hgjere jerntab. Simuleringerne baseret pa de malte tab viser at temperaturene i
motoren ikke kan holdes tilstrekkeligt nede i det termiske test scenarie. Derfor udfgres simuleringer
med de forventede tab, hvorved temperaturene reduceres til et acceptabelt niveau.

En elektrisk model udvikles for at teste og designe kontrol strategier og vurdere motorens respons under
forskellige driftsbetingelser. Modellen anvendes bl.a. til at teste motoren med last, hvilket ikke er muligt
at teste eksperimentelt da en lastmekanisme ikke er udviklet. Den elektriske model opbygges af spand-
ingsligninger 1 et roterende dq-reference koordinatsystem og det mekaniske system modelleres som et
modvirkende momentbidrag. Problemstillingen omkring den hgje operationshastighed kombineret med
en begrenset switchfrekvens af frekvensomformeren er grundlaget for at inkludere frekvensomformeren
i den elektriske model. Frekvensomformeren implementeres sammen med den valgte rumvektorpuls-
breddemodulationsstrategi, for at se effekterne af et lavt antal pulser per omgang. Parametrene for den
elektriske og mekaniske model af motoren bestemmes eksperimentelt og parametrene bruges til at verifi-
cere modellerne op mod malte data. Verifikationen begranses af manglende positions sensor og adgang
til fase-nul spendingsmalinger, men god overensstemmelse ses pa trods af dette mellem de malte og
simulerede strgmkarakteristikker.

For at omga den indbyggede styring i frekvensomformeren udvikles to kontrol strategier. En lukket slgjfe
kaskade regulator designes men implementeres ikke i forsggsopstillingen grundet nedprioritering. Det
elektriske og mekaniske system lineariseres for at udvikle en hastigheds- og strgmregulator. Strgmreg-
ulatorens formal er at minimere stremmen og dermed tabet i motoren. En aben slgjfe spendingsstyring
udvikles pa baggrund af den elektriske og mekaniske model og denne styring eftervises i forsggsopstill-
ingen. Bade malte og simulerede resultater viser oscillationer i strgmme og hastighed. Simuleringer
viser at arsagen til oscillationerne stammer fra dben lgkke strukturen, den ubelastede motor og switch-
frekvensen. Det konkluderes at en switchfrekvens pa 10 kHz er ngdvendig for at begrense oscillationer
og strgm-rippler.
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NOMENCLATURE

Parameter  Description Unit

a Complex rotation operator [—]

A Area [m?]

Aeent Centripetal acceleration [m/s?]

Acond Cross sectional area of conductors [m?]

Aroror Required outer area of the rotor [m?]

a,b,c,d,e Velocity coefficients [—]

A,B,C,D,0 Geometric points [—]

B Flux density [T]

B Linearised rotational torque constant (viscous fric- [Nm/(rad/s)]
tion)

Biax Peak flux density T]

dp Average bearing diameter [m]

deond Diameter of conductor [m]

D; Duty cycle [—]

Epack—emr,r Back electromotive force, line-to-line V]

Epack—emr, v Back electromotive force, line-to-neutral V]

fapp Frequency of applied voltage [HZ]

faw Bandwidth [HZ]

fs Sample frequency [HZ]

fow Switching frequency [Hz]

G, Contoller [—]

G; Transfer function [—]

Gp,i Transfer function of plant -]

h Height [m]

heony Thermal heat transfer coefficient from convection [W/(m?* K)]

Mraq Thermal heat transfer coefficient from radiation [W/(m?* K)]

rad cyi Thermal heat transfer coefficient from radiation be-  [W/(m? K)]

tween two concentric cylinders
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hrad, plane

hstep

Ij
Inom,RMS
J

J

Jed

kair
Kpear
Kc,in
Kc,out

kinsul ation
Kii

KI’

kresin

ki
kth,cont
Kvis

Kwin

Ntri

P, active
P, apparent
Pb

PCOI’W

Thermal heat transfer coefficient from radiation be-

tween two planes

Change in x

Current

Nominal current

Complex operator

Moment of inertia

Current density

Thermal conductivity of air
Bearing loss coefficient

Gain of inner controller

Gain of outer controller

Dry friction loss coefficient
Eddy current loss coefficient
Hysteresis loss coefficient
PMSM quantity (e.g current, voltage)
Opposing rotational torque coefficients
Integral gain

Thermal conductivity of insulation plastic
Load torque coefficients
Proportional gain

Thermal conductivity of resin
Thermal conductivity
Conductivity though contact element
Viscous friction loss coefficient
Windage loss coefficient
Inductance

Magnetisation inductance
Average length of one turn
Length of conductors

Length of end windings

Length

Self inductance

Leakage inductance

Mutual inductance
Magnetisation inductance

Slot length

Length of slot windings
Number of samples

Material constant (n=1.5-2.5)
Number of winding turns
Distribution of power losses
Triangular carrier wave

Active power

Apparent power

Number of poles
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P.ore Core loss W]

P., Copper loss W]

P, Instantaneous power (W]

Peday Power loss due to eddy currents (W]

Py Electro-magnetic power W]

P, Power loss in end windings (W]

Phys Power loss due to hysteresis W]

Py Power loss in slot windings W]

Ppy Losses in PMs W]

Poud Heat flow through radiation W]

Prad. plane Heat flow between two planes through radiation W]

Prad eyl Heat flow between two concentric cylinders through  [W]
radiation

Proactive Reactive power [var]

Pyt Rotational power loss (W]

Protor Losses in rotor (W]

Psiator Losses in stator W]

qi PWM control signal for the IGBTs [—]

Grh Heat generation W /m?]

Reg i Equivalent resistance Q]

ri Radius [m]

R theo Theoretical calculated resistance Q]

Ry Resistance of windings [Q]

Ry avg Average phase resistance Q]

Rsr Phase resistance at temperature T Q]

R Thermal resistance [K/W]

Rina Axial thermal resistance [K/W|

Rinc Circumferential thermal resistance [K/W|

Rincont Thermal contact resistance [K/W]

Rin.conv Thermal convection resistance [K/W]

Rincool Thermal coolant resistance [K/W|

Rinr Radial thermal resistance [K/W]

Rin rad Thermal radiation resistance [K/W]

s Laplace frequency operator [1/s]

SD Standard deviation [°C]

Teomp Temperature compensation block K]

teg Effective gap length [m]

T; Temperature [°C]

T; Temperature K]

tinsulation Thickness of insulation [m]

T, Sample time [s]

Uge DC link voltage V]

Upc DC voltage V]

U; Voltage vector V]

Uin Phase voltage V]

U Space vector V]

Weoil Average coil width [m]
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CHAPTER

1
INTRODUCTION

This project originates from an ongoing Energy Technology Development and Demonstration Program
(EUDP) supported project regarding development of a water vapour chiller with an axial compressor.
Such a chiller is shown in figure 1.1. The water vapour chiller has a large potential in the fast growing
market for chillers [1], as it is applicable for industrial cooling systems and air conditioning of build-
ings. A feasibility study was performed in [2] by the Danish Technological Institute, which made the
foundation for two demonstration projects in Denmark.

Figure 1.1: The second generation of chiller from the EUDP project [3].

The EUDP supported project aims to develop a cost-competitive and environmentally friendly chiller for
the expanding global marked for chillers [1]. The EUDP project has run for two generations. The second
generation is shown in figure 1.1 where the axial compressor is shown with six stages and the motor that
runs the compressor is placed to the right.

The enhanced focus on the environment and global warming tightens the requirements for the refrigerant
in today’s chillers, why earlier refrigerants, such as ChloroFluoroCarbons (CFCs), have been replaced
by HydroFluoroCarbon (HFC) and natural refrigerants e.g. ammonia [2]. A more attractive alternative
to HFCs and ammonia is to use water, as water is non-toxic and non-flammable. Water also has a
Global Warming Potential (GWP) of zero and an Ozone Depletion Potential (ODP) of zero. These



1 Introduction

considerations are the encouragement behind the development of a water vapour chiller.

A drawback of using water as refrigerant is the specific volume is very large at low pressure [2], why
the compressor must handle a large amount of gas, up to 100 m? /s in the feasibility study [2]. The axial
compressor is suitable for applications, which require handling of a large amount of gas, as an axial
compressor has greater capacity compared to a centrifugal compressor of the same outer diameter [4]. A
sketch of a three stage axial compressor is shown in figure 1.2.

Figure 1.2: An axial three stage compressor.

In figure 1.2 the blue impellers indicates the rotating impellers and the red impellers indicate non-rotating
impellers. Each stage first accelerates the water vapour by the rotating impeller after which the kinetic
energy is converted to pressure by the stationary impeller. The number of stages increases the pressure
ratio [2].

Figure 1.3 and 1.4 show the principle of chillers. The temperatures and pressures in figure 1.4 correspond
to the feasibility study in [2]. A typical chiller consists of four main components, as shown in figure 1.3;
an expansion valve, an evaporator, a compressor and a condenser. The expansion valve converts High
Temperature and Pressure (HTP) liquid to a Low Temperature and Pressure (LTP) liquid. The LTP liquid
enters the evaporator, which converts it to a LTP vapour by absorbing heat from the environment, which
means the environment is cooled. The LTP vapour is converted to a HTP vapour in the compressor after
which the HTP vapour enters the condenser, where the HTP vapour is converted to a HTP liquid. In the
condenser, heat is emitted from the chiller. The HTP liquid enters the expansion valve once more and
the cycle starts over.
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Figure 1.3: Chiller refrigerant cycle. Figure 1.4: Chiller system with indirect heat exchanger [4].

This report concerns the third generation of the water vapour chiller, where a motor is placed within each
rotating impeller of the compressor and each stage is individual driven. To accomplish this concept a
hub motor with exterior rotor is proposed. The stator of the hub motor is mounted on a through-going
stationary shaft and the impeller is mounted on the rotor of the hub motor. Aalborg University (AAU)
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has had a project regarding development and implementation of a 64 kW hub motor in an electrical
vehicle. The proposed motor for the third generation water vapour chiller utilise the same topology as
the hub motor used for the electrical vehicle, which is presented in [5]. The hub motor is a Permanent
Magnet Synchronous Machine (PMSM) with interior rotor magnets and for this project a downscaled
version of the electrical vehicle PMSM is used. Johnson Controls Denmark supports the development
and manufacturing of the PMSM for the third generation water vapour chillers.

Scope of the project

The scope of this project is to investigate the applicability of a redesigned PMSM from a former AAU
project to be used for the third generation of water vapour chillers.

1.1 Problem analysis

The challenges regarding development and implementation of the hub motor in the water vapour chiller
are investigated in this section. The primary challenges are connected to the low pressure environment
and the high speed of the compressor.

1.1.1 Operational conditions

The operational conditions for the PMSM are described, which is necessary to assess if the PMSM is
applicable in the water vapour chiller.

Compressors in chillers often operate at the same operational speed for longer periods, where the load
changes slowly and the dynamics of the system to be cooled are much slower than the dynamics of the
PMSM. However the PMSM must be able to operate at various velocities as this is required in the chiller.
The PMSM is designed without gears in order to make the PMSM compact. The compressor is intended
to run at a maximum speed of 15000 rpm most of the time, which classifies the motor as a high speed
motor. High speed motors have the advantage of a high power density, but the operation of high speed
motors results in challenges that are not pronounced at lower speeds, e.g. in connection with PWM
modulation and control. The load characteristic is similar to a typical fan characteristic where the load is
a cubic function of the rotational speed. At maximum speed, the load is 16 Nm.

Operation environment

The expected temperatures and pressures of the operation environment in the axial compressor are stated
in table 1.1. The stated temperatures and pressures are of the water vapour, why the temperatures are not
a directly applied to the PMSM.

If the PMSM overheats, the efficiency decreases, the insulation of the inductors might melt and the
permanent magnets might demagnetize, why the ability to emit and transfer heat is of interest. Heat
transfer between two mediums is divided into the following three mechanisms [7] [8]:

e Conduction: Heat transfer within a solid element due to a temperature difference
e Convection: Heat transfer between a solid and a fluid due to motion of the fluid

— Natural convection is movement of a fluid from density variation
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— Forced convection is movement of a fluid using an external force (e.g a fan)

e Radiation: Heat transfer by electromagnetic waves

Location Pressure [kPa] Temperature [°C]
Inlet / Stage 1 0.92 8

Stage 1/ Stage 2 1.31 38

Stage 2 / Stage 3 1.81 68

Stage 3 / Stage 4 248 98

Stage 4 / Stage 5 3.35 128

Stage 5 / Stage 6 4.48 158

Stage 6 / Outlet 5.93 188

Table 1.1: Temperature and pressure of the water vapour [6].

Forced convection is often the primary heat transfer mechanism in electric motors. Heat transfer coef-
ficients describe how well heat is transferred by heat transfer mechanisms. Some of the common heat
transfer coefficients, in connection with electrical motors, are listed in table 1.2.

Heat transfer mechanism  Coefficient [W/(m? K)]

Air - Natural convection 5-10
Air - Forced convection 10 - 300
Liquid - Forced Convection 50 - 20000
Radiation 0.01-8

Table 1.2: Heat transfer coefficients by rule of thumb [9] .

Based on the PMSM used in the electrical vehicle presented in [5], the rotational loss is estimated to 750
W and the resistive loss is estimated to 250 W in the downscaled PMSM [10]. These losses are to be
removed by the aforementioned heat transfer mechanisms. At low pressure, the heat transfer coefficient
for convection through air is lowered significantly. Assumed that the coefficient for forced convection is
10 W /(m? K), which is conservative, the temperature of the rotor is 110°C and the ambient temperature
is 50°C, the necessary area to remove the generated heat through the rotor by forced convection is given
by:

1000 W
10W/(m2 K) 60 K

=1.7m? 1.1)

Arotor -

Where in equation (1.1):

Aroror | Required outer area of the rotor, [mz}

From a CAD drawing of the PMSM, the outer area of the rotor is measured to be less than 0.1 m? and
therefore liquid cooling must be incorporated to improve the amount of cooling and reduce the risk of
overheating. However further investigation must be performed to determine if the liquid cooling is able
to keep the PMSM from overheating.

1.1.2 Voltage source inverter

A Voltage Source Inverter (VSI) must be used for start-up and speed control of the PMSM. A VSI
outputs three phase controllable voltages of desired amplitude and frequency. Challenges arise due to

4
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the use of a VSI along with a high speed motor. Inverters utilise Pulse Width Modulation (PWM) where
switches control the output voltage. A higher switching frequency yields a better modulation of the AC
voltages but a high switching frequency also results in increased switching losses in the inverter and
faster demolition of the switches. To reduce the switching losses and prolong the life span of the inverter,
it is desirable to have a low switching frequency. The request of a low switching frequency causes only
a few switches per revolution. To run 15000 rpm with an 8 pole PMSM, the modulated AC voltage must
have a frequency of:

Fupp = 15000 rpm %
— 1000 Hz (12)

Where in equation 1.2:
fapp | Frequency of applied voltage, [HZ]
pp | Number of poles, [—]

Consequently, if the switching frequency is limited to 5 kHz, there are only 5 switches per revolution at
maximum speed. The effect of the switching phenomena (e.g. current ripples) plays an important role
due to the low number of switches. The VSI must therefore be included in the analysis to investigate the
influence of few switches per revolution.

1.1.3 Sensor-less control

It is not desirable to attach an encoder, why a sensor-less control method must be applied when the
PMSM is implemented in the chiller. The sensor-less controller estimates the position of the rotor from
currents and voltages measurements. By eliminating the encoder the system has better reliability and it
is less prone to failures as failure of the encoder is avoided.

The rotor position is a crucial part of today’s vector based control algorithms for PMSMs to ensure
maxi- mum torque and reduce current in the PMSM, which is desirable to reduce the heat generation.
A problem of using a position estimator, which uses current and voltage measurements, is the need for
a current and voltage to calculate the position, why the estimator might not work from stand still and in
the low velocity range.
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CHAPTER

2
PROBLEM STATEMENT

The purpose of this project is to operate a PMSM for a water vapour chiller using a VSI. The PMSM is
supposed to operate at 15000 rpm, delivering 16 Nm, in a low pressure environment. The low pressure
environment rises potential heat problems in the PMSM, which must be investigated. To reduce losses
and operate the PMSM at 15000 rpm, control strategies for the PMSM and VSI are developed and tested.
This leads to the problem statement:

How to develop and operate a prototype of a high speed PMSM,
which is applicable for a low pressure environment?

2.1 Technical solution

The solution to the problem statement is divided into three main topics; System description and manu-
facturing, Modelling and Control, which are elaborated in the following sections. At the beginning of
this project, the design and CAD drawings of the PMSM parts are available.

2.1.1 System description and manufacturing

The content of this part includes:

e Description of the hardware set-up.
e Presentation of the PMSM.
e Description and analysis of the manufacturing process.

Two prototypes of the PMSM are manufactured. The first prototype is manufactured to gain experience,
which is used to improve the second prototype.
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2.1.2 Modelling

Three models are developed; an electrical model of the PMSM, an electrical model of the VSI and a
thermal model of the PMSM. The models are developed to gain insight in both electrical and thermal
aspects of the PMSM, when it is operated at high speed in a low pressure environment.

Electrical models of the PMSM and VSI

The electrical models are developed to obtain the characteristics of the PMSM and VSI. The VSI is
modelled to include the effect of the low number of switches per revolution. The electrical models are
used to test how the PMSM responds to control strategies. Development of the models involve:

Modelling of the PMSM
Modelling of the VSI
Parameter determination

Experimental verification

Thermal model of the PMSM

The thermal model is developed to understand and predict the heat distribution and temperatures in the
PMSM at different operation conditions. The development of a thermal model involves:

Investigation of the PMSM power losses

Determination and modelling of power losses in the PMSM

Choice of thermal modelling approach

Experimental verification of model

2.1.3 Control

Two control strategies are developed; a PMSM controller and a PWM strategy. The PMSM controller
is used to control the frequency and amplitude of the voltages. The PWM signals are used to control
the switches in the VSI directly and thereby gain control over the output of the VSI. Development of the
controllers involve:

e Development of PWM strategy
e Implementation of PWM strategy

e Design of PMSM controller
e Test of PMSM controller

2.2 Demarcation

The main focus of the project is to manufacture, model and control the PMSM, why the following
demarcations are made:

e The design of the PMSM including the liquid cooling system is predetermined.
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e The project only concerns the PMSM and therefore it does not concern or include the chiller
system.

e Design and tests of load mechanism. This means all tests are performed at no-load.

e Sensor-less control strategies are not investigated and implementation of the PMSM controller is
omitted.

The PMSM controller is not implemented, as it has been prioritised to manufacture and analyse the
prototypes of the PMSM rather than implementing a well-documented control strategy. Instead the
PMSM controller is tested in the electrical model of the PMSM and VSI to analyse the effect of current
ripples on the PMSM controller.

2.3 Thermal test scenario

It is chosen to specify a test scenario as a basis for the thermal analysis of the PMSM as it is not expected
that the PMSM is able to operate in the entire range of temperatures from table 1.1. A solution to emit
the heat from the impellers must be found to limit the temperature influence from the impellers, but this
is considered to be out of the scope of this project cf. the demarcation. It is assessed that the ambient
temperature may not exceed 50°C, to keep the temperatures of the PMSM within an acceptable level.
The allowable temperatures of the critical parts are described further in chapter 3. The pressure is set
to 2.5 kPa, which corresponds to the pressure between stage 3 and 4. In the test scenario the PMSM is
free-standing as shown in figure 2.1 which is chosen as the details about the mounting in the impellers are
not specified. In the compressor the impeller is mounted on the rotor which influences the temperatures
and heat flow, but this implementation is not further examined as mentioned earlier. The PMSM operates
at 15000 rpm and delivers the rated 16 Nm in the thermal test scenario.

Pressure:
2.5 kPa

LB

Temperature:
50°C

Figure 2.1: Thermal test scenario for the PMSM.
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CHAPTER

3
SYSTEM DESCRIPTION

This chapter provides an overview of the system set-up. The system is divided into six overall compo-
nents as shown in figure 3.1, where the blue lines indicate low voltage signals and the red lines high
voltage power lines.

DSC

PC <

Y
Measurement PMSM +
- VSI )
unit thermocouples

Figure 3.1: Flowchart of the system set-up.

A
A4

A short description of the components is presented following:

The mains are the power source and deliver a 50 Hz three phase voltage of 230 V RMS.

The thermocouples are cast into the PMSM and they measure the temperature of the windings.
The Digital Signal Controller (DSC) is used to control the PMSM by PWM signals.

The measurement unit measures the voltages and currents.

The PC is used to programme the DSC through Code Composer Studio. LabVIEW is used to
process the temperature measurements from the thermocouples.

e The VSl is used to control the amplitude and frequency of the voltages for the PMSM.

The components are further described in the following sections.

3.1 PMSM

The PMSM is a liquid cooled hub motor with an inner stator and an outer rotor with interior permanent
magnets (PMs). Figure 3.2 shows a CAD model of the PMSM in a radial cross sectional view through
the middle of the stator tooth. Both the stator and the rotor are constructed of laminated steel sheet. The
rotor housing, end plates, bearings and rotor resin are shown in figure 3.3. The windings around the

11
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stator teeth are omitted in the figures for simplicity and the colours are chosen for better separation of
the parts.

Rotor
Stator slot laminations

Rotor housing

Bearing

End plate

Stator tooth
Figure 3.2: Radial sectional view of the PMSM Figure 3.3: Radial view of the PMSM without
without windings and stator resin. windings and stator resin.

Figure 3.4 shows an axial sectional view of the PMSM with the windings and stator resin. The resin

appears as a shell, however resin fill up the entire volume around and between the windings.

Rotor resin

Rotor
end plate

Stator resin

Figure 3.4: Axial sectional view of the PMSM. Figure 3.5: Axial sectional view of the stator.

The rotor and the stator are cast into resin to improve emission of heat in the PMSM which is important
to reduce the temperatures of the PMSM. The enhanced heat distribution is achieved as resin has a higher
conductivity than air. The rotor resin conducts heat from the PMs and the laminations and transfers the
heat to the rotor housing. The stator resin is shown in figure 3.5 and the stator resin conducts the heat
generated in the windings to the liquid cooling, which runs in the end plate. The stator resin also ensures
that no conductors are free to detach and come in contact with the rotor, which could be a problem due
to the small clearance between the stator and rotor (0.1 mm). Furthermore the stator resin is supposed to
seal the liquid cooling system by enclosing the gaps between the stator teeth and end plates and likewise
the gaps between the end plates and the shaft. The passage through the shaft is sealed during operation

12



3 System description 3.1 PMSM

by a bolt. The resin is of thermal class F and the resin casting process of the stator and the rotor is further
described in section 4.2.3.

Specifications of the PMSM are listed in table 3.1 and the materials of the main components are listed in
table 3.2. Further specifications are listed in appendix A.

Parameter Value Item Material
Stator teeth 6 Rotor housing Aluminium
Turns per tooth 17 Rotor end plate Aluminium
Rotor poles 8 Rotor laminations  0.35 mm steel sheet
Nominal current 70 A PMs NdFeB
Nominal power 25 kW Shaft Steel
Nominal speed 15000 rpm Stator laminations 0.2 mm steel sheet
Nominal torque 16 Nm End plate POM
Windings Copper
Table 3.1: PMSM specifications [10]. Table 3.2: Material specifications [10].

3.1.1 Stator laminations and liquid cooling

The stator sheet metal is laminated with a thickness of 0.2 mm to reduce eddy currents. The end plates
on the stator are used to lead the coolant. Figure 3.6 shows the coolant channels in the shaft and stator
teeth. The coolant flows from the coolant inlet in the shaft into the first end plate, along the shaft, into the
second end plate and out of the shaft. This means the coolant in one end plate flows like shown in figure
3.7 and the coolant in the other end flows in the opposite direction. In figure 3.7 the red arrow indicates
flow along the shaft, where the coolant flows in the stator coolant channels.

Coolant‘_l.
Windings inlet Stator coolant

inlet channel

Coolant
channel

Figure 3.6: Stator and shaft, where the coolant channels Figure 3.7: Coolant flow in the end
are shown. plate with coolant channels.

During this project a 0.12 kW circulation pump delivering a flow of maximum 2800 //min is used for

the liquid cooling. The pressure drop through the PMSM is not known, why the actual flow is unknown.
The coolant used is 20°C water unless stated otherwise.

13
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3.1.2 Windings

The stator windings are wound manually. The copper conductors are insulated to ensure no electrical
contact exists between the conductors. The conductors are of thermal class F, which means they are able
to withstand a temperature of 155°C. During the winding process, the insulation of the conductors may
receive small scratches, therefore pieces of insulation plastics are placed between the conductors and the
stator to ensure electric insulation. Insulation plastic of the type DuPont Mylar is used.

The current density of the stator windings is often used as a design parameter to avoid overheating.
Different guidelines exist, but in [11] a conventional induction machine is allowed to have a current
density of 8 A/m? and liquid cooling systems allow up to 12 A/m?. Other guidelines suggest a current
density between 15.5 and 18.6 A/m? for liquid cooled motors [11], but it all depends on the design of
the motor and the performance of the liquid cooling system. As the PMSM operates in a low pressure
environment, the current density must be kept under the guidelines for liquid cooled motors, why a
maximum allowable current density of 9.5 A /mm? is chosen. To ensure a current density J < 9.5 A /mm?
with the rated current of 70 A the required conductor area is:

I 70 A
nom,RMS - Acond _

— =737 mm? 3.1
Jed 9.5 A/mm? i G-

Acond =

Where in equation (3.1):

Acond | Cross sectional area of conductors, [m?]

Liomrms | Nominal current, [A]
Jeq | Current density, [A/m?]

In section 4.1 the cross sectional area is used to determine the number of conductors in parallel depen-
dent on the choice of conductor diameter. The diameter of the conductors is a balance between a large
diameter causing skin effects and a small diameter causing more conductors in parallel, which is practi-
cally inconvenient to handle. The skin effect is a frequency dependent phenomenon, where the current
density in a conductor tends to increase near the surface and exponential decrease towards the centre of
the conductor [12]. This distance from the surface to where the current density is reduced to 1/e = 0.368
is called the skin depth and it is calculated from equation (3.3). If the skin depth is small and the radius of
the conductor is large, the effective cross sectional area of the conductor is reduced, and thus the effective
resistance is increased. The copper conductors have a relative permeability near 1 for practical purposes.
The frequency, permeability and conductivity, used to calculate the skin depth, are stated and the skin
depth is calculated [12]:

1 Q 1
Wapp = 1000~ 21 rad 5 g =1.256-107° 2L 555=5.96-107 — (3.2)
s m Qm

2
Ocond = (| ———— =2 mm 3.3)
W u Osp
Where in equation (3.2) and (3.3):

8cona | Skin depth of conductors, [m]
Uey | Permeability of copper, [Q (s/m)]
osp | Stefan-Boltzmann constant (5.67x10e-8), [W /(m* K*)]

®qpp | Frequency of applied voltage, [rad /s]

To avoid skin effects, the diameter of the conductor must be chosen such that deppg < 2 0cong [12].
Therefore, if the diameter of the conductor is less than 4 mm, the skin effects are negligible. A 4 mm

14
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conductor is not workable enough to be suitable for the windings of the PMSM, why skin effects are not
an issue in the choice of conductor diameter.

3.1.3 Bearings and rotor

The deep groove ball bearing from Schaeffler of type FAG 6007 is shown in figure 3.8. The bearings
are lubricated with grease. The bearings are inserted in the rotor housing and the rotor end plate. The
bearings are rated to 15000 »pm and an operating temperature of 70°C. The bearings are mounted with
a tight press fit as specified from the manufacture.

Set screw Lamination
bracket

Figure 3.8: CAD drawing of the bearing [13]. Figure 3.9: Cross sectional view of the rotor
parts.

The rotor laminations are segmented with 0.35 mm pieces. The lamination bracket in figure 3.9 is used
to compress and secure the rotor laminations using set screws. To reduce core losses in the PMs, each
PM is laminated in 12 layers. The 8 PMs are interior mounted in the rotor laminations with 1.8 mm
separation.

3.2 Thermocouples

Type J thermocouples with tolerance class one are used in the PMSM, which result in an uncertainty
of 1.1°C or 0.4%. The J type thermocouple is robust, compared to types with better accuracy and the
robustness is beneficial as the thermocouples might be exposed to some wear during manufacturing of
the PMSM. Type J thermocouples are able to measure temperatures from 0°C to 750°C continuously.
The thermocouples are connected to three NI 9211 modules, which are inserted into a NI cDAQ-9172
chassis. Each NI 9211 module has 4 channels, which gives the option to have a total of 12 thermocouples.

NI LabVIEW is used to log the temperatures from the thermocouples. LabVIEW has a build in software
to connect to the NI 9211 modules and set up the thermocouples.

15
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3.3 Digital signal controller

The DSC used in this project is a 150 M Hz Texas Instruments TMS320F28335. Code Composer Studio
is used to programme and control the DSC, where the code is written in ¢ (programming language). The
generated PWM voltages are used to generate optical PWM signals by an optical board, which the DSC
is mounted on. The optical PWM signals are send through optical cables to the IPC2 board, which has
replaced the original Danfoss interface on the VSI. A peripheral module in the DSC is used to generate
the PWM signals. The code implemented on the DSC is described in chapter 11.

3.4 Measurement unit

An oscilloscope is used to display and log the measured currents and voltages. For this project, a Tek-
tronix DPO 2014 oscilloscope with a current transducer and three Tektronix P5200 voltage differential
probes are at disposal. The oscilloscope has a 200 MHz bandwidth and up to 1 GS/s sample rate. The
logged data is transferred to the PC via a USB cable.

3.5 Voltage source inverter

A Danfoss FC 302 55 kW VSI is used to power the PMSM. An AC-DC-AC VSI consists of three main
components; a rectifier, a DC-link and an inverter, as shown in figure 3.10.

Three-phase diode rectifier Three-phase inverter
DC link

Three-phase AC

@ —— Uqc PMSM

Figure 3.10: A diagram of a VSI [14].

Where in figure 3.10:
uge | DC link voltage, [V]

The build in software is normally limited to an output frequency of 590 Hz due to export control regula-
tions, however the software is revised which means it is limited to an output frequency of 1000 Hz. The
build in software is used in section 4.2.6 before the IPC2 board is implemented.

Three phase diode rectifier

The three phase diode rectifier is used to convert the three phase 230 V RMS 50 Hz voltage from the
mains to a DC voltage. This is done by passing the supply from the mains through the diode rectifier as
shown in figure 3.11. The AC-DC conversion results in ripples as seen in figure 3.11.
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iii
\%\/“a” \
%%w??? ’

Figure 3.11: A three phase voltage entering a diode rectifier [14].

DC link

The voltage ripples from the rectifier are smoothed out using a capacitor to ensure a constant DC voltage
for the inverter. The voltage of the DC link is calculated by:

Uge =230V V23563V (3.4)
This calculation assumes an ideal capacitor and diodes. However a small voltage drop across the diodes

and non-ideal capacitor reduce the DC-link voltage, why a voltage of 560 V is estimated.

Inverter

The inverter consists of 6 Insulated Gate Bipolar Transistors (IGBTs), which open and close for the DC-
link voltage. By controlling the switches a desired output frequency and amplitude can be produced. The
transistors are controlled by PWM signals. A diagram of the inverter is shown in figure 3.12.

T

N UA

— 0N UB

Uc

aA‘L/T aB‘La GC‘LH

Figure 3.12: A diagram of the inverter [14].

Where in figure 3.12:
gi | PWM control signal for the IGBTSs, [—|

The top and bottom transistors of each of the three inverter legs are always in opposite state to avoid
shoot through of the DC link. Furthermore a delay (dead time) is introduced between the switches of the
top and bottom IGBTs. For the IPC2 board, 4 us are recommended for the available Danfoss VSI. The
switching frequency in the build in software is 3-16 kHz. It is chosen to use a switching frequency of 6
kHz since it is found acceptable through tests in section 4.2.6. The switching frequency is a compromise
between switching losses in the VSI and distortion of the output voltages.
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CHAPTER

4
MANUFACTURING

The manufacturing process of the PMSM is described in this chapter. The parts for the PMSM are partly
supplied from earlier projects at AAU and collaborator companies. The design of the parts and tools are
given in advance and therefore the primary task for the group is to assemble, wind and cast the PMSM
into resin.

Three stators and two rotors are manufactured. The first stator is a test stator, to check if it is possible
to wind the stator with the given number of turns and check the outcome of the resin casting. The test
stator is not supposed to run. The first running motor is PMSM-v1 and a stator-v1l and rotor-vl are
manufactured to gain knowledge about; the design, manufacturing, performance and the liquid cooling
system. Based on the experiences from PMSM-v1, PMSM-v2 is manufactured, where the experiences
are used to improve PMSM-v2.

To give an overview of the following chapter, a short description is stated:

e Manufacturing of test stator

— Wind the test stator with various conductor diameters
— Slice the test stator after wax filling and resin casting

e Manufacture the PMSM-v1 and the PMSM-v2

— Assemble and wind stators

Wax injection of the stators

Glue and magnetise the PMs

Assemble the rotors
Resin cast the rotors and stators
Assemble the PMSMs and mount the bearings

4.1 Test stator

A test stator is wound on a dummy shaft with two end plates to determine the conductor diameter and
to test if the requirements of a minimum conductor area of 7.37 mm? and 17 turns, from section 3.1.2,
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are achievable. The main conclusions are presented in this section and additional pictures and details
regarding the test stator are located in appendix B.1.

4.1.1 Choice of conductor diameter

From section 3.1.2 the maximum conductor diameter is calculated to be 4 mm to avoid skin effects.
Other than this requirement, the diameter of the conductors for the windings is chosen on the basis of the
following compromises:

e A smaller conductor diameter means more conductors in parallel which is inconvenient to handle
during the winding process because the conductors entangle.
e Larger diameter means fewer conductors in parallel but the conductors are less workable.

From inspection of the available copper wires, it is chosen to wind the test stator with conductors of 0.6
mm and 0.8 mm. To archive the conductor area of 7.37 mm?, 26 and 15 conductors are in parallel for the
small and large diameter respectively. The test stator is wound and insulation plastics are placed between
the stator laminations and windings, to replicate the final manufacturing of the PMSM.

The requirements of 17 windings and a minimum conductor area of 7.37 mm? are fulfilled and the result
is shown in figure 4.1. A fill factor of approximately 0.42 is obtained, which is within the expectable
range. It is assessed that the coil with 0.6 mm conductors has a higher fill factor but causes too much
entanglement for use in stator-v1. The 0.8 mm is too stiff, why a conductor diameter in between the two
is desirable. A conductor with a diameter of 0.75 mm is chosen for the next stator to reduce entanglement.

Figure 4.1: Conductor diameters of 0.6 mm and 0.8 mm on the test stator.

4.1.2 Resin casting of test stator

Two types of resin are available, which are heat tested as described in appendix B.3 to choose the most
applicable at elevated temperatures. The resin delivered by Huntsman is chosen for the PMSM, due
to the better properties during heating and the extra stiffness compared to the other resin delivered by
RAMPE. The test stator is cast into resin to check how the resin penetrates into the gaps between the
windings, which is important to ensure a good thermal conductivity. To avoid resin penetrating into the
cooling channels, they are filled with wax before the resin casting. The wax is poured into the cooling
channels without applying pressure. The wax has a melting point around 60°C which makes it possible
to melt it off after the resin is cured. The resin casting and wax filling of the test stator are performed by
Johnson Controls and Dantrafo A/S.
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The resin casting is evaluated by slicing the test stator as described in appendix B.2. In figure 4.2 and 4.3
it is seen the resin has penetrated into the air gaps between the windings as intended.

Figure 4.2: Sliced test stator where the slot windings are Figure 4.3: Sliced test stator
shown. where the resin casting is eval-
uated.

Figure 4.4 and 4.5 show the wax did not fill the cooling channels entirely, since resin has penetrated
into the cooling channels, which blocks the channels. Remainder of wax is also present in the cooling
channels, which is because the wax could not be removed as the cooling channels where blocked. To
ensure the wax fills the cooling channels, wax injection under pressure should be used for PMSM-v1.

Figure 4.4: Blocked cooling channels by the resin. Figure 4.5: Blocked cooling channels
by the resin.

4.2 PMSM-vl

The manufacturing process of PMSM-v1 is presented in this section. The drawn experiences are dis-
cussed in the end of the section.

4.2.1 Stator-vl
Based on of the experiences from the test stator, a PMSM-v1 with a steel laminated stator is manufac-

tured. A 30 mm stator stack of 144 laminations, corresponding to a stacking factor of 0.96, is placed
on the shaft. To avoid shorts between the windings and the stator, pieces of insulation plastic are placed
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in the slot openings as shown in figure 4.6. The pieces of insulation plastic are formed to occupy as
little space in the stator slot as possible. They are fastened to the outer stator teeth, to protect the cop-
per conductors from scratches during the winding process. Figure 4.6 shows how the conductors and
thermocouples are placed in the inlets in shaft and end plates.

Figure 4.6: The conductors and thermocouples Figure 4.7: Winding diagram of the stator [10].
in the inlet and pieces of insulation plastic placed
in the stator slots.

Figure 4.7 shows a diagram of how the windings are wound on the stator. Capital letter indicates the start
of a winding and small letter indicates how two coils are connected into one winding. The three phases
are connected in a Star Point (SP) which is located inside the PMSM. The stator with three windings is
shown in figure 4.8 where the ends for the star point are tensioned to make the windings settle.

Figure 4.8: Tensioned windings to make them Figure 4.9: Repair of the shorts between the
settle. conductors and stator.

To check the stator for shorts prior to assembling of the SP, a DAVO-MEG instrument is used to apply
1000 V and measure the resistance between the windings and the stator. Shorts are measured both
between the windings and between the windings and the stator. Fortunately, the shorts are due to the
sharp edges on the shaft, that have scathed the conductors in the three phases, why insulation varnish and
heat-shrinkable tubing are applied as seen in figure 4.9. The varnish is applied to the conductors and the
shaft after which all shorts are sealed.
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Wax injection

The wax is injected using pressure at Skalform A/S, which is necessary, based on the experiences from
the test stator, to ensure the cooling channels are filled. The stator is mounted in a rectangular tube which
is fixed in the injection machine. The wax is injected into the cooling channels through the shaft as seen
in figure 4.10. The wax is injected until the excess flows through the small gaps between the stator teeth
and end plates as seen in figure 4.11. Judged from the amount of excess wax coming from all the gaps,
it is assessed that the wax has filled the cooling channels. The excess wax is removed to enable the resin
casting. More pictures from the wax injection are found in appendix B.4.

S
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Figure 4.10: The stator mounted in a rectangular Figure 4.11: The excess was that penetrates
tube to enable injection. through the gap between stator tooth and end
plate.

4.2.2 Rotor-vl assembly

The PM segments are glued together, burnished and painted as described in appendix B.5. They are
burnished on the ends to ensure they fit in the slots of the rotor laminations. The PMs are painted to
avoid corrosion and afterwards they are magnetised at Sintex A/S.

The rotor laminations are placed in the rotor housing and aligned using a snipe nose plier. The lami-
nations are inserted in small batches due to the tight fitting between the rotor housing and laminations.
82 laminations are placed in the rotor housing, which yield a stacking factor of 0.96. This is the same
stacking factor as the stator with thinner laminations. Thicker laminations tend to increase the stacking
factor, but the tight fit of the rotor laminations is assessed to cause the unaltered stacking factor.

The magnets are inserted in the laminations and due to the tight fit between the PMs and the slots, a press
is used as shown in figure 4.12. This caused some of the painting on the magnets to come off, however it
is assessed it will not influence the performance of the magnets in this prototype. Furthermore the rotor
is cast into resin, which seals the magnets.

Due to the tight fit, small gaps are present between the laminations as shown in figure 4.13. It is sought
to minimize the gaps but the laminations are tensioned why they bounce back after each attempt. These
gaps might influence the flux path in the rotor and give a smaller inductance in directions with the larger
gaps. However it is assessed the gaps do not influence the performance of the PMSM-v1.
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Figure 4.12: The magnets being pressed Figure 4.13: Rotor laminations inserted in the rotor where
into the rotor laminations. the gaps between the rotor laminations are shown.

4.2.3 Resin casting of PMSM-v1

To cast the stator into resin, the stator is mounted in a mould, shown in figure 4.14 and 4.15, designed to
fill resin around the windings and keep resin away from the outer stator teeth, to maintain the clearance
between the stator and rotor. The resin is filled through six inlets in the top of the mould and it is filled
from one side to allow the air in the mould to escape from the other side as the mould is filled.

A casting mould, shown in figure 4.15, is mounted on the top of the rotor laminations to keep resin in the
desired location shown in figure 3.4. The rotor is cast while it rotates to ensure an even distribution of the
resin and avoid air pockets. Centrifugal casting is chosen as an attempted to place a thin layer of resin on
the inner surface of the laminations. Furthermore manufacturing of a more complicated mould for the
rotor is avoided. A thin layer is important to keep the clearance between the stator. A 24 V DC motor is
used to rotate the rotor. It is necessary to spin the rotor at high speed, to avoid a conic distribution of the
resin. The speed of the available DC motor is almost 490 rpm. The centripetal acceleration at this speed
is calculated in equation (4.2), which is found acceptable through experiments.

2
Oge 1
Aeent = % (41)
2 T rad 2
-490 -0.0645
_ (G490 rpm LAY 4.2)
0.0645 m 52

Where in equation (4.2):
acenr | Centripetal acceleration, [m/ s2]
ri | Radius, [m]

®g | Angular velocity of DC motor, [rad /s

The resin cures after it is mixed and the higher the temperature, the faster it cures. It is important to keep
the temperature below the melting point of the wax, which is 60°C, as long as the resin is low viscous.
The resin is mixed at Dantrafo A/S and transported to AAU but due to the logistics the temperature of
the resin is decreased. The rotor, stator and resin are placed in the oven as shown in figure 4.15 and
preheated before the filling. The resin is filled at 30°C after which refills are performed for two hours.
At the last refill, it is discovered that the resin has a lower viscosity compared to the viscosity at the time
of filling, which is because the resin was not preheated sufficiently.
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Figure 4.14: The stator mounted in the casting Figure 4.15: The stator and rotor placed in the
mould. oven for the resin casting.

The resin cures in the oven, starting at 55°C. After the resin becomes stiff the temperature is increased,
ending at 115°C after 48 hours in the oven. Further details of the casting process are listed in appendix
B.6. At the elevated temperatures most of the wax melts out of the stator and the remaining wax is
removed afterwards by running hot water through the cooling channels.

The casting mould is detached and the result is seen in figure 4.16 and 4.17. Figure 4.16 shows the result
of air pockets in the casting mould and resin from the inlets. Figure 4.17 shows the casting mould did
not seal tightly around the stator teeth, which caused resin to cover the stator laminations. This resin is
unwanted as the clearance between the stator and rotor is only 1 mm. Therefore the resin is removed by
machining and the result is shown in figure 4.18.

.
o

Figure 4.16: The stator cast into resin seen from Figure 4.17: The stator seen from the side with
above. excess resin and gaps in the resin.

A layer of resin is also located on the rotor laminations after the centrifugal casting. However the layer is
assessed to be too thick why it is removed in a turning lathe. The disadvantage by using machining and
a turning lathe is the risk of creating electric contact between the laminations. As seen in figure 4.18 and
4.19 it was not possible to avoid contact between the machining tool and the laminations, which might
lead to higher core losses as electric contact between the laminations are created.

Figure 4.16 shows resin on the shaft where the bearing is to be mounted (more detailed picture available
in appendix B.6 in figure B.30). This resin is removed by hand and the surface is burnished afterwards
to prepare the mounting of the bearing.
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Figure 4.18: The stator after machining. Figure 4.19: The rotor after the excess resin has
been removed by the turning lathe.

4.2.4 Sealing of cooling system

The resin sealing between the end plates and the stator teeth is tested by pouring water through the
cooling channels. Leakage is discovered from gaps between the end plates and the stator laminations .
The gaps are shown in figure 4.18. To seal the gaps, an epoxy based adhesive is tested, which reveals
strong binding to the resin. The resin along the end plates is removed in a thin groove, as shown in figure
4.20 to ensure a strong binding. Figure 4.21 shows how the adhesive is applied.

B Sl

Figure 4.20: Removal of the resin at the end Figure 4.21: Applying of the EPOXY adhesive
plates. to the stator.

The adhesive reduces the leaks considerable, but not entirely. A leak repair product is applied to remove
the small leakages but without success. The repairs are acceptable to test the cooling system as described
in section 8.2. During tests of the cooling, the leakage increases and the adhesive detaches, why the
adhesive is removed to ensure clearance between the stator and rotor in the assembling. This rule out
liquid cooling in PMSM-v1.

4.2.5 Assembling and mounting PMSM-v1

The PMSM is assembled in six steps as shown in figure 4.22. A guiding shaft with thread is manufactured
with a sliding fit tolerance between the shaft and the bearings. The purpose is to guide and centre the
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stator when mounted in the rotor, to avoid the stator to be snatched by the PMs in the rotor housing. A

spacer with the inner diameter of the bearings is manufactured with a thickness of 0.7 mm to ensure the

desired offset between the end of the shaft and the rotor housing is obtained.

AN S e

the spacer.

The first bearing is cooled and mounted in the preheated rotor end plate.
The second bearing is cooled and mounted in the rotor housing.
The guiding shaft is screwed into the stator shaft.

The stator is lowered into the rotor housing.

The spacer is mounted on the guiding shaft.

Force is applied to the top of the stator shaft by a hydraulic press while the bottom is supported on

7. Force is applied to the inner and outer ring and rotor housing to mount the second bearing on the

rotor shaft.

1: Insert bearing

'

2: Insert bearing 3: Mount guiding
shaft

~ ¥

4: Inset stator
into rotor

5: Attach spacer

6: Mount bearing

P

Figure 4.22: The assembling procedure for the PMSM.

7: Mount bearing

A
SV
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Test bench

PMSM-v1 is mounted in a test bench as shown in figure 4.23. The PMSM is mounted to an aluminium
shaft with thread in one end and a simple support without thread in the other end as shown in figure 4.24.
A bolt is screwed into the aluminium shaft to ensure the PMSM does not detach. The aluminium shafts
are fastened to the mounting frame using set screws. The cooling channels enable air cooling using a

compressor.

Air
Air cooling
cooling channel

channel

Thread M8 Bolt No thread

Figure 4.23: The PMSM mounted in the test Figure 4.24: Axial sectional view of the
bench. mounted PMSM.

4.2.6 Test run and issues

After the assembling and mounting in the test bench, some preliminary tests are performed on the PMSM
to test if it is able to run. The build in software of the Danfoss VSI is used to control the PMSM for the test
run. Open loop U/F, Voltage Vector Control Plus and a Flux Sensor-less control strategies are tested, but
the results are inconsistent and high currents are drawn by the PMSM. Parameter variation and different
switching frequencies are attempted with the different control strategies but with limited success. As an
attempt, the test bench is grounded to the VSI. This reveals a large current is drawn from the test bench
to the ground of the VSI, which indicates a short between the windings and the PMSM. The PMSM is
disassembled and the DAVO-MEG instrument is used to search for shorts. Several shorts are discovered
where the resin has been removed to enable mounting of the bearings as shown in figure 4.25. As the
shorts are located where the bearing is mounted, it is assessed that the short was between the windings
and the bearing.

Insulation varnish is applied to remove the shorts and an O-ring is mounted on the shaft. The assembled
PMSM is tested for shorts and no shorts are measured.

The PMSM is now able to run, despite of start-up difficulties, and it is able to reach 8000 rpm with the
build in voltage vector control software. The losses are calculated on the basis of a spin down test and the
calculation method is further described in section 8.1. However the measured rotational losses are twice
as high as expected from section 1.1.1. Therefore the PMSM is disassembled, to locate the reason for
the high losses. It is discovered that the bearing has been mounted too close to the O-ring as the bearing
has fret the O-ring, as shown in figure 4.26.
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# ocation of the short

Figure 4.25: Short between the bearing and the Figure 4.26: Fret O-ring after the bearing was
windings in the inlet of the shaft. mounted too close.

A new O-ring and bearing are mounted, but this time the bearing is mounted with an offset of 3.3 mm to
the stator, to avoid contact. The PMSM is assembled and the rotational losses are measured again, but
the losses are still too high. The reason for the losses could be:

Fittings of the bearings
Mounting and alignment of the bearings
Axial forces on the bearings

Contact between rotor and stator

The reason for the losses are assessed to be the bearings as they get hotter than expected after a short
time of operation. It is decided to disassemble the PMSM and loosen the fittings of the bearings and the
rotor end plate. The fittings of the bearings are loosened to reduce the losses. 4/100 mm is removed from
one end of the shaft in a turning lathe and the other end, with inlets for the windings, is handled by hand.
8/100 mm is removed from the mounting in the rotor housing in the turning lathe.

During the disassembling of the PMSM, it is discovered that a short has existed between a conductor in
the stator and the rotor. Figure 4.27 shows the conductor, which stick out from the stator slot and figure
4.28 shows the signs of the short in the rotor. The conductor was visible after the resin casting, but at
that time the solution was to apply insulation varnish. Now it is clear that the varnish did not solve the
problem, as the rotor might have scratched the varnish off. Therefore the conductor is planed down to
avoid contact but it is not cut, why it is still able to conduct current. The resistance in this phase gets
larger but this must be accepted to avoid shorts. Varnish is applied to the planed down conductor.

- : —

Figure 4.27: Conductor from the stator. Figure 4.28: Signs on the rotor from shorts.
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Despite of the loosened fittings resulted in reduced losses, one of the bearings generates more heat than
the other. A thermocouple is placed on the inner race of each bearing as shown in figure 4.29. Several
tests have been performed to reduce the risk of error measurement from the mounting of the thermocou-
ples. The thermocouples measure the outer temperature of the bearing, but since a temperature difference
between the bearings is of interest it is not an issue. In figure 4.30 the temperature of the bearings are
shown from a 4500 rpm test where no cooling is applied. The bearing with the high temperature is the
one near the windings inlet as shown in figure 4.29. However the heating is not caused by losses in the
windings, as the windings are cold.
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Figure 4.29: Thermocouple to measure the tem- Figure 4.30: Temperature of bearings during
perature of the bearing. test run with original fittings.

The temperature difference between the bearings still exists, which may be caused by:

e The hot bearing is mounted on the shaft with grooves for the windings inlet, which causes defor-
mation of the inner bearing ring.

e The heat from the cold bearing is easily lead through the shaft, as this end is mounted with thread
and the shaft at the hot bearing is mounted with a loose press fitting.

It is assessed that the different mounting of the shaft has a small influence, as neither of the shafts or the
windings heats up during the short test run. Figure 4.31 shows the bearing mounted on the inlet groove.
The inlets are filled with resin, why the sketch is exaggerated because the resin supports the inner ring of
the bearing.

Figure 4.31: An exaggerate sketch of the deformed inner ring.

Spin down tests performed as described in section 8.1 reveals a reduction of 38% in rotational losses at
4500 rpm with the looser fittings. Despite the reduced losses, the temperatures of the bearings exceed
the operating temperature of 70°C within 2 minutes at 15000 rpm without cooling. However it has to be
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investigated if the liquid cooling is able to keep the temperature down, due to the coolant in the shaft.
The air cooling is discarded as some of the grease in the bearings is forced out at high speed. Two holes
are drilled in the rotor end plate to reduce the pressure, but they are not sufficient at high speed.

At the end of the project, a conductor broke because a short circuit occurred between the conductor and
the mounting shaft. Figure 4.32 shows the broken conductor and the broken heat-shrinkable tubing that,
along with a scratch in the conductor, caused the short circuit. The missing conductor results in a 1/17
increased phase resistance and thereby a small unbalance. The consequence of an unbalanced system
is described in appendix C, however the tests described in the remaining report are performed prior this
short circuit.

The ends f the broken conductor

Figure 4.32: Broken conductor due to short circuit.

4.2.7 Experiences

An overview of the important experiences of PMSM-v1 is stated following and afterwards the experi-
ences are elaborated.

Avoid shorts
Improve resin casting process

— Avoid resin on outer stator laminations and inner rotor laminations
— Preheat resin, stator and rotor to ensure the resin is low viscous
— Apply vacuum or a shaking table while casting the stator to avoid air pockets in the resin

Redesign sealing of the cooling system

Reconsider bearing type or bearing fittings in order to minimize the losses

The shorts between the windings and shaft must be prevented for the next stator by applying heat-
shrinkable tubing and insulation varnish. To ensure no electric contact between the shaft and windings,
the section of the windings near the shaft inlet must be coated with heat-shrinkable tubes.

During the resin casting, it is important to avoid resin on the end of the stator teeth and on the inner
rotor laminations, to leave out machining afterwards. The poor casting (air pockets and misplaced resin)
might be caused by the high viscosity of the resin at the time the stator mould was filled. Based on this
it might have been beneficial to preheat the stator to 55°C before filling the mould. Furthermore it may
be beneficial to apply vacuum and/or a shaking table to minimize air bubbles in the resin.

It is assessed that even though the casting is improved, another way to seal the gaps between the end plates
and stator teeth is necessary to prevent leakage from the cooling channels. This leads to an alternation of
the sealing method.
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4.3 PMSM-v2

The second PMSM prototype is presented in this section. Only the considerable alternations of the
manufacturing process are presented. The manufacturing of stator-v2 includes a new design of the end
plates and an improved resin casting process both attempts to avoid the leakages from stator-v1. Rotor-v2
is assembled and cast the same way as rotor-v1.

4.3.1 End plates

To improve the sealing of the liquid cooling system, a design with a "closed" end plates is proposed, to
seal the gaps between the end plates and the stator teeth. Three solutions are proposed to create a sealed
end plate:

e Use an "open" end plate (like on PMSM-v1) and weld a thin plastic sheet on the back.
e Use an open end plate and bind it to the stator lamination.
e 3D print a closed end plate in ABS.

The two first solutions are attempted by Johnson Controls and Ejnar A. Wilson A/S. The welding of the
end plate fails, as the welding material fills the cooling channels and it is not possible to bind the end
plate to the stator laminations. Due to the failures, 3D printing with ABS p430 polymer is chosen due
to the ease of the process and the mechanical strength of the material. A CAD model of the closed end
plate is shown in figure 4.33. The result is shown in figure 4.34 and the tolerances and strength of the
material are satisfying.

Figure 4.33: CAD model of the closed end Figure 4.34: 3D printed closed end plate.
plate.

A leakage test is performed which reveals the 3D printed material is not tight when air is blown through
the channels by a compressor. The reason for the leakage is the process of 3D printing, where material
is added in thin layers (0.1 mm), which results in small gaps due to insufficient bonding between each
layer. It might be possible to seal the end plate by applying a solvent, e.g. acetone, to the outer surface
but it is decided to trust in the improved resin casting is able to seal the small leakages.

Residual stresses induced by the 3D printing process might be critical when the material is heated [15].
The residual stresses are induced as the plastic shrinks when it is cooled, and as the layers are cooled at
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diverse time, they shrink relatively to each other, which causes the residual stress. These stresses may
result in deformation if the material is heated because the strength is reduced. However the end plates
are cast into resin, why it is assessed the resin supports the end plates and therefore they will not deform
during operation. The critical point is when the resin is cast, since the end plates are heated and the
resin is not hardened. Prior to the resin casting, the end plates are heat tested up to 75°C, which has no
influence on the stiffness of the end plates.

The end plates are 1.5 mm higher than the end plates from PMSM-v1, which means the stator lamination
stack has to be reduced from 30 mm to 27 mm. The number of laminations is reduced from 144 to 131,
which means the stacking factor is 97%. The reduced stator stack causes a reduced inductance.

4.3.2 Resin casting

The purpose of the resin is to seal the gaps between the shaft and the end plates and seal the small
leakages from the end plates. The resin casting process is improved based on the experiences from the
PMSM-v1. Before the stator is placed in the mould, duct tape is added to the stator laminations to ensure
the resin does not attach to them. In figure 4.35 the stator being wound is shown and in figure 4.36 the
stator with the duct tape is shown. The end plates are glued to the stator laminations to ensure a good
heat transfer between the two surfaces.
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Figure 4.35: Stator-v2 being wound. Figure 4.36: Stator-v2 with duct tape attached
to the laminations.

A flowchart of the resin casting process is shown in figure 4.37. The resin is mixed at AAU to avoid
the transportation time from Dantrafo A/S. The unmixed resin, rotor and stator are preheated to 55°C
to ensure a low viscosity of the resin. The resin has a lower viscosity at around 80°C, however at this
temperature the wax, which prevents the resin from filling the cooling channels, melts. The resin is
mixed and afterwards degassed in a vacuum chamber. Vacuum causes the air and gas bubbles in the resin
to expand and reach the surface. The degassing is performed until no more gas bubbles are observed and
the entrapped air and gasses are removed.

The resin is filled into the stator mould and it is put into the vacuum oven where the temperature is set
to 55°C. The pressure in the oven is lowered to around 10 mbar (according to the vacuum meter in the
oven). Air pockets in the resin are sucked out when vacuum is applied. The stator is refilled and vacuum
is applied three times, each with duration of 45 min, to ensure the mould is full and the air pockets are
removed.
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Figure 4.37: Flowchart of the resin casting process.

After the refill, gas bubbles due to degassing of the resin persist, which might be due to a lower pressure
in the oven than during the first degassing in a vacuum chamber. Atmospheric pressure makes the gas
bubbles contract. It is important to release vacuum before the resin starts to cure, to avoid the bubbles in
the cured stator. After approximately three hours where vacuum and atmospheric pressure is alternated,
it is assessed that all air pockets are removed. Vacuum is released and the remaining gas bubbles contract
as expected. The stator cures at atmospheric pressure for the remaining time. Pictures from the casting
process are shown in appendix B.7.

In figure 4.38 and 4.39 the stator-v2 is shown after the resin casting process, where the mould is removed.
No resin is present on the laminations after the duct tape is removed. Few air pockets persist and the
outcome of the casting process is a great improvement compared to stator-v1. Resin is still located on
the surfaces for the bearings.

Figure 4.38: Stator-v2 after resin casting. Figure 4.39: Stator-v2 where the laminations are
shown.

Few air pockets still exist in the bottom of the stator as shown in figure 4.40 and 4.41. Two pockets are
critical (indicated with blue arrows) as they are near the end plate. Resin has covered the end plate in the
pocket to the left, while the white end plate is visible in the end plate to the right. These air pockets are
due to the mould being filled from the top, why the air pockets have to travel a longer distance out of the
mould compared to the air in the top. It must be tested if these two pockets result in leakage.

Figure 4.40 and 4.41 also show sign from silicone, which was used to seal the stator mould before the
mould was assembled. The sealing was necessary as a new tight mould was not manufactured, why
the mould from stator-v1 was reused. However the pockets from where the silicone has been are only
superficial, why it has no impact on the sealing of the cooling system.

To improve the casting of rotor-v2, it is decided to reduce the amount of resin to avoid a thick resin layer
on the laminations. Figure 4.42 shows the desired location of the resin. The resin must be placed above
and beneath the laminations. The tricky part is to fill the volume between the rotor mould and the top
of the laminations, as the opening is around 1 mm. It is attempted to use an injection needle to fill this
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Air pockets due to silicone

Figure 4.40: Stator-v2 bottom where air pock- Figure 4.41: Stator-v2 bottom where superficial
ets and remains of silicone are shown. air pockets due to the remains of silicone are
shown.

gap, however it is difficult to avoid resin on the laminations and to judge if the resin enters the small gap
while the rotor is spinning.

Figure 4.43 shows the result of the resin casting. A thin layer of resin is located on the laminations,
which is spill from the filling of the top with the injection needle. This layer must be removed, but it is
assessed to be an easy task due to the thin layer and no turning lathe is required.

Desired location of resin

Figure 4.42: Rotor with the rotor mould. Figure 4.43: Rotor-v2 where the laminations are
shown.

The attempt to fill the top of the laminations failed, as the laminations and the PMs are not covered by
the resin. The missing resin reduces the emission of heat and the PMs are not sealed. It is not considered
to be an issues since the losses in the PMSM are mainly located in the stator teeth, windings, and the
bearings as discussed in chapter 8, why the temperature of the rotor is not expected to be critical.

The small amount of excess resin on the stator and rotor was removed by heating with a heat gun and
then cut the resin off using a utility knife, why no shorts are made between the laminations of PMSM-v2.

4.3.3 Test of liquid cooling

To test the sealing of stator-v2, the cooling system is connected to the stator and heated by a DC current
in the windings. Only a small leakage between the laminations is discovered. The water penetrates from
the cooling channel in the stator teeth and through the laminations as shown in figure 4.44. Fortunately
the leakage is small and it might be sealed by using a leak repair product.
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Leakage Location of leakage
between shaft - 7 ———
and end plate : 3

Leakage

through

laminations
Figure 4.44: The two places where leakage oc- Figure 4.45: Location of leakage after the ex-
cur in stator-v2. cess resin was removed from the shaft.

However as the resin located on the surface used to mount the bearing is removed, leakage starts where
the end plate is mounted on the shaft as shown in figure 4.44 and 4.45. This is due to only a thin layer
of resin is present on the top of the end plate to make the PMSM as compact as possible. During the
removal of the excess resin, the resin that seals the small leakage between the end plate and shaft might
have been loosened. The leakage cannot to be stopped by a leak repair product and due to a limited time
period of this project further solutions to seal stator-v2 are not tested. Even if the leakage is sealed from
the outside, water is still present around the conductors which causes a short circuit if a conductor has
a small scratch. Despite the leakages, the sealing of stator-v2 is an improvement compared to stator-v1
and the two air pockets at the end plates did not result in leakage from the end plates.

4.3.4 Experiences from PMSM-v2

The experiences gained through the manufacturing of PMSM-v2 are summarised below:

e New rotor mould is required.
o Further improvement of the cooling system design is required to prevent leakages.
e Consider a redesign of the cooling system with pipes instead of relying on the resin casting.

To ensure a better resin casting of the rotor, a redesign of the rotor mould is required. A possible solution
is depicted in figure 4.46, where the resin is filled from two ways, to ensure the area above and beneath
the laminations are filled, while the inner surface of the laminations are free of resin. Centrifugal casting
is still applied to ensure the resin is evenly distributed.

Improvements of sealing could be performed by adding a thicker layer of resin between shaft and end
plate. This makes the PMSM equivalent longer to the amount of added resin, as the remaining dimensions
in the PMSM cannot be reduced. The cooling channel through the stator might be sealed by a pipe that
goes into each end plate or a redesigned 3D printed end plate. The concept is shown in figure 4.47, where
each end plate is printed with channels that goes through the stator and fits into each other. However it
has not been tested if it is possible to print the end plate in one piece or if the channels or pipes must be
mounted afterwards.
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Figure 4.46: Redesigned rotor mould to ensure a better casting of Figure 4.47: End plate that
the rotor. seals the leakage between the
laminations.
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CHAPTER

S
ELECTRICAL MODEL

In this chapter a mathematical model of the PMSM is developed based on the components and design of
the PMSM. The voltage equations for the stator windings are derived in the stationary ABC coordinate
frame. To simplify the model, the voltage equations are first transformed to a stationary af§ frame and
secondly to a rotor fixed dq reference frame. The model is derived based on [16] [17] [18] [19].

The voltage equations are derived from physical considerations of the PMSM, depicted in figure 5.1. The
windings are considered as symmetric concentrated coils with resistances and inductances. The diagram
of the stator is shown in figure 5.2.

Figure 5.1: Sectional view of the PMSM. Figure 5.2: Equivalent stator diagram.

Where in figure 5.2:
ij | Current, [A]
L;; | Self inductance, [H]
L, | Mutual inductance, [H|

Rs | Resistance of windings, [Q]
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Simplifications
In order to reduce the complexity of the PMSM model, some simplifications are made [20]:

e Higher order harmonics are neglected

e The gaps between the magnets, shown in figure 5.1, are neglected

e Magnetic saturation and anisotropy effects are neglected

e The stator resistance, reactance and the permanent-magnet flux from the rotor are considered to be
constant

e Core losses are not included in the electric model

Based on these simplifications the model is developed.

5.1 Voltage equations

The voltage equations are set up for the stationary phase reference frame in this section. Figure 5.2 shows
an equivalent circuit of the stator windings in a wye-connection. The windings are modelled with three
equal resistances and inductors in series. The instantaneous voltages for the three stator windings are
described by equation (5.1) and (5.2).

. d
@:Rs labe + Zwabc (5.1)
t
Uan iq Y,
Uabe = | Ubn ; iaﬁ = |ip 5 Yare = |'Ys (5.2)
Ucn e Y.

Where in equation (5.1) and (5.2):
uin | Phase voltage, [V]
Y; | Flux linkage, [Wb]

The flux linkage has two contributions, one from the current in the stator windings and one from the
permanent-magnet flux from the rotor:

Wape = lPabc(s) + \Ppm(r) (5.3)
Laa Lab Luc CcosS (ere )
Wabe = |Loa Leb  Lpe| iabe +Apm | cos(8r — ZF) (5.4)
Lea Lep Lec Cos(ere - 43l)
Where in equation (5.4):

6,. | Electric angle, [rad|

Apm | Permanent magnet flux linkage, [Wb]

Simplifying inductance matrix

The inductance matrix can be simplified due to the uniform air gap which makes the self inductances
equal. The self inductances are defined as the sum of the leakage inductance and magnetisation induc-
tance [16], when neglecting the rotor position dependency [17]:

Laa = Lbb = Lcc = Lls +LA (55)
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Where in equation (5.5):
Ly | Magnetisation inductance, [H|

L;; | Leakage inductance, [H|

The PMSM is assumed to be symmetric, which means the phases are equally distributed with 120°
between and the coils have the same number of turns. This leads to a simplified mutual inductance as
stated in equation (5.6).

Lm = Lab = Lba = Lac = Lca = Lbc = ch (56)

The inductance matrix from equation (5.4) can be expressed as:

Laa Lab Lac Lls + LA Lm Lm
L= |Lyy Lp Lp|=L=| Ly Lys+Ls Ly, (5.7)
Lca ch Lcc Lm Lm Lls + LA

The inductance matrix can be reduced, because the windings are connected in a star connection, and thus
Kirchoff’s current law can be applied at the star point:

igtip+i.=0 (5.8)

By multiplication of the mutual inductance and a rearrangement, three expressions are derived:

Ly ip+ Ly ic = —Ly ig (5.9)
L ia+ L ic = —Lu ip (5.10)
L ia+ Lo ip = —Lo ic (5.11)

Equation (5.9), (5.10) and (5.11) are used to reduce the inductance matrix in equation (5.7). The mutual
inductance can be defined as stated in equation (5.12) when neglecting the rotor dependency. The factor
-1/2 derives from the angle between the phases. Using equation (5.12) the inductance matrix stated in
equation (5.7) is reduced to equation (5.13).

1
Ln=—5La (5.12)
Lig+La—Ly 0 0 Lig+3L4 0 0
L= 0 Lis+La—Ly, 0 =L= 0 Lig+3Ly 0
0 0 Lis+Ly—Ly, 0 0 Lig+3La

(5.13)

Simplified voltage equations

From the simplified inductance matrix the final voltage equations for the PMSM can be expressed as
stated in equation (5.14) and (5.16). Equation (5.14) is written out in equation (5.17).

) d
M:Rs M‘i‘ El{labc (514)
L+ %LA 0 0 cos(0ye)
Wb = 0 Lig+3L4 0 iabe +Apm | cos(8y — ZF) (5.15)
0 0 L+ %LA cos(ere — %”)
Wape = é labe T }"pm X (5 16)

d

< 17
it (5-17)

. d .
Uabe = Ry lape + L~ iabe + Apm
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5.2 Stationary reference frame, o3

In order to transform the instantaneous quantities (current, voltage or flux linkage) into the stationary
reference frame of3, equation (5.18) is used, where the complex operator, a, is defined as stated in
equation (5.19).

=3 lka + a kg + a* k] (5.18)
a—ej%n = azzej%n (5.19)
ko =Re(kqg) 3 kp=1Im(kop) (5.20)

Where in equation (5.18) and (5.19):
a | Complex rotation operator, [—]
Jj | Complex operator, [—]

ki | PMSM quantity (e.g current, voltage), [—]

A graphical representation of the oy frame is shown in figure 5.3. The green lines indicate the phases,
which are combined into a complex space vector, kqg. The real part of kyg is defined as ko and the
imaginary part is defined as kg.

C

Figure 5.3: ABC quantities transformed into the stationary reference frame (Clark transform).

42



5 Electrical model 5.3 Rotating reference frame, dg

Voltage equations in the stationary reference frame

Using equation (5.18) the voltage equation from section 5.1 can now be rewritten to space vector form,
where the terms are stated in equation (5.24) and (5.25).

2
tog = = (ttan + @ tp +a* Uey) (5.21)
2. . 2. d (2 2
=Ry g(la+azb—|—a lc)—l—a g(‘l’a+a Y, +a ‘Pc) (5.22)
. d
2
iap =3 (lataip +d* i) (5.24)
2
Wop = 5(Yata ¥y +a* o) (5.25)

Including the definitions of ¥, stated in equation (5.7), equation (5.25) can be rewritten as stated in

equation (5.26). Using the equation (5.27), further reduction of the last term is shown in equation (5.28)
to (5.31).

2 3 } . .
‘POLB :g (Lls + ELA) (la +ai +a2 lc)
2 2 4
+ 3 <7upm <c0s(9re) +a cos<9re — 37t> +d? cos(@,e — 37.5) > ) (5.26)
1/ ‘
cos(8re) =5 ( J O g e,e) (5.27)

%xpm<ejery+e—jem+ej%%<ej(erf%%)+efj(erf%"))>+ej“%(ej(ew%")+efj(erf%")> (5.28)

1 . . . . T . . T
:gxPIﬂ<e]em _|_e—]ere _|_(e]9m +e.l(*ere+4T)) _|_(e]ere _{_ej(*ereJrsT))) (529)
1 ; ; ; 4 8T
= (3¢ e oo 4 1) ) (5.30)
oy 0 (5.31)

Inserting the reduced term into the expression for Wz yields:

2 3 .

Wop = 3 (Lis+5La) (ia+aip+a ic) +Apm e (5.32)
3 .

Wop = (Lis+ 5La) fog + Apm €/ (5.33)

Equation (5.23) and (5.33) states the space vector model of the PMSM.

5.3 Rotating reference frame, dg

The PMSM quantities can be transformed from the stationary reference frame (cf3) into a rotating refer-
ence frame (dgq), which generally can rotate with an arbitrary velocity. However in PMSMs the rotating
velocity of the reference frame has to be fixed to the rotor velocity (0,.) in order to eliminate the time
varying inductances [16].
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5.3 Rotating reference frame, dg 5 Electrical model

A graphical representation of the dg transformation is shown in figure 5.4. The dashed o3-axis indicates
the stationary reference frame, and the dg-axis indicates the rotating reference frame. ky, indicates a
PMSM quantity in the dq frame. ky is defined as the real part of k,, and k, is defined as the imaginary
part.

i ™

Figure 5.4: Park transformation.

kag =kop €10 = (5.34)
ki =Re(ksq) i kg=1Im(kaq) (5.35)

kq| |cos(8r) —sin(8y)| |ko
kel | sin(0r) cos(6.) | |kp
Voltage equations in the rotating reference frame

To transform equation (5.23) into the rotating reference frame, equation (5.34) can be used, which is
stated in equation (5.36). Using the chain rule equation (5.36) can be rewritten to (5.37) [17].

i o o d
o € = Ry iopy 0 eI Wop (5.36)
. . d » , »
=Ry igp € f"m+zlpaﬁe e 4 j @ Pop e 0 (5.37)
. d )
Udg = R lciJ+ Elpdq"i_]wre lqu (5.38)

Where in equation (5.37):

@y, | Electric velocity, [rad/s]

In equation (5.38) the quantities are defined as stated in equation (5.39) to (5.41). Inserting equation
(5.33) into equation (5.41) leads to equation (5.42), which is reduced to equation (5.43) using the defini-
tion stated in equation (5.34).

Uag = Ugp € " (5.39)
g = iop € 1 (5.40)
Way = Wop ¢/ (5.41)
3 . . .
= (Lis+5La) iap eI LNy /% e IO (5.42)
3.0,
Wag = (Lis + 5La) iag+Apm (5.43)
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Due to a uniform air gap between the rotor and stator and the small space between the permanent mag-
nets, the inductances in the d- and g-direction are assumed to be equal. The magnetizing inductances are
defined as stated in equation (5.44) [16]. This leads to equation (5.45).

3
Lipag = 2 Ly (5.44)
3
L=L;= Lq =L+ 5 A = Ly —I—Lmdq (5.45)

Where in equation (5.44):

Lindg ‘ Magnetisation inductance, [H|

Separating into d- and g-axis

The voltage and flux linkage equations are separated into the d- and g-axis, using the expressions stated
in equation (5.46) to (5.48). The separated voltage and flux linkage equations are stated in equation
(5.53), (5.54), (5.50) and (5.51), which defines the rotating reference frame model of the PMSM.

Udg = Ud +Jjuy (5.46)
iag = ia+J i (5.47)
% =¥,+j¥, (5.48)

d —
udg = Ry iag+ - Pag + joore Yaq | (5:49) Yag =L iag+Apm (5.52)
. d Y,=Liy +7\-pm (5.53)
ug =Ry ia+ 5P — 0 Yy (5.50) w,—Li 550,
o d
ty = R g+ W+ 00 o (5.51)

5.4 Electro-magnetic torque

The developed electro-magnetic torque is calculated by considering the electrical power supplied to
the PMSM and the mechanical power delivered by the PMSM. The power supplied to the PMSM is
calculated from the voltages and currents in the dq-frame [16]:

3
P, = E(ud ig +uy iq) (5.55)

Where in equation (5.55):
Pe

Instantaneous power, [W]

The expressions for the voltages are inserted in equation (5.55) from equation (5.50) and (5.51), and the
expression for the instantaneous power is rewritten as:

3(n . d . ., d .
P, = 2<<Rs i+ P — Or ‘Pq) ia +<Rs i+ o W+ O ‘Pd) lq) ® (5.56)
30 0 3(dy, . dy, . 3 . .
P, = 3 R; (13 —HS) + 3 (dt\Pd g+ E‘Pq ’q) + 5 Ore (W ig— g ia) (5.57)
N —’

Resistive heating Energy conversion

Change of energy in the magnetic field

45



5.5 Torque contributions 5 Electrical model

The first term express resistive power losses in the conductors, the second term is a change in the energy
of magnetic field and the third term express the conversion from electrical energy to mechanical energy:

3 .
Pepy = 5 (wre Yy lq wrequ ld) (5.58)

Where in equation (5.58):
Pem

Electro-magnetic power, [W]

The relation between the angular velocity of the dq reference frame and the mechanical angular velocity
of the rotor is: )
Opp = — Wpe (559)
Pb
Where in equation 5.59:
pp | Number of poles, [—]

®y | Mechanical angular velocity, [rad/s]

To calculate the torque, the relation between the power and the torque is used:
Pem

Tem = (5.60)
rm
Where in equation (5.60):
Tem ‘ Electro-magnetic torque, [Nm]
Equation (5.58) and (5.59) are inserted into Eq. (5.60), which yields:
3 . :
Ton = > % (Pyiy— P, i) (5.61)
The expression for the electro-magnetic torque is derived by inserting ¥ and ¥, from equation (5.53)
and (5.54):
3 2 . i 20\ .
Ton =5 % ((3 Liy +x,,m> i, —<3 L zq> zd> o (5.62)
3 :
Tem = ) % }"pm lg (5.63)

From equation (5.63) it is seen that the electro-magnetic torque is generated from the g-axis current and
the flux linkage by the permanent magnets. Thus it is possible to control the electro-magnetic torque by
controlling the g-axis current and it is desirable to minimise the d-axis current.

5.5 Torque contributions

To describe the interaction between the electro-magnetic and mechanical system, the torque contributions
are described. The electro-magnetic system delivers the electro-magnetic torque, which interacts with
the other torque contributions and inertia of the mechanical system that results in acceleration. This is
described by Newton’s 2nd law for rotational motion:

d
res — J — rm 5.64
T 7° (5.64)
d Tres
4, = 5.65
arm T (565)
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Where in equation (5.65):
J | Moment of inertia, [kg m?]

Tres | Resulting torque, [Nm|

The resulting torque is the sum of the torque contributions from:

e Electro-magnetic torque e Friction loss torque
e Core loss torque — Dry friction
— Hysteresis — Viscous friction
— Eddy current — Windage

e [oad torque

Another torque developed in PMSMs is cogging torque. Cogging torque is developed as the reluctance
of the stator is non uniform, due to the stator slots, which causes a torque due to flux variations from the
rotor PMs. The torque is dependent on the number of PMs and the design of the stator teeth and it is
notable at lower speeds. Cogging torque does not provide a work, as the average torque contribution is
zero for one revolution, thus it is not included in the resulting torque. Likewise, reluctance torque is not
included in the model, as the inductance in the d- and g-axis are considered being equal. The torques
contributions that contribute to the resulting torque are described in the following sections.

5.5.1 Core loss torque

The core losses are modelled as a torque contribution. Another possibility is to model the core losses
in the electric model but as the core losses are speed dependent, it is chosen to model the speed depend
losses as a torque contribution. The core losses consist of hysteresis loss and eddy current loss.

B

Hysteresis loss

per cycle % H
/ ;

Figure 5.5: B-H loop to visualise the hysteresis Figure 5.6: Eddy currents induced in a core.
loss.

Eddy currents

Hysteresis loss

Hysteresis loss occurs when a ferromagnetic material is exposed to a varying magnetic field as it requires
energy to magnetise and demagnetise the material magnetisation path is depend on the position on the
B-H loop shown in figure 5.5. This results in an energy loss per magnetisation cycle expressed by [21]:

(U
Phys =K n
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Where in equation (5.66):
Binax | Peak flux density, [T]
K, | Hysteresis loss coefficient, [Nm/T"|
n | Material constant (n=1.5-2.5), [—]

Py | Power loss due to hysteresis, [W]

The power loss is included as a torque contribution:

Phys
Ty = — (5.67)
hys O
Kh Brrizax Pb
= 5.68
4n ( )

Where in equation (5.67) and (5.68):
Opposing torque due to hysteresis, [Nm]

Thys

Thus, the hysteresis loss torque is velocity independent.

Eddy current loss

Eddy current loss occurs as a result of a magnetic field passing through an electrical conductor, which
induces current that flows within the core as shown in figure 5.5. The eddy currents cause power loss,
which is described by the classical Steinmetz formula [21]:

® 2
Pogay = K, B Cﬁ) .

Where in equation (5.69):
K. | Eddy current loss coefficient, [Nm/(T? rad/s))

Peqay | Power loss due to eddy currents, [W]

The power loss is included as a torque contribution:

Peddy

Teddy - —0)7 (570)
rm
K, B2

— e Cma Pb (5.71)
8T

Where in equation (5.70) and (5.71):

Teddy ‘ Opposing torque due to eddy currents, [Nm]

The torque from eddy current loss is proportional to the electrical velocity of the PMSM. To reduce the
eddy current loss, laminated sheet metal is used for both rotor and stator.

5.5.2 Windage loss torque

Windage loss is often included in high speed machines, as it is proportional to the velocity squared.
Windage loss depends on the smoothness of the object as it is the friction force between a moving object
and the air. Windage loss torque is expressed by:

Twin = *Kwin (D%m (572)
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Where in equation (5.72):
Kyin | Windage loss coefficient, [Nm/(rad /s)?]

Twin | Opposing torque due to windage, [Nm]

5.5.3 Bearing loss torque

The loss in the bearings is dependent on the viscosity of the grease, diameter of the bearings and a bearing
constant. The factor Kp,,, express that the torque from the bearings decrease with rising speed [21]. The
friction loss torque is expressed as:

Thear = —Kpear O (5.73)

Where in equation 5.73:
Kpear | Bearing loss coefficient, [Nm/(rad /s)?/?)]

Tpear | Opposing torque due to bearing loss, [Nm]

5.5.4 Rotational loss torque

The knowledge of the most common torque contributions and their origin is desirable, but when it comes
to estimation of the losses and experimental measurements it is often difficult to predict and verify the
losses independently based on a measured total loss. The reason for the difficult prediction is that the
losses are dependent on the specific motor design. The rotational loss is a collection of all the opposing
torque contributions in a single expression stated in equation (6.17).

2/3
Trot = —Kj (D%m — K> 0y — K3 wr%’l —Ky (5.74)

Where in equation (5.74):
K; | Opposing rotational torque coefficients, [—]

Tyt | Opposing torque due to rotational loss, [Nm]

The losses of the PMSM are investigated further in section 8.1.

5.5.5 Load torque

The load torque is the torque contribution from the load which the PMSM drives, in this case the com-
pressor. The load torque is modelled as a quadratic load, which is a typical fan type load characteristic.

Tioad = —Ki1 04, — K12 @ —Ki 3 (5.75)

Where in equation (5.75):
K

Load torque coefficients, [—]

This load is not included in T, as the load is not included in the test set-up.
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5.6 Simulation model

A block diagram of the model is shown in figure 5.7. The equations of the PMSM are derived and
implemented in Matlab Simulink. The equations implemented are:

Voltage equations, (5.50) and (5.51)

Flux linkage equations, (5.53) and (5.54)

Torque equations, (5.63) and (5.65)

Relation between mechanical and electrical velocity, (5.59)

R

0 |

1
Y s| w .
——3pt Volt i e la L Tres 1 p w
oltage i ; | 2 b e
Uqg { v, linkage iq Torque s o> 2 —»

Figure 5.7: Block diagram of the PMSM model.

5.7 VSI model

A full switch model of the inverter is implemented in Matlab Simulink using the PLECS Blockset Pack-
age. The PLECS Blockset Package is chosen over the Matlab SimPowerSystems due to a faster simula-
tion time. The model is shown in figure 5.8 with ideal IGBTs with an integrated diode. The neutral point
in the VSl is located between the two capacitors with half of the DC voltage across it. The DC link is set
to 560 V cf. section 3.5.

PWM generation

] Ja gzg Is é Jc é

1T+

1M+

] NOT K% NOT K% NOT K%

Figure 5.8: PLECS full switch model of the inverter.

Where in figure 5.8:
gi | PWM control signal for the IGBTSs, [—]
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The switching signals to the IGBTs are generated by the PWM technique from chapter 11. Ideal IGBTs
are chosen due to the excessive simulation time connected with the non-ideal IGBTs. Ideal switches are
characterised by [12]:

e Able to block arbitrarily large voltages in the off-state.

e Have zero voltage drop when they conduct arbitrarily large currents in the on-state.
e Require no time to switch from on- to off-state.

e Require no power from the control source to trigger the switch.

The most significant of these simplifications is assessed to be the discarded turn on and off time. The turn
on and off time leads to power losses due to voltage and current build up and fall. Furthermore dead time
is not included in the VSI model, however this could have been implemented despite of the ideal IGBTs.
Small variations in the DC link might occur, but this is not modelled. Since dead time is not included
and the IGBTs and DC links are modelled as ideal, higher order harmonics due to these phenomena are
not included in the VSI output [12]. However the output from the VSI model yields a better modelling of
the reality compared to passing ideal sinusoidal voltages to the PMSM model, especially at high speed
where the number of switches per revolution is low.

5.7.1 Power losses of VSI

The losses in the VSI are described to identify the losses and determine their origin. The knowledge
is important when the switching frequency is determined and measurements including the VSI are per-
formed. In a non-ideal VSI, power losses occur in the loss generating components. The losses are
categorised as conduction loss and switching loss. The conduction loss occurs when the switch is in the
on-state and the switching losses occur when the switches changes state.

e Conduction loss

— The loss connected with the small voltage drop when the diode or IGBT conducts current.
The loss depends on the size of the conducted current, the on-time and the size of the on-state
voltage drop.

e Switching losses

— Turn on: The loss occurs when an inductive load is driven due to rise time of the voltage and
currents. It includes the reverse recovery loss from the diode. It is measured from the time
where the on-signal is given and to the time where the IGBT is in the fully on-state.

— Turn off: The same arguments apply as for the turn-on loss but for fall time of current and
voltage instead. It is measured from the time where the off-signal is given and to the time
where the IGBT is in the fully off-state.

Furthermore a small leakage current might occur when the switch is turned off, but this current is negli-
gible [12]. The switching losses vary with the switching frequency and the time it takes to turn on and
off the IGBTs [12]. The turn-on and turn-off times are in the range of 1 us in general for IGBTs [12].
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CHAPTER

6
PARAMETER DETERMINATION

The parameters for the PMSM model are determined in this chapter. All the parameters are determined
from tests performed on PMSM-v1. The parameters of PMSM-v2 are not determined as it was not
assembled in this project. The parameters of PMSM-v2 might deviate from PMSM-v1, e.g. the rotational
torque parameters, due to no shorts between the rotor and stator laminations, but examination of this is
left for future work. The parameters determined are:

e Phase resistance - Ry

Flux linkage - A

e Inductance - L
e Inertia - J
e Rotational torque coefficients - K;, K>, K3, K4

Line-to-line vs line-to-neutral

The star point is located inside the PMSM as described in section 4.2, why it is not possible to measure
the line-to-neutral voltage in connection with the parameter determination. It is possible to convert a
peak or RMS value of a line-to-line voltage to a line-to-neutral voltage by division of 1/3 if the voltage
is sinusoidal. However it is not possible to recreate the original line-to-neutral sine wave of the voltage
if it contains e.g. third order harmonics as these cancel out in the line-to-line measurement. Furthermore
when line-to-line voltage measurements are performed, it is not possible to associate all parameters to a
certain phase.

6.1 Phase resistance test

The resistance in each of the phases is determined in this section. It is possible to associate the resistance
to a certain phase as a DC voltage source and measurements on all three phases are performed. The
resistance is temperature dependent which is taken into account. The resistance is first calculated from
experimental tests and afterwards compared to an analytical calculated resistance.
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6.1.1 Experimental determination

The resistance of the windings in each phase is determined from DC tests where the voltage and current
are varied. The tests are performed where one phase (primary) is in series with two parallel phases
(secondary) as shown in figure 6.1. An equivalent resistance of this circuit is calculated by the measured
voltage and current.

Upc
Secondary RS,C

Figure 6.1: Equivalent circuit when phase A is the primary phase.

Where in figure 6.1:
R; | Resistance of windings, [Q]
Upc | DC voltage, [V]

The equivalent resistances are calculated by ohm’s law and then the resistance of each phase is calculated
by solving the 3 equations in equation (6.1).

1 1 1
Rega = Rsa + ﬁ ; Regp=Rsp+ ﬁ 5 Regc=Ryc+ ﬁ (6.1)

Where in equation (6.1):

Req,i | Equivalent resistance, [Q]

Resistance at 21 °C

Tests are performed at different voltages for each phase connected as the primary phase. The voltage is
varied from 0.4 V to 2.9 V, which varies the current from 17 A to 140 A, and the data for each phase is
plotted in figure 6.2. The DC source is turned on for a short moment to reduce the temperature increment
in the windings. The temperature is measured by the thermocouples placed in the windings. Thermocou-
ples are placed in five different positions in the windings as described in section 8.2. Each thermocouple
output a spot temperature and each of the temperatures are watched. The average equivalent resistance
is calculated for each phase in the primary configuration to reveal if the resistance varies between the
phases. The three average equivalent resistances at 21°C are:

Rega=0.0205Q2 ; R,p=0.0203Q ; R c=0.0200Q (6.2)

The equivalent resistances are average values from five measurements for each phase. The five measure-
ments deviates maximum 2% from the average resistance of the same phase which is acceptable. The
three phase resistances are:

R4=00138Q ; Rz=00136Q ; R,c=00132Q (6.3)
Ryavg = 0.0135 Q (6.4)
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Figure 6.2: Voltage and current measurements at 21°C.

Where in equation (6.4):

R avg ‘ Average phase resistance, [Q]

The deviation between the phase resistances for phase A and C is 4.5%, which could be caused by
varying lengths of the windings, the connections in the socket or variations in temperature. An average
of the three phase resistances is calculated to be used for the electrical model and control of the PMSM.

Temperature dependency of the resistance

Temperature dependency has an influence on the calculated power loss, which is needed in connection
with thermal tests on the PMSM. The resistance of the windings increases due to change in the electric
conductivity as the windings heat up as expressed in equation (6.5). The temperature coefficient, v, is a
physical property of copper (v = 3.81- 1073 /K [22]) that describes the correlation between temperature
and resistance. The reference resistance of the windings is measured at 7o = 21°C.

RS,T — Rs,avg (1 +Vv (T - TO)) (65)

Where in equation (6.5):
Ry | Phase resistance at temperature T, [Q]
T; | Temperature, [K]

v | Temperature dependence coefficient, [1/K]

6.1.2 Theoretical determination

The theoretical phase resistance is calculated by the conductivity of copper, the length of the winding
and the cross sectional area of the windings [22]. Each winding is approximately 6 meters long and with
the area of the windings, the theoretical resistance is calculated as:

Leona
Rs,theo = — (66)
Ocu Acond

B 6m
~57-1008/m-7.5-10-6 m?

=0.0140 Q (6.7)
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Where in equation (6.6):
Acona | Cross sectional area of conductors, [m?]
leona | Length of conductors, [m]
R theo | Theoretical calculated resistance, [Q)]

Ocy | Conductivity of copper (57x10e6), [S/m]

This is a derivation of -3.8% between the measured and the theoretical resistance, which could be caused
by the length of the windings, which was not measured accurately during the manufacturing process,
measurement uncertainties or by the lack of data sheet for the copper, which might have a slightly dif-
ferent conductivity than the utilised. Other sources of errors could be the connection of the cable clamps
and the star point, however that will cause the measured resistance to be higher than the theoretical re-
sistance. The deviation is assessed to be within the acceptable range and the measured resistance is used
in the PMSM model and the temperature dependency is used in the determination of the power loss.

6.2 Flux linkage test

The permanent magnet flux linkage constant, A, is determined from a spin down test, where the PMSM
runs 15000 rpm. The power supply is cut and the PMSM is free-wheeling while the line-to-line voltages
are logged by an oscilloscope. The measured voltage at the terminals is the induced voltage from the
permanent magnets (back-emf), as no current flows in the windings due to the open circuit.

Velocity estimation

A velocity is required to determine the permanent magnet flux linkage constant. The velocity can be
determined by manual reading of a time period of the induced back-emf or by programming a zero-
crossing detection algorithm, which reads the periods of the induced sine voltages. The manual reading
is disregarded due to the inconvenience in manual readings for several data sets and the automated algo-
rithm makes it possible to utilise a large data set to calculate a mean value and calculate the flux linkage
constant for a wide range of velocities.

The velocity is calculated from the voltages by locating every zero-crossing and then the frequency is
calculated from the time period between two zero-crossings:

1 2
®p=— 27 : Oy = Opp — (6.8)
time period Db
Where in equation (6.8):
pp | Number of poles, [—]
oy, | Electric velocity, [rad/s]

®r, | Mechanical angular velocity, [rad/s]

The resolution of the oscilloscope is set to 1.25 million data points for the 100 seconds data set. This
causes in average only 12.5 data points for each sine wave at maximum velocity. The poor resolution
results in the velocity calculation fluctuating between 14420 rpm and 15630 rpm, which is seen in figure
6.3 that shows the calculated velocities in a spin down test. In figure 6.4 the zero crossing detections are
shown at maximum velocity, where the resolution influences the location of the detected zero crossing.
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Figure 6.3: Calculated velocity by zero-crossing Figure 6.4: Detected zero-crossings.
detection.

To utilise the velocity calculations, a moving average filter is applied to the velocities calculated for each
phase. Another method is to utilise linear interpolation between the data points to reduce the velocity
fluctuation, however the same velocity is obtained with the moving average filter. The linear interpo-
lation increases the calculation time compared to the moving average filter, why linear interpolation is
discarded. Figure 6.5 shows the velocities with the moving average filter compared to the voltages.
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Figure 6.5: Back-emf and velocity calculation.

At 1000 Hz the PMSM runs 15000 rpm and the estimated velocity is 14840 rpm which is a deviation
1% why the calculation method is found valid. The curvature of the velocity estimation corresponds to
the curvature of the voltages, which is expected cf. equation (6.9). Furthermore the velocity calculated
from tests with higher resolution (shorter time span) corresponds to the average velocity. At low velocity
the data from the 15000 rpm spin down test is fluctuating, which causes the zero crossing detection to
malfunction. Therefore the velocity is not calculated a low velocities.

Permanent magnet flux linkage calculation

To calculate A, the amplitude of the voltages and velocity is used. The velocity is assumed to be
constant during each electric period, which is acceptable due to the inertia of the rotor and furthermore
it is assumed the system is balanced. A, is calculated from equation (6.9), where Epyck—ems,iy and
Epack—emy,11. are the peak amplitudes of the voltage. The back-emf from the permanent magnets is as-
sumed to be sinusoidal to convert the measured line-to-line amplitude to a line-to-neutral amplitude of
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the voltage.

Ebuck—emf LN Eback—emf LL
Apm = ———— = Apm = ——— (6.9)
o (O e \/§ Oy

Where in equation (6.9):
Epack—emy,ir. | Back electromotive force, line-to-line, [V]
Epack—emy,in | Back electromotive force, line-to-neutral, [V]

Apm | Permanent magnet flux linkage, [Wb]

The permanent magnet flux linkage calculated for the three line-to-line measurements are shown in
figure 6.6. The line-to-line measurements do not make it possible to associate the flux linkage to each
phase, why the nomenclatures (1), (2) and (3) are used to distinguish the three measurements. The time
interval is shortened to improve the resolution of the measurements. The test is performed with a rotor
temperature of 65°C.
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Figure 6.6: Calculated peak flux linkage constant from a 15000 rpm spindown test.

The measurements in figure 6.6 show that the flux linkage constant calculated from line-to-line measure-
ment (2) is lower than (1) and (3). This may be caused by some of the stator teeth were twisted a bit
during the tension of the windings, as described in section 4.2, which causes a higher reluctance or by
uncertainties in the voltage probe that measures the voltage used to calculate A, (2).

The average flux is fitted to a first order polynomial as the flux linkage seems to decrease with increasing
velocity. This might be caused by the velocity dependent eddy currents that generate an opposing flux in
the stator core. However the variation is 4% with the average fit, why an average flux linkage constant
Apm of 0.0267 Wb is chosen at 65°C.

In figure 6.7 the flux linkage is calculated from two spin down tests, one where the PMSM is approx-
imately 25°C and one where the rotor is approximately 65°C. The tests show that the flux linkage
decreases when the temperature increases. This is expected as the PMs produce less flux at high tem-
peratures. Figure 6.8 shows the velocities for the two spin down tests at different temperatures. The
temperature of the rotor influences the duration of the spin down, which is expected cf. section 5.5,
where the opposing torque generated by the core loss depends on the size of the flux density. Atten-
tion must be focused on the temperature dependency when spin downs are performed to determine the
rotational torque parameters in section 6.5 and the rotational loss in section 8.1.

58



6 Parameter determination 6.3 Inductance test

0.03— T T T T T T 3500
0.029F Cold (25°)
_ | 3000
Q
B 0.028 = .
£ E 2500 Hot (65°)
2 0,027 2
g 5
£ S 2000t
= 0.026 > /
3
'S
1500+
0.025[] Cold (25°)
_hpm average fit
0.024 : ‘ ‘ ‘ : 1000 : : ‘ ‘ ‘
1250 1500 1750 2000 2250 2500 2750 3000 0 5 10 15 20 25 30 35
Velocity [rpm] Time [s]
Figure 6.7: Calculated flux linkage from two Figure 6.8: Calculated velocity from two 3000
3000 rpm spindown tests at different tempera- rpm spindown tests at different temperatures.
tures.

6.3 Inductance test

The test set-up for the inductance test is shown in figure 6.9, where current is applied to all phases to
ensure the mutual inductances are included in the calculated inductances. The power analyzer is used
to measure the RMS current and a voltmeter is used to measure the RMS line-to-line voltage. Due to
the small impedance it is chosen to use the power analyzer to measure the current and a voltmeter to
measure the voltage at the terminals of the PMSM. The measured voltage from the power analyzer does
not include the voltage drop due to the resistance in the cables to the PMSM, why the voltmeter is used.
The PMSM is assumed to be symmetric, why only one RMS line-to-line voltage and one RMS current
is measured.

Voltmeter
» 1 ¢
Three phase variable ; Power : PMSM
voltage transformer » analyzer »

Figure 6.9: Test set-up for inductance test.

The inductance tests are performed where the rotor is aligned in the d-direction and the q-direction. The
d-alignment is performed using a DC power supply, where phase A is connected to the positive potential
and B and C are connected to the negative potential. The PMSM is locked in the position and the voltage
and current measurements are performed with the set-up in figure 6.9.

The g-alignment of phase A is performed by connecting the positive potential of the DC supply to phase
B and the negative potential to phase C. Once more, the PMSM is locked and the voltage and currents
are measured.

From this test method the calculated inductance includes both the magnetising and leakage inductances.
The measured RMS line-to-line voltages and RMS currents are stated in table 6.1.

The inductance is calculated from the impedance triangle and complex power triangle shown in figure
6.10. The calculations are stated in equation (6.10) to (6.15), where the stator resistance, R; 44, deter-
mined in section 6.1, is used.
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Quantity Measurements with d-aligned

Iys [A] 2965 6.17 8.844 11.608 14.733 17.756 19.924
Urmsr [V] 0717 1496 2151 2796 3472 4075 4.478

Quantity Measurements with q-aligned

Irys [A] 2975 6.061 8902 11.872 14.949 18.028 18.449
Urms [V] 0.708 1.449 2.106 2.782  3.448 4.058 4.272

Table 6.1: Measured quantities for the inductance determination.

. 2 . Papparent
Z jX —>» lrws™Z J|RM52x —>» Preactive
¢
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Rs,avg IRMS Rs,avg Pactive

Figure 6.10: Impedance triangle to complex power triangle.

Where in figure 6.10:
Puctive | Active power, [W]
Papparent | Apparent power, [V A
Preactive | Reactive power, [var]
X; | Reactance, [Q]
Z; | Impedance, [Q]

0 | Angle, [rad]
Ugrus .
Papparent = R\A;éLL Irus (6.10) Preactive = apparent Sm((l)) (6.13)
Preacri
Puctive = Ry avg Trus 6.11) X = m (6.14)
P,
o= arccos<w> (6.12) I — X (6.15)
Papparent Opp

Where in equation (6.15):

Ogpp ‘ Frequency of applied voltage, [rad/s]

To reduce uncertainty of measurements an average reactance and an average inductance are calculated
from the measurements stated in table 6.1. The inductance in the both the d- and the g-direction are
calculated as stated in table 6.2. The inductances are similar, which means the reluctance in the rotor is
uniform (gaps between the magnets are neglectable).

Reactance [2] Inductance [mH]

X; =0.1361 Ly=0433
X, =0.1342 L,=0427
X4q =0.1352 Ly =043

Table 6.2: Calculated reactances and inductances.
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6.4 Moment of inertia

The inertia of the rotor is determined from the CAD drawing of the PMSM. Each rotor component
is weighed and then the density of the CAD component is fitted so the total weight of the component
corresponds to the measured weight. This is done to reduce inaccuracies e.g. stacking factor and material
density. In table 6.3 the rotor components are stated, together with the weight and inertia. All quantities
are the total weight and inertia.

Component Weight [g] Inertia [kg m?]
Rotor housing 1171.9 0.00781
Rotor end plate 333.0 0.00165
Rotor laminations [30 mm] 1856.6 0.01137
Permanent magnets [x8] 363.8 0.00174
Rotor resin 446.7 0.00236
Set screws 11.7 0.00009
Lamination bracket 91.9 0.000635
Bearings [x2] 300.0 0.000114
Total 4534 0.02577

Table 6.3: Measured weights and corresponding inertia of rotor components.

The inertia of the rotor resin is found by weighing the rotor before and after the resin casting. The weight
is then fitted to correspond to the CAD model from which the inertia is calculated. The inertia of the
bearings is assessed to be 75% of the total inertia of the bearings, since the inner bearing ring does not
rotate.

6.5 Rotational torque parameters

The torque parameters are determined from a spin down test performed with a rotor temperature of 65°C.
The parameters are determined based on the velocity of the PMSM, which is calculated as described in
section 6.2. The torque is expected to be expressed by equation (6.17) (rewritten from section 5.5), where
the angular acceleration has to be determined.

Tror = J Dy (6.16)

= Ki @2, + Kz 0+ K3 05 + Ky 6.17)

Where in equation (6.17):
K; | Opposing rotational torque coefficients, [—|

Tror | Opposing torque due to rotational loss, [Nm]

Two different methods are used to determine the angular acceleration; one where the velocity is fitted to
a polynomial which is differentiated and one where the calculated velocity is numerically differentiated
without fitting. MATLAB is used to fit the velocity to the polynomial. The velocity is fitted to the poly-
nomial stated in equation (6.18), which is derived from integrating the right site of equation (6.17). The
numerical differentiation is performed using a central difference approach, which is given by equation
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(6.19) and afterwards a moving average filter is applied.

Opn=axr +bx’+cxP+dx+e (6.18)
ﬂ ~ f(x+hstep) _f(x_hstep) (6 19)
dx 2hstep ‘

Where in equation (6.18) and (6.19):
a,b,c,d,e | Velocity coefficients, [—]
hgep | Change in x, [—]

x | Point, [—]

The velocity and the acceleration for the two methods are shown in figure 6.11 and 6.12. The acceleration
from the numerical differentiation contains more noise, but the polynomial seems to correlate in the spin
down. However the numerical differentiation reveals resonance peaks in the acceleration, which are
suppressed by the polynomial fit (the importance of this becomes evident later in this section).
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Figure 6.11: Velocity calculation and a fitted Figure 6.12: Angular acceleration calculated by
polynomial. numerical differentiation and based on the poly-

nomial fit.

The calculated torque based on figure 6.12 is shown in figure 6.13, where the parameters for the fitted
torque curve are:

K, =5.018-10"7 Nm s%; K> = —0.003189 Nm s (6.20)
Nm s )

i

K3 =0.03848 K4 =—0.5999 Nm (6.21)

From the coefficients it is noted the torque contribution constants K, and K4 are negative, which does
not make physically sense, as these coefficients are associated with losses. Furthermore this means the
torque characteristic does not make sense if it is extrapolated to low velocities. A full spin down could
not be logged due to the available equipment for data logging but spin downs from different velocities
are shown in figure 6.16.

Several spin down tests, shown in figure 6.15 and 6.16, have been performed to investigate the measured
torque curve. A resonance peak is observed around 13000 rpm to 15000 rpm in the tests by utilising
the numerical differentiation. The velocity where resonance occurs can be altered by changing how the
PMSM is fixed, which indicate it is mechanical resonance that might be excited by unbalance in the
rotor. The blue arrows in figure 6.14 indicate the fixing that affects the resonance peak. The resonance
peak results in audible vibrations which affect the rotational torque due to the changing radial forces on
the bearings.
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Figure 6.13: No-load torque curve. Figure 6.14: PMSM fixture in the test bench.
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Figure 6.15: No-load torque curve with several Figure 6.16: No-load torque curve with several
spin down tests determined by numerical differ- spin down tests determined by numerical differ-
entiation entiation.

To circumvent the influence of the resonance peak and the negative torque coefficients, it is chosen to set
K and K3 to zero and thereby use a linear torque curve. This means the torque from the windage loss
in equation (5.72) and bearing in equation (5.73) are not included. Figure 6.13 shows a linear fit to the
torque curve, which is assessed to be an acceptable fit. The linear torque simplifies the linearisation of
the mechanical system in chapter 12. The linear torque equation is:

Trot = K1y + K2 (6.22)
Nm
= 0.0004745 — m,,, +0.08858 Nm (6.23)
N

This torque curve corresponds to a mechanical system with only viscous and dry friction.
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CHAPTER

7
VERIFICATION OF ELECTRICAL MODEL

The electrical models of the PMSM and VSI are verified in this chapter. Due to the lack of an encoder,
it is not possible to dg-transform the measured voltages and currents, why the verification is performed
in the ABC coordinate reference frame. Furthermore it is not possible to measure the line-to-line volt-
ages and feed them to the model since the model is based on line-to-neutral voltages. The missing
dg-transformation and star point limit the possibilities to verify the models. The PMSM model is well-
established in literature [16]-[19] and therefore it is therefore expected to represent the PMSM well. The
chapter is divided into two parts, test of the VSI and verification of the PMSM.

7.1 Test of VSI

In this section the VSI is tested and the limitations of the VSI model are investigated. A DC test is
performed where the reference output for the VSI is an average DC voltage of 8 V, which parks the
PMSM in a fixed position. The switching frequency of the VSI is varied in order to see the effect
of switching frequency when a low voltage is generated. During the test run in section 4.2.6, it was
discovered that the switching frequency had great impact on the ability of the PMSM to start up.

A phase current is measured at each switching frequency and the results are shown in figure 7.1. The
switching frequency has a great impact on the amplitude of the measured currents. A higher switching
frequency reduces the current ripples along with the average value of the DC current. Figure 7.1 shows
that the current ripples increase significantly when the switching frequency is lowered. At a switching
frequency of 3500 Hz, the ripples are around 14 A, whereas at a switching frequency of 8000 Hz the
ripples are less than 1 A.

The lowered current might be caused by the dead time in the VSI or the switching losses described in
section 5.7.1. The dead time and switching losses reduce the output voltage and thereby the currents.
The dead time in the VSI is 4 us, which is independent on the switching frequency, however the total
dead time increases as the switching frequency increases. As the output voltage is low in the test, the
dead time has higher influence because the on-time of the switches is short. The on-time for the switches
in this test is 7.1 us calculated from equation (11.7) and a switching frequency of 6000 Hz, which makes
the dead time 56% of the on-time. The turn-on time of IGBTs is in general around 1 us [12], which is
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Figure 7.1: Current in one phase at different switching frequencies.

14% of the on-time.

The on-time increases as the switching frequency is lowered or the output voltage is increased. Therefore
both dead time and turn-on time have a smaller influence on the VSI output when the amplitude of the
voltage is increased, since both gets smaller compared to the on-time. It is therefore not expected to
see these effects at higher velocities and the effects of dead time and switching losses are therefore not
included in the VSI model, but a compensation must be included when the PMSM is operated at low
voltages.

7.2 PMSM verification

To verify the PMSM and VSI models, both the models and the PMSM is ramped up in velocity and then
a step in voltage is performed to excite system dynamics. The current is measured during the step, which
is compared to the model. Two tests are performed, one where the velocity is ramped to 4500 rpm and
another where the velocity is ramped to 8250 rpm. The switching frequency in both tests is 6000 Hz.

An open loop U/F ramp, developed in section 11.2, is used to ramp the PMSM. The open loop control
results in current oscillations as shown in figure 7.2 and 7.3 for the test at 4500 rpm.
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Figure 7.2: Simulated currents at steady state Figure 7.3: Measured currents at steady state
velocity and a step in voltage amplitude. velocity and a step in voltage amplitude.
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At steady state velocity, both the simulated and measured currents suffer from oscillations both before
and after the step. Repeated measurements show that the oscillations are not consistent. It is therefore
discarded to verify the models with the open loop ramp over a wide time range, as the oscillations
dominates the currents. It is assessed to be the open loop control structure that causes the oscillations.
The oscillations are reduced by the PMSM controller as discussed in chapter 12. As the PMSM controller
is not implemented, it is not possible to verify the model from a voltage step with the PMSM controller.
Another verification must be performed, despite this is not desirable.

Instead of comparing the dynamics from a voltage step, the PMSM and VSI models are verified by
comparing the switching dynamics of the currents. This is relevant as the reason for including the VSI
is to model the current ripples. Zooms of figure 7.2 and 7.3 are shown in figure 7.4 and 7.5 respectively,
where the PMSM operates at 4500 rpm.
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Figure 7.4: Zoom of the simulated currents from Figure 7.5: Zoom of the measured currents from
figure 7.2. figure 7.3.

The amplitude of the fundamental frequency in figure 7.5 is larger than the simulated, which is due to
the slow oscillations from the open loop control structure. The amplitude of the current ripples and their
characteristic correlate.

Figure 7.6 shows the measured and simulated currents at 8250 rpm, where the current ripples are in-
creased due to the lower number of switches per revolution. The effect of the switching is well modelled
as the current spikes and distortion is captured by the model. The amplitudes differ but this might be
caused by the slow oscillations from the open loop control structure. The use of ideal switches and lack
of dead time is not seen in this test, which is expected as the on-time of the switches is high compared to
the test in section 7.1.

The switching dynamics are well captured and no improvements are performed based on this test as the
results are found satisfactory.

67



7.2 PMSM verification 7 Verification of electrical model

201 ‘ —— Measured

—— Simulated
15+ .

Current [A]
o
=z

-10

-15

_20 - . : m

0 1 2 3 4 5 6

Figure 7.6: Comparison of the measured and logged currents at 8250 rpm.
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CHAPTER

3
HEAT DEVELOPMENT AND REMOVAL

The heat development is investigated by analysis of the power losses in the PMSM. A test of stator-v1 is
performed to investigate the performance of the cooling system, to give an indication of the capability of
heat removal.

8.1 Power losses of PMSM-v1

The power losses of the PMSM at rated speed and load is calculated in this section. The losses in
the PMSM consist of resistive loss in the windings, core losses and mechanical loss in the bearings.
Estimation of the power losses is a crucial task as the estimated losses are used as input to the thermal
model developed in chapter 9.

Resistive losses

The resistive losses in the windings are calculated at the rated current of 70 A RMS and a phase resistance
at 140°C from equation (6.5):

1
Ryr =0.0135Q (1 +0.00381 ;- (140°C — 21°c)> =0.0196 Q (8.1)

Where in equation (8.1):

Ry 1 ‘ Phase resistance at temperature T, [Q]

The total resistive loss of the three windings are calculated by:
P =3 Ry1 Lrgp s (8.2)
=3-0.0196 Q (70A)* =288 W (8.3)

Where in equation (8.3):

Liom,rus | Nominal current, [A]

P, | Copper loss, [W]
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8.1 Power losses of PMSM-v1 8 Heat development and removal

Rotational losses

The rotational losses are determined from the rotational torque (from section 6.5) and the velocity (from
section 6.2), as stated in equation (8.4). The rotational losses are presented in figure 8.1 where the
temperature of the rotor is approximately 65°C.

Prot = Trot Orm (84)

Where in equation (8.4):
P,ot | Rotational power loss, [W]
Tyt | Opposing torque due to rotational loss, [Nm]

®pn | Mechanical angular velocity, [rad/s]

1400 :

Numerical differentiation |.
Linear torque fit
Polynomial fit

1200n

1000

800

6001

Power loss [W]

400-
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Figure 8.1: Power loss calculated from the spin down test.

The rotational loss is approximately 500 W higher than the expected 750 W from section 1.1. It might
be caused by contact between the laminations due to the use of machining and turning lathe during the
manufacturing as described in section 4.2.3 or the bearing losses are higher than expected due to the
mounting of the bearings as described in section 4.2.

Losses in bearings depend mainly on the friction in the bearing, the speed, mounting and the loading
conditions. The losses in the bearings are calculated by the manufacturer (Schaeffler), at the operational
conditions, to be 51 W for each bearing.

Distribution of losses

It is chosen to distinguishing between the slot and the end windings for the distribution of the resistive
loss as thermocouples are placed in both places. Figure 8.2 depicts the definition of a slot and end
winding. The copper loss is distributed by the ratio of the lengths, which is a simplification as the
curvature of the end winding results in a slightly lower ratio.

30 mm 21 mm

Pcu 5 Pew = =1 Pcu (85)

Py, =
W 51 mm

51 mm
Where in equation (8.5):

P.y, | Power loss in end windings, [W]

Py | Power loss in slot windings, [W]
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Slot windin

End winding
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Figure 8.2: Section view of a stator tooth and a coil.

The distribution of the core loss depends on the geometry of the stator and rotor, the thickness of the
laminations in the stator and rotor, the flux density distribution, the number of slots etc. A good prediction
of the distribution requires an in-depth analysis of all factors for the PMSM and this is not prioritised
in this project. To distribute the core loss between the parts which have the largest amount of core loss,
the distribution from similar type and size of motor is used. In [23] a PMSM with interior rotor, interior
permanent magnets, 699 W core loss, rated speed around 6000 rpm, stator diameter of 198 mm, core
length of 200 mm and 9 stator slots is investigated which yields a distribution of:

NRotor = 2/30 npy = 1/30 Nstaror = 27/30 (8.6)

Where in equation (8.6):

n; | Distribution of power losses, [—]

The 10% loss assigned in the rotor is used as an approximation of the core loss distribution, despite the
number of factors, which influence the distribution, are unknown for the PMSM presented in [23]. The
three core losses are thus calculated as:

Protor = RRotor Peore Ppy = npy Peore Psiator = Nstator Peore (8.7)

Where in equation (8.7):
Ppyr | Losses in PMs, [W]
Protor | Losses in rotor, [W]

Psiaror | Losses in stator, [W]

The core losses consist of the loss from hysteresis and eddy currents but additionally the windage loss is
included in the distribution of the measured losses as no calculation of the windage loss are performed
and thus it cannot be separated. This might influence the simulated temperatures for the thermal model
where the losses are assigned to each part of the PMSM as windage loss is not located in the laminations.
In section 6.5 the size of windage loss was assessed to be negligible, why the inclusion of windage loss
in the core losses is acceptable.

8.2 Thermal AC test of stator-vl

A thermal AC test is performed prior to the assembling of the PMSM to estimate the performance of the
cooling system. The test is performed by applying 50 Hz AC while the temperatures of the windings
are measured. The core losses are small due to the weak magnetic field (no rotor is present) and low
frequency. The core losses are estimated to be 1.1 W [10], why they are neglected. The locations of the
thermocouples are shown in figure 8.3.
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Figure 8.3: Cross sectional view of the stator, where the thermocouples are shown.

Three cooling methods are tested; a test with no cooling (NC), where only the natural convection dissi-
pates heat from the stator to the ambient, two tests with forced cooling are performed, one with forced
liquid cooling (LiqC) and one with forced air cooling (AirC). The test arrangement for the liquid cooling
is shown in figure 8.4. The forced air cooling tests are performed with a compressor blowing air through
the stator cooling channels.

Power supply

cee @ =

Figure 8.4: Thermal test set-up for the stator.

In table 8.1 an overview of the tests are presented together with the measured temperatures, with an
ambient temperature of 20°C. AT is the difference between the maximum temperature in the windings
and the coolant. The temperatures in the slot windings are left out, since they are close to the temperature
in the end windings (£1°C). The applied power is calculated from the applied current and the resistance
of the windings (including the temperature dependency) from section 6.1.

Test 1 is performed to compare the three cooling methods at the same current. To compare the tests
AT /P,, are calculated, which provides information on how effective the cooling methods are to keep
the temperature in the stator low with respect to the same input power. Natural convection and radiation
is only able to provide a AT /P, of 1121(;0—CW. AirC and LiqC reduce the temperature significantly as
expected.

The liquid cooling is able to provide a AT /P, of approximately 201000—CW. The AT /P., from AirC varies

between 33.51(;)—CW to 48.61000—CW in all tests, however in test 2 and 3 it is almost constant. This might
indicate the full potential of the forced air convection is not taken advantage of in test 1, which could be

due to manual adjustments of the pressure and alignment of the compressor pistol for air cooling. From
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8 Heat development and removal 8.2 Thermal AC test of stator-v1

Test 1 Test 2 Test 3
Quantities NC AirC LiqC | AirC LiqC | AirC LiqC
Irys [A] 4377 4377 437 58 58 66 70
P., [W] 109 84.0 81.0 174 149 249 231

Teootant [°C] (200 185 194 | 187 182 | 192 203
Tow,in [°C] 140 39.1 287 | 858 36.8 117 493
Tov,cen [°C1 142 46.1 349 101 489 140  68.5
Tow,our [°C1 140 46.1 353 101 495 140  69.5
AT [°C] (1200 28.1 159 | 82.7 313 121 492

AT /P, [%] (112) 335 196 | 475 21.0 | 486 213

Table 8.1: Steady state temperatures from thermal AC tests of the stator.

the calculated AT /P, it is seen the LiqC is around 2.4 times better than AirC to dissipate heat from the
stator and around 5.5 times better than NC.

From test 3 (LiqC), the temperature of the windings is just below 70°C at rated current. The insulation
on the windings has a maximum operation temperature of 155°C and the resin has a maximum operating
temperature of 150°C, which allow a temperature rise of 80°C before the critical temperature is reached.

The total losses in the PMSM is estimated to 1000 W from section 1.1, which means the temperature
in the windings approach 210°C, if all losses are applied to the windings. It is necessary to obtain a
AT /P, o1 Of under 151000—CW to ensure the PMSM does not overheat in this test scenario. However out of
the total loss, the rotational loss is 750 W, which is primary located in the stator teeth. This is beneficial
as it is easier to dissipate heat from the stator, due to the high conductivity of the stator laminations and
the large contact area to the liquid cooling. Otherwise the temperature of coolant could be lowered, but
this requires extra energy. Further tests have to be conducted in order to verify if the cooling system
is able to keep the temperatures beneath 150°C when the rotational losses are included. The tests are
performed at atmospheric pressure without the rotational losses, why further analysis must be performed
to assess the temperatures in the thermal test scenario.
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8 Heat development and removal
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CHAPTER

9
THERMAL MODEL

A thermal model of the PMSM is derived in this chapter. Since the PMSM is going to operate in a low
pressure environment, failure due to overheating is of concern. The thermal model is used to analyse
the heat distribution and temperatures of the PMSM. In figure 9.1 and 9.2, a sketch of the heat flow
is presented. Red arrows designate heat conduction and yellow arrows designate both radiation and
convection. Due to the low pressure environment, the external radiation and convection is reduced,
why the primary way for the PMSM to emit heat is through the liquid cooling. Heat is developed as a

T T 7

Rotor
laminations

PM

f

Coolant

Circumferential

Radial Radial

Coolant Coolant

Axial

Figure 9.1: Axial cross sectional view of one half of the Figure 9.2: Radial cross sectional
PMSM, with the overall heat flow shown. view of 1/12 of the PMSM, with the
overall heat flow shown.

consequence of the losses, which occur in the windings, stator, bearings and rotor. A critical aspect for
the PMSM is that radiation and convection might not be sufficient to emit the heat developed in the rotor,
why the heat must be conducted through the rotor housing and bearings to reach the coolant in the shaft.
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9 Thermal model

The liquid cooling cools the end windings in the axial plane, but the slot windings are not directly cooled.
To emit the heat from the slot windings, a part of the heat is conducted into the axial plane to the cooling
channels in the end plate and the other part is conducted through the stator to the cooling channels in the
radial plane. This causes a 3-D heat flow that must be taken into account to avoid over-prediction of the
temperatures in the radial plane.

Several approaches exist to model the thermal behaviour of electric motors e.g. exact analytical calcula-
tion (distributed loss model), Finite Element Method (numerical analysis) and lumped parameter model
(concentrated loss model) [24]:

e Exact analytical calculation solves the time depend governing equation for a heat transfer problem
[25][26]. This is a severe task for a complex thermal system such as a PMSM.

e Finite Element Method (FEM) solves the governing equation by discretizing the geometry into a
finite number of elements and then the problem is solved by numerical solvers for each element.
If the discretization level is sufficient, the approximated solution closely matches the analytical
solution [27]. Power losses are distributed as a power per volume source.

e The lumped parameter model divides the PMSM into larger elements with a node in each element.
Connecting the nodes forms a thermal network. Each element has a thermal resistance and thermal
capacitance which is calculated analytically. Power losses are treated as a heat source, located in
the nodes.

It is chosen to further investigate the lumped parameter model as the method has proved good results on
other types of electric motors and due to simplicity [28] [29]. The lumped parameter model is used to
model the PMSM in 3D and a FEM is used to verify the lumped parameter model by 2D simulations.

Literature review

A literature review is carried out to investigate the previous work on thermal models of electric machines.
Previous work, which is applicable for the modelling of the PMSM, is presented with the focus on the
achieved results and methods used for the thermal models.

In the lumped parameter method several approaches exist to compensate for heat sources, which is nec-
essary as omission of compensation elements leads to overestimation of the temperatures in the nodes
where the losses are assigned [30]. Some of the approaches are widely used, however their accuracies are
uncertain [24] [25] [26] therefore several approaches are to be investigated to choose the most accurate.

No publications are found on hub motors, however several publications are found on interior rotor
PMSMs, some of the most applicable are presented in [29] [7] [30]. No literature is found on motors
with liquid cooling on the stator end laminations, however other designs of liquid cooling are presented
in [7] [30].

In [29] a 10-node model lumped parameter model of a PMSM is developed without radiation. The PMSM
has no cooling system, only convection removes heat from the motor. The power losses are applied
directly to the concerned nodes without compensation. The lumped parameter model is compared to a
FEM model and experimental tests. The lumped parameter model overestimates the temperature in the
stator and in the rotor by 4.5%, however the temperature in the windings are underestimated by 15.7%.

In [7] a model of a PMSM with liquid cooled stator frame is presented. Two lumped parameter models
are developed; a simple 7-node model and a complex 15-node model. The thesis focuses mainly on

76



9 Thermal model 9.1 Lumped parameter approach

the analytical calculations of the resistances and the node placement. The results from the simple and
complex models are compared to a FEM model. Both the simple and the complex lumped parameter
model have a maximum deviation of 4% but the complex model proved to be slightly more accurate.

In [30] a lumped parameter 7-node model of a PMSM is developed. The model includes compensation
elements for the heat sources and forced liquid cooling on the stator. The lumped parameter model is
compared to a FEM model, where it is stated the lumped parameter model only deviates with maximum
1%.

To sum up the modelling challenges are:
e The liquid cooling on the stator corresponding to a 3-D heat flow.

e Compensation for heat sources in a thermal network with complex geometry.
e No well-documented thermal model for a water cooled hub PMSM exists.

In section 9.1 the basic lumped parameter method is described and methods for modelling the heat

sources are investigated. Section 9.2 describes the 3-D lumped parameter model of the PMSM and the
thermal resistances are calculated in section 9.3.

9.1 Lumped parameter approach

The thermal lumped parameter method is similar to an electric circuit and the analogy is stated in table
9.1. The network can be analysed by laws which are analogue to the laws of an electric circuit.

Electric parameter Unit - Thermal parameter Unit Symbol
Current [A] - Heat flow [W] P
Voltage [V] - Temperature [°C] T
Resistance [Q] - Resistance [K/W] Ry,
Capacitance [F] - Capacitance [//K] Ci
Conductivity [A/(Vm)] - Conductivity W/(mK)] ke

Table 9.1: Analogy between electric and thermal parameters.

In order to model transient responses thermal capacitances are added to each element to capture the
change of internal energy. Transient analysis can be performed with both the lumped parameter model
and the FEM, but since the PMSM is going to operate at the same speed for longer periods, as described
in section 1.1, the transient analysis is disregarded for this report and only steady state performance is
concerned.

The lumped parameter model is developed based on the geometry of the PMSM and material properties.
An element with one-dimensional heat distribution, without an internal heat source, is shown in figure
9.3. The node temperature, 7, can be calculated by Fourier’s law, which is analogous to Ohm’s law,
as stated in equation (9.1). Furthermore thermal equilibrium is required in the nodes (analogous to
Kirchhoff’s current law), which means the total heat flow into a node equals the total heat flow out from
a node as stated in equation (9.2).
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9 Thermal model
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C DTy
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Figure 9.3: Bar element with one-dimensional
heat flow.

Where in figure 9.3 and 9.4:
A | Area, [m?]
I; | Length, [m]
ri | Radius, [m]
0 | Angle, [rad]

Rin

Circumferential

Figure 9.4: Hollow cylinder segment with one-
dimensional heat flow.

R
Tn—Tb:PTIh 9.1)

ZPin = Zpout (92)

It is chosen to place the node in the resistive centre of the element, which is not necessary in the geometric
middle of the element as illustrated in figure 9.4. The node location depends on the geometry (assuming
the thermal conductivity of the element is constant). By choosing the resistive centre, the number of
thermal resistances to be calculated, is reduced. The node configuration in figure 9.3 and 9.4 can easily
be extended to two or three-dimensional heat flow as shown in figure 9.5, where the element from figure

9.4 is shown with two-dimensional heat flow.

? Radial

Circumferential

Figure 9.5: Two-dimensional heat flow node configuration of circular element.
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9.1.1 Thermal resistances

The thermal resistances are important parameters in a thermal model why the resistance calculation
procedures are stated in the following section. The resistance calculations are presented for conduction,
convection and radiation. Convection and radiation are included as thermal resistances as it is desirable
from a model technical viewpoint. If the radiation and convection are modelled as a constant heat flow,
the temperature dependency of these phenomena is not modelled and if a variable heat flow is used, the
MATLAB solver ends up in an algebraic loop.

Conduction resistance

Conduction resistance is the internal resistance in an element. The thermal resistances are calculated
based on the geometry of the element and the thermal conductivity of the material. The thermal conduc-
tion resistance is calculated in three directions; axial, radial and circumferential for a bar and a hollow
cylinder. The axial resistance of a bar element is shown in figure 9.3 and calculated as stated in equation
(9.3). The radial resistance of a hollow cylinder segment is shown in figure 9.4 and calculated as stated
in equation (9.4) [7]. The circumferential resistance of a hollow cylinder segment is calculated as stated
in equation (9.5) [7].

l
Ripa= 9.3
A= g (9.3)
In(ro/r)
Rpp=—"1""7 94
th,R 0 kth i ( )
0 ri+nr
Rinc = 9.5
thiC 2k lro—ry ©-5)

Where in equation (9.3) to (9.5):
Rina | Axial thermal resistance, [K/W)]
Ry c | Circumferential thermal resistance, [K /W]

R;, g | Radial thermal resistance, [K /W]

Convection resistance

Convection transfers heat to the surroundings and internally between the stator and the rotor. The convec-
tion depends on many factors, such as rotational speed, surface structure, geometry, forced flow, pressure,
temperature, humidity etc. [7]. Therefore simplified models exist to model convection in electric motors.
The heat flow generated by convection is described as [7]:

Ta - Tb
Rth,conv

9.6)

P conv =

Where in equation (9.6):
Peony | Heat flow through convection, [W]

Ripcomv | Thermal convection resistance, [K /W]

T, represents the temperature of the surface which emits heat and 7, represents the temperature of the
ambient. The thermal resistance for convection is calculated as:

1
heony A

Rth,cnnv = (9 7)
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Where in equation (9.7):

heony | Thermal heat transfer coefficient from convection, [W /(m?* K)]

The convection heat transfer coefficient, /.,,,, includes the air flow modelling. Simplified models seek
to estimate the heat transfer coefficient, which takes the aforementioned factors into account.

Radiation resistance

Radiation is often neglected at atmospheric pressure as the main heat flow is through convection and
conduction. Heat transfer by radiation occurs between the rotor and stator parts (internal radiation) and
from the rotor to the surroundings (external radiation) due to a temperature difference. The amount of
heat transfer depends on the temperature, the emissivity of the material and surface area.

The amount of radiation emitted from a small object and absorbed by an infinite large object is given by
[31]:
P, =0spA€ (Ta4 — Tb4) (98)

Where in equation (9.8):
P,qq | Heat flow through radiation, [W]
€ | Emissivity of the surface, [—]
Gsp | Stefan-Boltzmann constant (5.67x10e-8), [W/(m? K*)]

To calculate the radiation resistance, Fourier’s law is used as shown in equation (9.9) and the heat transfer
coefficient is derived and shown in equation (9.11).

(T, — Tp)
Riprad = 9.9
th,rad Osp Ae (Ta4 — Tb4) ( )
1
Rth,rad :Al’l p (9.10)
ra
osp e (T} —T}
hrad - T( aTb b) (911)
Y —

Where in equation (9.9) to (9.11):
hyaq | Thermal heat transfer coefficient from radiation, [W /(m? K)]

Rijraq | Thermal radiation resistance, [K /W]

Radiation between two surfaces also depends on the view angle. The view angle expresses how much of
the radiation leaving one surface that reaches the other surface. If the surfaces are aligned and closely
positioned, the view factor approaches 1 as all radiation reach the other surface. For the PMSM, the view
factor is set to 1 as the parts with heat transfer by radiation are close and aligned.

For two parallel planes with different temperature and emissivity, the heat transfer by radiation is given
by equation (9.12) and for two concentric cylinders, the heat transfer is given by equation (9.13) [31].

ospA (T, - T))
ete—1
osg Aa (T} —T;})

1 1—gp Tq
€a+ €p (rb>

Prad,plane = (912)

Prad,cyl = (913)
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9 Thermal model 9.1 Lumped parameter approach

Where in equation (9.12) and (9.13):

Pradcyi | Heat flow between two concentric cylinders through radiation, [W]

Prad piane | Heat flow between two planes through radiation, [W]

The heat transfer coefficients for two planes and cylinders are given by:

osg (T} —T)) , osg (T, - T;))
] ) s hrad,cyl = ) e [ r
(T.-T) (£ +&-1) (T, 1) (£ +52(2))

rp

hrad,plane = (9.14)

Where in equation (9.14)

Pradcyi | Thermal heat transfer coefficient from radiation between two concentric cylinders, [W/ (m? K)]

hyad plane | Thermal heat transfer coefficient from radiation between two planes, [W / (m? K)]

Contact resistance

Contact resistance originates at the interface between two parts due to the unavoidable small surface
imperfections. Surface roughness, hardness of the materials, interface pressure and air pressure has a
significant influence on the contact resistance [32]. Contact resistances are often significant compared
to conduction resistances and are therefore critical in the prediction of the temperature in the PMSM
[32]. Contact resistances are modelled by an equivalent effective gap length, which represent the small
separation between the parts as shown in figure 9.6.

Figure 9.6: Two parts in contact, which result in a gap with an equivalent thickness.

Where in figure 9.6:
Ripcome | Thermal contact resistance, [K /W]

teq | Effective gap length, [m]

Typical effective gap lengths in motors are presented in [32], the relevant lengths are listed in table 9.2.

Materials interface Effective gap length [mm]
Ceramic-Metal 0.0031 - 0.0173
Aluminium - Aluminium 0.0005 - 0.0025
Stainless - Stainless 0.0070 - 0.0153
Stainless - Aluminium 0.0058 - 0.0087
Iron - Aluminium 0.0006 - 0.0060

Table 9.2: Effective interface gap lengths [32].

The thermal contact resistances are calculated like conduction where the equivalent thickness is used:

(9.15)

Rth cont —
' kcont A
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Where in equation (9.15):
ke cont ‘ Conductivity though contact element, [W /(m K)]

9.1.2 Test of compensation approaches

Losses in the PMSM (e.g. copper losses and iron losses) are treated as a heat source within the concerned
element. If one of the loss generating parts in the PMSM is represented by multiple elements, the losses
are distributed among those elements according to their volumes.

The conventional lumped parameter approach assigns the total power loss in the node, however this
approach over-estimates the temperature in the node [30] [24] [25]. The conventional approach is not
considered in the rest of the report, due to its poor estimation of the temperatures. To improve the
prediction of the temperatures, compensation elements are added to elements with an internal heat source.
Different compensation element approaches exist and some common approaches are listed in table 9.3
[25] [24].

Approach Nodes = Compensation

T-equivalent Centric  Add a compensation resistance of —%Rt/“- as shown in fig-
ure 9.9

Improved conventional Centric ~ Assign half of the heat source as shown in figure 9.7

Novel GD Centric ~ Add a compensation temperature of Topmp i = —%Pi Ry as

shown in figure 9.8
Improved novel GD Moving Add a compensation temperature of T.pp i = —%Pi Rin,i

Table 9.3: Heat source modelling approaches.

The T-equivalent estimates the average temperature of the element by adding a thermal resistance to the
element. The improved conventional and novel GD approaches estimate the temperature in the node
location.

The improved conventional approach assigns half of the power loss in the node to avoid overestimation of
the temperatures. However in a thermal network, the temperatures in the other nodes are underestimated
due to the missing second half of the power [33].

The novel GD (Gerling and Dajaku) approach is a relative new approach, therefore literature is limited.
The authors claim this approach is more accurate than the conventional and T-equivalent approaches,
however no details are provided how to implement this approach in a complex network, like a PMSM.
Literature only states how to implement this approach on a simple 1-D bar element [25].

The improved novel GD approach moves the node towards the location with the highest temperature in
the element by iteration [26]. The improved novel GD approach is discarded since the programming of
the moving nodes is considered to be comprehensive.

The improved conventional, T-equivalent and the novel GD approach are examined further in order to
determine their level of accuracy. The node configurations of the three approaches are shown in figure
9.7t09.9.

In order to select the most accurate approach, three scenarios are set up in the following sections. The
first scenario is found in [25], however this scenario is simple and it does not indicate how the approaches
perform in a network. The first scenario is used to determine the accuracy in a single element. The second
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Figure 9.7: Improved conven- Figure 9.8: Novel GD ap- Figure 9.9: T-equivalent ap-
tional approach. proach. proach.

scenario is developed to investigate how the approaches perform in a network with several elements.
The third scenario is developed to investigate how the approaches perform when several heat sources
are located next to each other and when symmetry is applied. The two developed scenarios are more
complex than the scenario presented in [25] and they yield better basis for assessment of the accuracy in
the PMSM model.

Scenario with 1-D heat flow

The first scenario is a simple bar with a heat source in the middle and two fixed temperatures at the end of
the bar, which corresponds to the node configuration shown in figure 9.7 to 9.9. For this simple case the
analytical solution is calculated as stated in equation (9.16) [25]. Furthermore the results are compared to
the results from a FEM model which is developed in appendix D.1.1. Table 9.4 states the test parameters
and figure 9.10 and 9.11 show the test results.

h T, —T, [
Tanalytical = _;Ttlhxz +< ] - + 2qkzh> x+1, (9.16)

Where in equation 9.16:
qu, | Heat generation, [W /m?]

x | Position in element, [m]

Parameters A 1 K¢n Riny
Values 600 mm* 100 mm 40 Vo 4167 K/IW
Test T, Ty P q

Test 1 0°C 0°C 60W 14y
Test 2 0°C 70°C 60 W 1 4Y

Table 9.4: Parameters for heat source modelling approach [25].

Figure 9.10 and 9.11 show that the analytical and the FEM solution are consistent as expected. Therefore
it is considered acceptable to use FEM as a reference to evaluate the compensation approaches. From the
figures it is seen the novel GD and the improved conventional approaches estimate the same temperatures,
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Figure 9.10: Comparison of results from test 1 Figure 9.11: Comparison of results from test 2
[25]. [25].

which correlate with the analytical and FEM solutions. This test shows the improved conventional and
novel GD approaches are accurate in a simple scenario. The average temperature from the FEM solution
of test 1 is 21°C and 56°C from test 2, why the T-equivalent approach also performs well in this scenario.

Scenario with 2-D heat flow

According to [24] [26] [30] problems arise for the improved conventional approach in a network with
several elements, like an electric machine. Therefore a second test scenario is presented in figure 9.12,
where two heat sources are present. In this scenario an analytical solution has not been derived, therefore
the reference results are from a FEM model. The FEM model is developed in appendix D.1.2 and the
parameters for the test are stated in table 9.5.

0 mm 50 mm 100 mm 150 mm 200 mm 250 mm 300 mm
T, Te Te
Rthy
Rth x Rth x Rth X Rth x Rth X
T.Q ] I:I D) —@To |h
Rthy R'(hy Rthy

Yy T—'
X Te Te Te
|

1
<

Y

Figure 9.12: Test scenario with 2-D heat flow.
Where in figure 9.12:

h | Height, [m]

Parameters t h 1 Kth x Kthy Rin x Riny
Values 600 mm 100 mm 100 mm 40-2. 202 208K/W 4.17K/W
Test Ta Ty T, P, Py qa qb
Test 3 20°C  80°C  30°C 60W 30w 1M¥ 054
Test 4 20°C 80°C  30°C 30W 60W 0.54F 1 A%V

Table 9.5: Parameters for test scenario with 2-D heat flow.

The test results from the 2-D heat flow tests are shown in figure 9.13 to 9.16. The FEM references
shown in figure 9.13 and 9.15 are the temperatures along the line between the nodes 7, (at 0 mm) and
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T, (at 300 mm) (h/2 in y-axis). The average element temperatures from the T-equivalent approach are
compared to the average element temperature from the FEM model. Table 9.6 states the temperature
deviations between the approaches and the FEM model. The Standard Deviation (SD) is calculated from
the temperature deviations by the equation 9.17. The standard deviation states how much the estimated
temperatures deviate from the mean value, why a small value is desirable [34].

9.17)
Where in equation (9.17):
m | Number of samples, [—]
SD | Standard deviation, [°C]
X | Estimated temperature from FEMM model, [°C]
x; | Estimated temperature from LP model, [°C]
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Figure 9.15: Temperature estimations from Figure 9.16: Temperature estimations from T-
novel GD and improved conventional ap- equivalent in test 4.

proaches in test 4.

The results in table 9.6 shows that the improved conventional approach in average underestimates the
temperatures, while the novel GD approach overestimates the temperatures and it is slightly closer to
the FEM solution. The under- and overestimation are anticipated, since the total power in the improved
conventional approach is half the power in the novel GD approach. The middle element has no power
sources, why it has no temperature compensation and that cause a higher temperature in the novel GD ap-
proach. The improved conventional has a better SD than the novel GD approach, which has a maximum
deviation of 9.27°C, compared to -6.51°C for the improved conventional approach.
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Compensation approach Tsomm  T100mm  T150mm  T200mm  T250mm Average SD
Test 3

Imp. conventional [°C] -4.02 -6.51 0.41 3.58 -1.44 -1.60 3.5
Novel GD [°C] -2.95 -3.28 3.39 9.27 0.46 1.38 4.6
T-equivalent [°C] 5.33 4.34 2.99 422 0.96
Test 4

Imp. conventional [°C] -1.49 -1.30 0.50 -1.09 -4.47 -1.57 1.6
Novel GD [°C] -1.31 -0.75 3.47 7.28 -1.68 1.40 3.47
T-equivalent [°C] 3.44 4.34 4.89 422 0.60

Table 9.6: Temperature deviation between compensation approaches and FEM solution.

The temperatures from T-equivalent approach deviate in average with 4.22°C, which is the poorest ac-
curacy of the three approaches. However the T-equivalent approach has the lowest SD and thus it seems
to be more consistent. From the results stated in table 9.6 all the compensation approaches perform
acceptable and thus the next test must be used to select the most suitable approach.

Scenario with several heat sources and symmetry

The third scenario is set up to verify how to model elements where symmetry is applied and to verify
the compensation approaches in an element where several heat sources are located next to each other.
The scenario is set up as shown in figure 9.17 where the parameters are the same as test 4 from table
9.5. The hatched area illustrates the area excluded due to symmetry. The heat sources are located in
the hight A, since the power flows from the centre and out to the edges. The FEM model is developed
in appendix D.1.3. The results are shown in figure 9.18 and 9.19, where the FEM references and the
estimated temperatures are the temperatures along the green line in figure 9.17.

0 mm 50 mm 100 mm 150 mm 200 mm 250 mm 300 mm

Figure 9.17: Test scenario with 2-D heat flow and where symmetry is applied.

From figure 9.18 it is seen the novel GD approach is able to estimate the FEM results accurately. From
the test it is seen that the novel GD approach is most accurate in the nodes containing heat sources. The
improved conventional approach underestimates the temperatures by up to 30°C, which is not accept-
able. The underestimation is caused by several heat sources being located next to each other and the
compensation approach, where half the power source is missing, and not by symmetry, as proved from
the test in appendix D.1.4, where a similar element is shown without symmetry.
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Figure 9.18: Temperature estimation from im- Figure 9.19: Average temperature estimation
proved conventional and novel GD approaches from T-equivalent and FEM model in the sce-
in the scenario where symmetry is applied. nario where symmetry is applied.

Like the previous scenarios the T-equivalent approach overestimates the average temperature, however
the percentage-wise overestimation is increased as shown in figure 9.19. One solution to improve the T-
equivalent approach could be to decrease the -1/6 compensation resistance factor to around -1/5, however
it is not investigated further.

Choice of compensation approach

From the test scenarios it is seen the improved conventional approach performs well, besides from the
last scenario. The T-equivalent approach generally overestimates the temperatures, especially in the
last scenario, which is undesirable as multiple heat sources beside each other is used in the thermal
model of the PMSM. The novel GD approach performs well in all test scenarios, why it is chosen as the
compensation approach for the lumped parameter model.

9.2 Lumped parameter model of the PMSM

A lumped parameter model of the PMSM is developed in this section. First the simplifications are
discussed and afterwards the thermal network is presented.

9.2.1 Thermal simplifications

An axial cross sectional view of one half of the PMSM is shown in figure 9.20 and a 1/12 radial cross
sectional view is shown in figure 9.21. These figures form the foundation of the thermal model of the
PMSM.

The following simplifications are made in the lumped parameter model:
e The PMSM is considered to be thermally symmetric
o The liquid cooling is modelled as a constant temperature.

e The geometry of the PMSM is simplified.

The PMSM is considered as symmetric from a thermal point of view, why symmetry is used to reduce
the number of elements. A 1/24 part of the PMSM is modelled, which equals a quarter tooth. If the
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Figure 9.20: Axial cross sectional view of one half of the Figure 9.21: Radial cross sectional
PMSM. view of 1/12 of the PMSM.

geometry and heat flow are symmetric, there is no heat flow across the line of symmetry. The PMSM is
not entirely symmetric for two main reasons:

e The geometry of the stator and rotor resin
e The geometry of the rotor

The resin contributes with an increased thermal mass, however in steady state the thermal mass has no
influence on the calculated temperatures. Due to the low conductivity of the resin, the main heat flow
paths are in the aluminium (in the rotor) and in the windings. For these reasons, the shape of the resin is
considered to be symmetric.

The liquid cooling is modelled as a constant temperature, which is a simplification, since the liquid
heats up as it flows through the cooling path. The heating of the liquid cooling causes an uneven axial
temperature of the PMSM, however the effect is considered to be neglectable. The liquid cooling is
assumed to cover the entire stator teeth, which is a simplification since the areas of the stator teeth are a
bit larger than the coolant channels in the end plates.

Some of the PMSM geometries are simplified to ease the analytical calculations of the resistances. How-
ever since the internal resistances of the elements are small compared to the contact resistances, the
inaccuracies introduced is considered not to influence the results.

Convection and radiation

From the test scenario in section 2.3 the pressure is 2.5 kPa, which is relevant as the convection and
radiation heat transfer coefficients depend on the temperature of the specimen and pressure of the en-
vironment. In [35], the heat transfer coefficients of natural convection and radiation are studied as a
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function of specimen temperature and pressure. The specimen in [35] is a horizontal copper cylinder
with a 6.35 mm diameter and a length of 160 mm. Data is available for pressures of 1 kPa and 10 kPa,
which is assessed to be applicable to give an indication of the heat transfer coefficients at 2.5 kPa. An
excerpt of the heat transfer coefficients are shown in figure 9.7 and table 9.8. As seen in the table, the
heat transfer coefficient of radiation is not affected by the pressure, only the temperature of the specimen.

22

% hwnv at 1kPa
2— .o at 10kPa
18 h at 110kPa |
conv

16H —e— Npag

1 , Pressure
1kPa 10kPa 110KkPa
40°C heonw  1.78 4.35 9.73
hyaa  6.27 6.27 6.27
] 100°C heony  5.24 8.52 16.16
‘ ‘ hyaa  8.39 8.39 8.39

[WI(m3K]

conv

0 i i i
40 50 60 70 80 90 100

Temperature [°C]

Table 9.8: Heat transfer coefficients at var-
Table 9.7: Heat transfer coefficient as a function of ious specimen temperatures and pressures
specimen temperature [35]. [35].

Table 9.8 is used to assess the heat transfer from convection and radiation in the thermal test scenario.
The heat transfer coefficient for radiation must be calculated for each part of the PMSM, as it depends
on the emissivity of the material. However it is seen from the table that radiation must be considered for
materials with high emissivity and temperature.

The rotor housing has low an emissivity (0.05-0.1 [9]), why the external radiation from the rotor housing
is neglected, as the low emissivity results in a low heat transfer by radiation according to equation (9.8).
Internal radiation is included as the emissivity of resin and the laminations are higher.

Internal and external convection are included in the thermal model in the test scenario, even though they
are reduced according to table 9.8, as they are to be included during the verification of the model at
atmospheric pressure and room temperature in section 10.3. Different approximations of the convection
heat transfer coefficient are stated in [36]. However the approximated results are questionable, due
to the number of approximated input parameters. Therefore it is chosen to simply estimate the heat
transfer coefficient for convection by the data from table 9.8. This is a conservative approach since the
coefficients are for natural convection rather than forced convection. However the air in the PMSM
can only escape through the bearings. The entrapment reduces the forced convection, why the natural
convection coefficient is found acceptable.

At specimen temperature of 100°C and a pressure of 2.5 kPa it is assessed that /., approximates around
6 W/(m? °C). At atmospheric pressure a heat transfer coefficient for convection of 16 W /(m?* °C) is
chosen. Radiation and convection is further handled in section 9.3.4.

9.2.2 Thermal network

An axial cross section of a quarter of the PMSM and a radial cross section view of a half tooth with nodes
are shown in figure 9.22. Red nodes indicate heat sources and blue nodes indicate the temperature of the
ambient and the coolant. The radial plane is modelled to include the heat transfer path between the slot
windings and the stator tooth. The shaft is neglected in the radial plane as the heat flow is assessed to be
neglectable. The stator tooth is divided into 3 nodes, to enable the calculations of the thermal resistance.
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Figure 9.22: Axial cross sectional view of a quarter of the PMSM and radial cross sec-
tional view a half stator tooth with nodes.
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Figure 9.23: Axial and radial thermal network of the PMSM.
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Figure 9.24: Symbolic nomenclature for thermal power source and coolant

A thermal network of the PMSM is derived on the basis of figure 9.22 and the thermal network is
shown in figure 9.23. The figure shows the connection between the axial and radial plane in the thermal
network. The thermal resistances are equivalent resistances, which means they may consist of several
thermal resistances, as further discussed in section 9.3.1 to 9.3.3.

The subscripts indicate where the resistances are located, which are based on the node-names shown in
figure 9.22. Equivalent resistances are abbreviated from the nodes as e.g. Rg1412,4 from shaftl-shaft2 in
axial direction and Ry py g from stator2-PM in radial direction. Some general subscripts used to identify
the resistance locations are:

e xy,z: Equivalent resistance between node x and y in z direction, where z is:
A: Resistance in axial direction
R: Resistance in radial direction
C: Resistance in circumferential direction

e X /Y: Contact resistance between element X and Y

Figure 9.24 depicts the modelling of power sources and liquid cooling. The resistance Ry, ¢o0; is included
to take the heat transfer coefficient for liquid cooling into account.

9.3 Resistance determination

The thermal resistances, shown in figure 9.23, are calculated in this section. Only resistances where
considerable simplifications are made, are discussed in this section, the rest of the calculations are shown
in appendix D.2. The resistance calculations are performed as described in section 9.1.1.

Thermal conductivities

The thermal conductivities used to calculate the resistances are stated in table 9.9. The thermal conduc-
tivity of the stator and rotor laminations are dependent on the direction of the heat flow, due to the contact
resistances between each lamination. The axial conductivity is 20-40 times smaller than the radial con-
ductivity, which is dependent on; clamping pressure, lamination thickness, stacking factor, lamination
surface finish and interlamination insulation material [37]. A factor of 20 is chosen, in the absence of
better or experimental data. The silicon content in the lamination steel decreases the thermal conductiv-
ity. Steel with a silicon content of 1%-4% has a thermal conductivity of 38-20 W /(m K) [37]. The stator
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laminations have a silicon content of 2.5%, why a conductivity of 30 W /(m K) is used.

Element Material Conductivity [W/(m K)] Source
Windings Copper 401 [38]
Resin Casting resin 0.61 [39]
Stator lam (Radial/Axial) 2.5% Si Steel R:30/A:1.5 [37]
Shaft Stainless steel (416) 25 [40]
Rotor Aluminium 237 [38]
PM NdFeB 7.7 [41]
Rotor lam (Radial/Axial)  Steel M235-35A R:40/A:2 [42]

Table 9.9: Materials and thermal conductivities of the PMSM parts.

The thermal conductivity of air varies with the pressure and temperature. In [43] a database containing
thermal properties of fluids at various temperatures and pressures exist. Atmospheric air consists of 78%
and 21% oxygen, why the conductivities of oxygen and nitrogen are used to calculate a conductivity of
air by the content ratio. The conductivities of air at the test scenario pressure and atmospheric pressure
at two temperatures are listed in table 9.10. The variation of the conductivity as a function of pressure is
negligible and a conductivity of 0.031 W /(m K) is chosen as the temperature of the air in the PMSM is
expected to be around 100°C.

Temperature Pressure Conductivity

[°C] [kPa]  [W/(mK)]
100 2.5 0.0308
25 101.32 0.0259
100 101.32 0.0310

Table 9.10: The thermal conductivity of air at different pressures and temperatures, calculated on the basis of
the database in [43].

Contact resistances

Contact resistance play a significant role due to the low conductivity of air. To circumvent the low
conductivity, the stator has been cast into resin, as described in section 4.2.3. The resin has penetrated
into the gaps with a large effective gap length, why the conductivity of air from equation (9.15) is replaced
by the conductivity of resin, which is higher.

In tight fittings with small effective interface gap lengths, it is assessed that the resin does not penetrate.
Other interfaces are not in contact with the resin. Which conductivities that have been used for the
contact resistances between the parts in the PMSM are described in the related coming sections.

9.3.1 Stator and windings resistances

The thermal resistances of the stator and windings are calculated in this section. In [7] different geomet-
rical approximations of the stator are investigated, to identify the deviation in the calculated resistances
for each of the geometrical approximations. The geometry of the stator tooth is approximated to consist
of cuboids, hexahedron or cylinder segments. It is found that the deviation between the methods is at
most 1.3% for the total resistance of the tooth and at most 15% for the elements in the tooth.
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Figure 9.25 shows half a stator tooth from a radial cross section view. The tooth is simplified to four
cylindrical elements and one rectangular element in the radial plane. The radii and lengths are chosen
such that the original volume of each element is preserved. The dimensions and volumes are calculated
from a CAD model. It is seen from figure 9.26 that there is no connections between the three stator nodes
(Syoke2, Stator] and Stator2). The nodes are connected in the axial plane, as shown in figure 9.28, which
is why they are not included the radial plane.

Syoke2 Statorl Stator2

RsyokeZ,C Rstatorl,c
RstatorZ

2 Rsyokel,
yOkel Y2 Rsyokel

Rstatorl/sw

R Rur
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R
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1
/1 Rstator3,R

Slot winding Stator3

Figure 9.25: Geometrical simplifica- Figure 9.26: Resistances in the radial cross section view.
tions used to calculate the internal con-
duction resistances.

The simplified element 5 in figure 9.25 leads to a larger radial resistance and a smaller circumferential
resistance, but as the total resistance through this element is of interest, the geometrical simplifications
are assessed to be valid for this model. The same argument holds for the sum of resistances of element
1 and 2. The interface between element 2 and 3 and element 3 and 4 overlap, but the extra conduction
resistance from the overlap is neglectable.

The windings and the resin are simplified to one element that consists of resin and copper. The resistance
of this element R,,, is determined from the dimensions in the axial plane shown in figure 9.28 and the
fill factor for the windings. The copper is neglected, due to its high conductivity, and 60% of the end
windings is assumed to be resin, which is used to calculate the internal winding resistance as an axial
resistance.

8.5-107%m

Ry =0.6 = 16.7K/W 9.18
500-10 5 m20.61 W/(m K) / ©.18)

It is assumed that this resistance applies for all of the resistances from the middle slot to the stator tooth.

Contact resistance between slot windings and stator

The contact resistance between the windings in the slot and the stator tooth depends on the insulation
plastic, how well the resin has filled the air gaps in the windings and on how tight the windings are
wound. From the sliced PMSM shown in figure 9.27 and appendix B.2, it is seen that the resin has filled
the air gaps in the windings.

The properties of the insulation plastic is found from a DuPont Nomex paper Type 410 insulation paper
with a conductivity of 0.1 W /(m K) and a thickness of 0.25 mm [44], as no thermal properties of the
utilised DuPont Mylar insulation plastic are available, however it is assessed the thermal properties are
similar. Due to the low conductivity of the insulation paper, the influence of the tightness of the windings

93



9.3 Resistance determination 9 Thermal model

Figure 9.27: A radial sliced slot in the middle of the stator stack.

is neglected as the gaps are filled with resin which has a 9 times higher conductivity compared to the
insulation paper.

tinsulation
e (9.19)
statorl/sw = "y kinsulation
0.25-10°m =78 K/W 620

T 320-10 6 m2 0.1 W/(m K)

Where in equation 9.19:
kinsulation | Thermal conductivity of insulation plastic, [W /(m K))]

tinsulation | Thickness of insulation, [m)]

To calculate the two remaining contact resistances in the radial plane shown in figure 9.26, equation
(9.19) is used, where the only change is the contact area:

0.25-107% m
statory/sn = 556106 w2 01 WjmK) 0 K/W ©.21)
0.25-107%m
R = =25K 22
yokel/sw 100106 m2 0.1 W/ (m K) /W ©22)

Contact resistances between end plate and end windings

The contact resistance between the end plate and the end winding is calculated in the same way as
equation (9.19) but with the area between the end plate and end winding.

0.25-10 3 m

R pr—
P/ = 31310 6 m2 0.1 W/(m K)

=8.0K/W (9.23)

Stator and windings resistances overview
The remaining thermal resistances from figure 9.26 and 9.28, are calculated in appendix D.2 and stated
in table 9.11.

The dominating resistances are in the axial direction (Rsyc 4, Rsica, Rsoc,a) due to the low conductivity
of the laminations in the axial direction. Also the equivalent resistances, containing contact resistances
(Rsysw,Rs Rs1sw,c) Rs2sw,r), are dominating due to the size of the contact resistances.
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Figure 9.28: Resistances in the axial cross section view.

Thermal resistance Features Value [K /W]
RCsy,R = %Rsyoke,R 2.86
Rsysl,R = %Rsyoke,R + %Rstatorl,R 4.97
RSISZ,R = %Rstatorl,R + %RstatorZ,R 3.03
RS}’C,A = Rsyoke,A 49.0
Rle,A = Rstatorl,A 45.3
Ryoc A = RstatorZ,A 45.9
Reewa - Ryr + Repjew + Rep 21.9
Rewsw = Ryind 0.77

stsy = Ry + Rsyokel/sw + %Rsyokel,R + %Rsyokel,c + RsyokeZ,C 41.6
Rows1 = Ry, + Rstatorl/sw + Rstatorl,C 17.9
Rsws2 = Ryr+ %RstatorS Jsw T %RsmtorS,R + %Rstator&C + Rator2.c 27.0

Table 9.11: Thermal resistances of the stator and windings.

9.3.2 Shaft and bearings resistances

In the following sections the resistances of the shaft and bearings are stated. The resistances are shown
in figure 9.23 for the bearings and the shaft. The simplifications made during these resistances are con-
cerning the geometry of the shaft. The shaft is simplified as two hollow cylinders where the dimensions
preserve volume of each element.

Thermal resistance of the bearing

In [28] a thermal model of a ball bearing is presented and the thermal network is depicted in figure 9.30
along with a CAD drawing of the actual bearing. The thermal resistance Ry represents the heat flow
through the metal cap sealing. This heat flow is neglected due to the small thickness of the metal shield
and the focus is put on determination of the thermal resistance Rpeqrr [28].

The thermal resistance Ryqq-.z depends on the equivalent contact surface between the balls and the inner
and outer race of the bearing, which also includes lubrication. The thermal resistance also depends on
the angular velocity, as the thermal resistance decreases as the velocity rises. A function that depends on
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Figure 9.29: Thermal resistances of the shaft and bearings.
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Figure 9.30: Thermal model of ball bearings [13].

the velocity and bearing size is set up on the basis of experimental measurements in [28] but the function
is only valid within the size and linear velocity limitations:

46 mm <dp, <T77.5mm N @pdp <145m/s (9.24)

Where in equation 9.24:
dp | Average bearing diameter, [m]

®y | Mechanical angular velocity, [rad /s]

For the PMSM these values are dj = 48 mm and ®,,, d, = 75 m/s. Therefore it is chosen to calculate the
resistance of the bearing at the minimum value of d; and the maximum linear velocity, by the function
stated in equation (9.26) [28]. This is a conservative consideration, as the thermal resistance decreases
as the velocity rises.

Rpearr = 0.45 KW (0.12— 1 m™~" 0.046 m)(33 — 1 s/m 14.5m/s) 12 (9.25)
= 74K /W (9.26)

The factor of 12 is due to the symmetry conditions in the radial plane. This resistance is used as an
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approximation of the thermal resistance trough the bearing, even though the higher velocity of the PMSM
decreases the resistance.

Contact resistances between shaft and bearings

The contact resistance between the shaft and the bearing is taken to be the interface gap between two
parts of stainless steel from table 9.2. The smallest gap length is chosen due to tight fitting of the bearing
on the shaft. The resistance is calculated by the radial resistance formula and the conductivity of air.

In (rl-‘rleq )
Rshaftl/bear = 0k 1 I 9.27)

In 17.5:1073 m+0.0070-10~3 m
175103 m

R, =
shaft1/bear % .0.031 W/(m K) .14-1073 m

=1.8K/W (9.28)

Where in equation (9.27):
kqir | Thermal conductivity of air, [W /(m K)]

Shaft and bearings resistances overview

The remaining thermal resistances from figure 9.29, are calculated in appendix D.2 and stated in table
9.12.

Thermal resistance Features Value [K /W]
Resn g = %Rsha fi1,R 1.2
Rcsio R = %Rsha f12,R 0.83
Rsnisio A = %Rsha fi1,A+ %Rsha f12,A 14.6
Rsnib,r = IRgasit R + Repasi fbear + 3 Rbeark 10.4

Table 9.12: Thermal resistances for shaft and bearings.

The resistances in the shaft are small, and as no heat is generated in the shaft, the influence of the
resistances is limited. The heat flow from the bearing to the coolant is primarily through the resistances
in the radial direction of Shaftl, due to the larger resistance in the axial direction.

9.3.3 Rotor resistances

In the following section the resistances of the rotor are calculated. The resistances are shown in figure
9.23. A detailed figure of the resistances is shown in figure D.10 in appendix D.2.3.

Contact resistance between bearing and rotor
The contact resistance between the bearing and the rotor is calculated from the effective gap length

between aluminium and steel from table 9.2 and the smallest effective gap length is chosen due to the
tight fitting between the rotor and the bearing. The conductivity of air is used and the contact resistance
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is calculated as a radial resistance:

In (rlj'lteq )
Rbear/rotorl = W (9.29)

In 311073 m40.0058-1073 m
31103 m

R =
bear [rotor] % .0.031 W/(m K) 214103 m

=08 K/W (9.30)

Contact resistance between rotor yoke and laminations

The thermal contact resistance between the rotor yoke and the laminations is difficult to determine,
because it depends on the alignment of the laminations, the fitting in the rotor housing, the temperature
and the materials. The effective gap length is larger compared to the effective gap lengths from table
9.2. The thermal expansion of the laminations and the rotor housing causes the effective gap length to
increase during heating of the parts, due to the different thermal expansion coefficients of aluminium and
steel. In [32] effective interface gap lengths between housing and laminations are presented based on
measurements performed on different sizes and types of motors. It is suggested to use the average of the
calculated gap, which is 0.037 mm. This is assessed to be a good approximation from the assembling
process of the rotor, as the rotor laminations had a tight fit in the rotor housing. The conductivity of air is
used, as it is assessed the centrifugal casting process did not force resin to fill the small gap. The contact
resistance is calculated as:

ﬁ (9.31)

RrynkeZ/lam = Y
air

In 87.5-1073 m40.037-1073 m
875103 m

R =
ryoke2/lam =T 0 031 W/(m K)-15-103 m

=1.7K/W (9.32)

Contact resistance between permanent magnets and rotor laminations

The thermal contact resistance between the permanent magnets and the laminations could be calculated
based on the largest effective interface gap length between ceramics and steel of 0.0173 mm from table
9.2. However an assessment of the fitting of the permanent magnets in the rotor laminations during the
assembling process reveals a larger gap, which is assessed to be 0.1 mm. This gap also includes the gap
that occurs as a consequence of the laminated permanent magnets. It is assessed that the gap is filled
with resin. The contact resistance is calculated as:

In (rl+teq )
ry

R = (9.33)

PM /lam q) kresin I

In (70.2340*3 m+0.1:10 m )
70231073 m
R = =03K/W 9.34
FMflam =% 0.61 W /(m K)-15-10-3 m / ©-34)
Where in equation (9.33):
kresin | Thermal conductivity of resin, [W/(m K)]

As the gap is filled with resin, this contact resistance is low compared to the other contact resistances.
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Rotor resistances overview

The remaining thermal resistances from figure 9.29, are calculated in appendix D.2 and stated in table
9.13, afterwards they are discussed.

Thermal resistance Features Value [K/W]
RbrLR = %Rbear,R =+ Rbear/rotorl + %RrotorLR 8.26
errZ,R = %Rmtorl,A + %Rrotorl,R + %RrotorZ,R 0.54
Rr2r3,R = %RmtorZ,R + %Rrotor&R 0.63
Rr3ry1,R = %RmtorlR + %Rryokel,R 0.30
Rr3re,A = %RFOZO}G,A + %Rresin,A 28.3
RrylryZ,A = %RryokeLA + %RryokeZ,A 0.10
Rrery2,R = %Rresin,R + %Rryokel,R 17.4
RrePma = %Rresm,A +Rpm.a 42.9
Rrela,A = %Rresin,A + %Rlam,A 38.8
RryZIa,A = %RryokeZ,A + RryokeZ/lam + Rlam,A 12.5
Rry2ry37A = %RryokeZA + %Rryoke&A 0.34
Rpmiar = %RPM,R +Rpm f1am + SRiam R 6.67
RlaryS,R = %Rlam,R + Rlam/ryoke3 + %Rryoke&R 2.10

Table 9.13: Thermal resistances for the rotor.

The resistances from conduction are small compared to the contact resistances and as the heat flow in the
rotor is expected to be small, further simplifications of the rotor housing geometry could have been made
without affecting the temperatures. The resistances from the resin are large due to the low conductivity
of resin.

9.3.4 Radiation and convection resistances in the test scenario

In this section the radiation and convection resistances are stated for the conditions in the test scenario.
The resistances are presented in table 9.14 and assigned as depicted in figure D.10. Convection resis-
tances are abbreviated by conv and radiation resistances by rad. The radiation resistances are calculated
from assessed temperatures of the PMSM, as they are temperature dependent. A stator and winding tem-
perature of 140°C and a rotor temperature of 110°C are used to calculate the radiation resistances. The
resistances Rior2/PM rad @0d Reyy /resinraa are calculated as radiation between cylindrical surfaces and
Rgtar0r2/PM,raa 18 calculated as radiation between two parallel planes, both described by equation (9.14).
A heat transfer coefficient of 6 W /(m? °C) is used for the convection.

As seen from table 9.14 the resistances are higher than the resistances for the rest of the PMSM as
expected. The radiation resistances are calculated by equation (9.10). To include the temperature de-
pendency in the thermal model, the radiation resistance is calculated by iterations of equation (9.10) and
temperatures from the simulation model. First simulations are made where the radiation resistance is
high. The simulated temperature of the rotor is used in the next iteration to calculate a new radiation
resistance, which is implemented in the simulation model. The new radiation resistance causes the tem-
perature in the rotor to decrease and the procedure is repeated until the calculated resistance is almost
constant.
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Thermal resistance Value [K /W]
RstatorZ/PM,rad 309
Rew/rotorZ,rad 1400
Rew/resin,rad 114
Rstator2/PM,conv 350
Rew/mtorZ,crmv 333
Rew/resin,conv 223
Ryotor2,conv 199
Ryotor3 conv 145
RryokeZ,conv 141
R ryoke3,conv 229

Table 9.14: Thermal resistances of radiation and convection.



CHAPTER

10
VERIFICATION OF THERMAL MODEL

The thermal model of the PMSM is verified in this chapter. A 2-D FEM model is developed in section
10.1 to verify the lumped parameter model in the axial and radial plane against the FEM model. The
lumped parameter model is compared to a FEM model of the PMSM in section 10.2. The comparison is
performed to investigate the simplifications in the geometry of the lumped parameter model and the per-
formance of the chosen compensation approach. After this comparison, it is compared to measurements
performed on stator-v1 in section 10.3. The stator is tested to verify the lumped parameter thermal model
of the stator by experimental tests. No thermal tests are performed on the PMSM during operating due
to the leakage described in section 4.2. The final results from the thermal test scenario, from section 2.3,
are presented in section 10.5.

10.1 FEM model

The FEMM software package is used to model the 2D FEM model of the PMSM in the axial and radial
planes. Some of the basic options are described in appendix D.3. FEMM is a free software, which is
capable of solving 2D planar and axisymmetric magnetic, electrostatic, heat, and current flow problems
[45]. FEMM solves heat flow problems as a heat conduction problem described by:

—V (ki VT) = qun (10.1)

Were in equation (10.1):
ki, | Thermal conductivity, [W/(m K)]
T; | Temperature, [°C]
qu, | Heat generation, [W /m>]

FEM provide approximate solutions to the analytical solution, but as seen in section 9.1.2, the FEM so-
Iutions are very close to the analytical solution. The accuracy of the method in more complex scenarios,
compared to the 1D bar element, depends on the discretization level, the specified boundaries and the in-
put data, why the FEM cannot be used unassisted to validate the lumped parameter model of the PMSM.
FEMM does not make it possible to connect the axial and radial plane by e.g. boundary conditions, why
the FEM model is used to verify the lumped parameter model for each plane separately.
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As for the lumped parameter, a 1/24 of the PMSM is modelled and a 1/24 of the power losses are used
as input.

FEM model of the PMSM

The planar definition causes a mismatch between the volumes of the FEMM and the volumes of PMSM
in the axial plane as the symmetry segment of the PMSM is a sector of a circle. The mismatch between
volumes in the axial plane is taken into account when the FEM properties are calculated as the properties
of the lumped parameter are used to determine the FEM properties. The axial problem is specified
as a planar problem with a thickness, 7,4,, of 100 mm, whereas the radial problem is specified with
a thickness of 15 mm, corresponding to half of the stack length. To build the PMSM in FEMM the
following properties are modelled as:

e [osses are modelled as a distributed volumetric heat generation.
Conductivities are calculated based on resistances from section 9.3.

Liquid cooling and ambient temperature are modelled as boundary temperatures.

The heat transfer coefficients from radiation and convection are taken into account by extra ele-
ments with conductivities calculated from the lumped parameter model resistances.

Each element in the lumped parameter model corresponds to an element in the FEM model as shown in
figure 10.1. Thus by referring to an element in the FEM model, the reference is not to the discretisation
elements. Mesh refinement is performed until the solution converges. The convergence is assessed based
on the change in temperature between each mesh refinement.

Heat transfer coefficient equavalent elements

Ty

Contact resistance

Tambient

Figure 10.1: PMSM geometry in FEMM with elements and material properties.

The conductivities of the materials in the axial plane are calculated on the basis of the thermal resis-
tances and geometry of the lumped parameter model, to ensure the thermal resistances of the two models
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correspond and thus including the influence from the third dimension in the conductivities. The thermal
conductivity for each element of the PMSM is calculated as:

l

k. =
"= AR,

(10.2)

Where in equation (10.2):
A | Area, [m?]
I; | Length, [m]
R, | Thermal resistance, [K/W]

It is not possible to specify a contact resistance between two elements in FEMM as it is in other commer-
cial programmes. To circumvent the inability to specify the contact resistances, equivalent elements with
a thickness of 1 mm and conductivities that result in the contact resistances from the lumped parameter
model, are implemented. The conductivities of these equivalent elements are calculated as:

1 mm
k, = 10.3
th,cont A Rth,cont ( )

Where in equation (10.3):
ki com | Conductivity though contact element, [W /(m K)]

Ripcons | Thermal contact resistance, [K /W]

10.2 Comparison of FEM model and lumped parameter model

The temperatures from the lumped parameter model are compared to the temperatures of the FEMM
model. The lumped parameter model is disassembled such that the axial and the radial plane are sepa-
rated. The disassembling is done since the FEM model cannot be connected between the two planes as
the lumped parameter model can. To compare the two models, some arbitrarily chosen input parameters
are used, which are listed in table 10.1. The results are shown in table 10.2 where the nomenclature
corresponds to those in figure 9.23.

Parameter Value Description

Reony 16 W/(m*> K)  Heat transfer coefficient of convection to the surroundings
hiiquia 7000 W /(m*> K) Heat transfer coefficient of the liquid cooling

Tombient 20°C Temperature of the ambient air

Teo0l 30°C Temperature of the liquid cooling

P, 270 W Copper losses

P.ore 650 W Core losses

Table 10.1: Arbitrary chosen input values.

The deviations in table 10.2 are generally higher than those from section 9.1.2, where the compensation
approaches were tested on a well-defined and simple geometry. The primary source to the deviations is
assessed to be the transition surfaces between two elements of different size. In the FEMM, the elements
do not have contact on the entire transition surface, if the elements are of different size, but this is not
taken into account in the lumped parameter model. The difference results in an extra thermal resistance,
which results in higher temperatures in the FEMM.

103



10.3 Experimental verification of thermal stator model 10 Verification of thermal model

Node FEMM [°C] LP[°C] Deviation [%]
Axial plane

Trm 66.9 62.0 -7.3
Tiam 62.9 58.27 -7.4
Tryoke2 60.6 55.0 9.2
Trotor3 60.5 54.7 -9.6
Thear 56.9 52.0 -8.6
Tsyoke 66.1 66.0 -0.2
Tstatort 90.3 84.0 -7.0
Tstator2 96.9 89.2 -7.9
T, 126 120 -4.8
Radial plane

Tsyoke 91.5 94.5 34
Tstator1 127 128 0.8
Tstator2 143 137 -4.2
To 155 149 -3.9

Table 10.2: Temperatures from the lumped parameter model and FEMM in the disassembled axial and radial
planes. The temperature locations are shown in figure 9.22 and 9.23 on page 90.

The geometrical simplifications of the stator tooth and slot winding in the radial plane of the lumped
parameter model might cause an over prediction in the radial plane.

The fact that the tendency for the lumped parameter model to underestimate temperatures makes it pos-
sible to compensate for this when the lumped parameter model is compared to experimental tests, by
fitting e.g. the amount of convection and radiation or the resistances in the PMSM.

10.3 Experimental verification of thermal stator model

Experimental tests performed on stator-v1 are used to verify the thermal model of the stator. The rotor is
not tested experimentally as no temperature measurements are available for the rotor. A thermographic
camera is tested, but light reflection and estimation of the emissivity dominates measured temperatures
why it is discarded. Other attempts like outer placed thermocouples on the rotor could be attempted how-
ever a well-defined power loss is needed to establish a good comparison, why it is discarded. Furthermore
most of the losses are placed in the stator which causes a higher heat flow.

The ideal test scenario is to test the thermal model in the operational conditions, but as no vacuum
chamber is at disposal, the experimental verification is performed at room temperature (19°C) and atmo-
spheric pressure (101.32 kPa). The thermal model of the PMSM is adjusted according to the pressure
and temperature from the test set-up. The following adjustments are made:

e Adjustment of the ambient temperature and pressure
e Adjustment of the heat transfer coefficients for convection and radiation.
e The rotor is removed from the lumped parameter model.

As the rotor is removed, the radiation resistances are calculated from equation (9.9) as the heat transfer
is not between two surfaces, why it is assumed the surroundings absorb the entire radiation. Figure 10.2
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shows the thermal resistances when the rotor is removed. The temperatures of the shaft are of no interest
as it does not conduct heat in this scenario however it is included to show the resistances of the liquid
cooling along the shaft. The radiation resistances, listed in table 10.3, are calculated for a winding and
stator temperature of 140°C and 110°C respectively. A heat transfer coefficient for convection of 16
W /(m? C) is chosen as described in section 9.2.

1 . . X
 Axial plane Ambient !
! 1
! 1
! 1
| RewA,rad RewA,conv |
! 1
! 1
! 1
! 1
! 1
: Rur RewR,rad :
' Rur Ambient !
: End winding :
! 1
! 1
! Shaftl RCew,A I:{ewR,conv |
! 1
: RCShl,R I :
R. .
: Rsha,iiq epliq :
: Coolant :
| Coolant !
! RshlshZ,A .
: Rstat,liq Rstat,liq Rstat,liq :
: Rshz,liq I :
! 1
Axial Rsyca Rsica Rsaca Re2.rad :
1 Rsy,liq RCsy,R Rsysl,R I RslsZ,R Ambient !
! | — — i
1 | | | | 1
' Radial Coolant Syoke Statorl Stator2 |
! 1
! 1

RSZ,conv

Figure 10.2: Thermal network with the resistances of convection, radiation and liquid cooling heat transfer.
The radial plane is not shown.

Thermal resistance Value [K/W]
R raa = 473
R527conv = 131
Rewa srad = 217
RewA,conv = 125
R ewR,rad = 145
RewR,conv = 84.0

Table 10.3: Thermal resistances of radiation and convection at atmospheric pressure and without rotor. The
resistances are shown in figure 10.2.

10.3.1 Results from AC test

The test set-up and results from section 8.2 are used to verify the thermal model of the stator. The five
measured temperatures in the slot and the end windings are compared to the corresponding temperatures
from the lumped parameter model. Three tests are used to verify the model, one with air cooling and two
with liquid cooling.
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Air cooling

The first test is performed to validate the convection and radiation in the lumped parameter model of
the stator. In this test, a copper loss of 249 W and forced air cooling are applied to the stator. The
temperatures of the stator are in the range of the temperatures of Test 1 without cooling from section 8.2.
As no cooling is applied in Test 1, the input effect of 109 W is emitted by convection and radiation. To
verify the modelling of radiation and convection, the 109 W of heat transfer is compared to the simulated
heat transfer. The results are listed in table 10.4.

Node Measured [°C] LP[°C] Deviation [%]
Tov,out 140 132 5.7
Tovcen 140 140 0.0
Towin 117 123 5.1
Tov,cen 139 140 0.7
T in 116 124 6.9

Heat transfer Measured [W] LP[W] Deviation [%]

Radiation 29.8
Convection 70.2
Sum 109 100 -8.3%

Table 10.4: Air cooling test with AC power source of 249W. The temperature locations are shown in figure
8.3 on page 72.

The heat transfer coefficient for convection from section 9.2 was determined to be 16 W /(m? K) at
temperatures above 100°C. The sum of heat transfer by convection and radiation is 100 W with this heat
transfer coefficient, which is a derivation of -8.3%. The radiation and convection are applied to the nodes
shown in figure 10.2 and calculated from the corresponding areas. This explains why the model has a
lower heat transfer as the total area of the PMSM is larger than the one used to calculate the radiation
and convection heat transfers. One possibility is to increase the heat transfer coefficients to compensate
for the smaller area, but it is decided to disregard this fitting and use the heat transfer coefficients from
section 9.2 in the remaining tests.

Liquid cooling

Two tests with liquid cooling are used to verify the thermal model. The results from a test with an AC
power input of 81 W are presented in table 10.5 and the results with an input 231 W are shown in table
10.6. The test with an input effect of 81 W results in low temperatures, which are far from the expected
temperatures in the thermal test scenario. This is not desirable, but the current was limited in the available
test set-up and the test is included to have more than the 231 W test, which corresponds to the nominal
current. The results are discussed in the following section along with the results of the air cooling test.

Discussion of results
The heat transfer coefficients for convection are taken from section 9.2 and listed in table 10.7. The heat

transfer coefficients for air cooling and liquid cooling are fitted from the tests. Liquid cooling resistances
are abbreviated by /ig. The heat transfer coefficient for forced air cooling is determined by fitting of the
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Node Measured LP Deviation Measured LP Deviation
[°C] [°C] [%] [°C] [°C] [%]

Tow.out 35.3 36.3 2.8 69.5 65.8 -5.3

Tow cen 34.9 37.1 6.3 68.5 68.9 0.6

Towin 28.7 30.4 5.9 49.3 50.5 2.4

Ty, cen 34.7 36.7 5.8 68.2 67.8 -0.6

Twin 27.1 29.2 7.7 43.9 47.2 7.5

Heat transfer

Radiation 270 W 8.60 W

Convection 5.60 W 243 W

Table 10.5: Liquid cooling test with AC power
source of 81 W. The temperature locations are
shown in figure 8.3 on page 72.

Table 10.6: Liquid cooling test with AC power
source of 231 W corresponding to nominal current.

coefficient. It is fitted until 7, ., corresponds to the measured temperature.

Parameter Value [W/(m? K)] Description

heonv,a0c 9.73 Natural convection at 40°C

heonv,70C 15.6 Natural convection at 70°C
Reonv,100C 16.0 Natural convection at 100°C

hair 55 Forced convection from compressor
hiig 5000 Liquid cooling

Table 10.7: Input heat transfer coefficients for the three thermal tests of the stator.

The resistances connected to A;;, are negligible compared to the other resistances between the windings

and the liquid cooling. The thermal resistances related to the heat transfer coefficient of water cooling
are listed in table 10.8.

Thermal resistance

Value [K/W]

Description

Rstat,liq
Rep,liq
Rsy,liq
R tig
R 1ig

0.32
0.30
1.8
4.9
1.0

Axial resistance between stator tooth and coolant

Axial resistance between end plate and coolant

Radial resistance between stator yoke and coolant

Radial resistance between shaftl and coolant

Radial resistance between shaft2 and coolant

Table 10.8: Resistances corresponding to Ry, calculated from the heat transfer coefficient for liquid cooling.

The resistances are shown in figure 10.2

The resistance of the end plate alone is more than 10 times greater compared to the resistance for liquid

cooling on the end plate, why it could be left out and thus the temperature of the liquid could be applied

directly to the boundary of the elements. However the resistance is important when air cooling is applied

as hyg;r is a hundred times smaller than A, which results in a hundred times higher resistance. Therefore

the resistance calculated from the heat transfer coefficient is included in all models.

The ratio between radiation and convection from table 10.4 to 10.6 varies as expected, because /oy

varies with the temperature and the amount of radiation varies with the temperature to the power of four.
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Sources of errors, which apply to all of the thermal tests, are listed and elaborated afterwards:

e Placement of the thermocouples in the windings during the manufacturing process

e Air pockets in the resin

o Contact between thermocouples and windings

e The placement of the outer thermocouple (7,0.r) does not exactly correspond to the outer tem-
perature in the model

e Thermal conductivities are temperature dependent

e The water leakage might affect some of the thermocouples

e Read outs from the logged temperatures (e.g. define steady state temperatures and noise)

If air pockets are present inside the windings, due to poor quality of the resin casting, and a thermocouple
is placed inside an air pocket, the thermocouple has a poor contact compared to the thermocouples placed
in the resin, which results in a lower measured temperature. Even though air pockets are not present,
the thermocouples placed in the inner and outer winding might have different contact to the windings
compared to the centre placed thermocouple. The inner thermocouple might have poor contact due to
the looser windings along the slot, as shown in figure B.9, and the outer thermocouple because only one
turn of the winding keeps it in place. This could be the reason for the overestimation of Ty, ;, in all three
tests, an another reason could be water leakage that flows near the inner slot of the stator tooth. The
reason why 7., , is underestimated could be that the thermocouple is placed well below the surface of
the resin, while the temperature of the lumped parameter model is read from the surface of the resin.

Apart from the source of errors, the tolerances of the thermocouples add to the deviation. The type J
thermocouples have limits of errors of +1.1°C or 0.4% (whichever is greater), which is a notable error
at lower temperatures and when two temperatures, €.8. Toy, 0 and Ty cen, are compared. The deviations
of the temperatures are below 8% which is acceptable to assess the temperature of the PMSM in the test
scenario.

To further validate the stator model, it is necessary to know the temperatures other places than in the
windings. Thermocouples could have been placed on the stator teeth, shaft and both ends of the stator,
which would give a better indication of how the entire model agreed with the measured temperatures.
The thermocouples in both ends could give an indication of the symmetry assumption. Thermocouples in
the stator teeth could give indication about the relation between axial and radial conductivity of the stator
laminations. A better alternative compared to place thermocouples on the surfaces of the stator teeth is
to place thermocouples inside the stator teeth by e.g. cutting a slot in some of the stator laminations.
Placing thermocouples on the surface is hindered by the leakage from the stator, as the water running
from the stator makes the temperature measurements on the surface unusable.

To validate the amount of heat transferred by convection and radiation, tests without forced cooling at
temperatures corresponding to those with liquid cooling would have been beneficial.

The result from section 10.2, where the lumped parameter model was compared to the FEM model
and the lumped parameter model turned out to underestimate the temperatures, is not seen in this tests
as the heat transfer coefficients and internal resistance in the windings are fitted to compensate for the
underestimation.
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10.4 DC symmetry test

To test the symmetry condition in the radial plane, the 1/24 model is expanded to an 1/4 model, to test
the heat flow in an asymmetric heat distribution, where each neighbouring tooth is connected. The model
is shown in figure 10.3, where it is seen how the 1/24 stator models are connected to the 1/4 model by
thermal resistances.

Radial plane Primary

Secondary

Figure 10.3: A half of the stator in the radial plane for the DC test.

The results are presented in table 10.9 where the measurements are performed with liquid cooling and a
DC current of 117 A is applied as shown in figure 6.1. The current yields a resistive loss of 263 W for
the primary phase and 55.4 W for each of the secondary phases (374 W for the entire stator). Two tests
are performed to obtain the results in table 10.9, as the temperature measurements from the primary and
secondary phases are made from the same phase but in two configurations. The reason for this is the
phase, from which the temperatures are measured, contains more working thermocouples than the other

phases.
Node Measured LP Deviation
[°C] [°C] [%]
Primary
Tow.out 120 132 10.0
Towcen 144 140 -2.8
Towin 102 98.3 -3.6
T, cen 144 139 -3.7
Tw,in 83.5 104 24.6
Secondary
Tow.out 86.7 72.1 -16.8
Towcen 79.0 76.1 -3.7
Towin 55.7 62.7 12.6
Towcen 78.9 74.0 -6.2
Towin 56.9 58.5 2.8

Table 10.9: Measured and simulated temperatures in the DC test. The temperature locations are shown in
figure 8.3 on page 72.

The temperature T, ., deviates 10.0% and -16.8% in the primary and secondary phase configuration
respectively. This could be caused by the thermocouple is not placed in the middle of the tooth, which
explains why the measured temperature is lower than the model in the primary configuration. This is also
seen in the secondary phase as the measured temperature is higher than the simulated, which indicates
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the thermocouple is placed closer to the primary phase.

Two of the inner thermocouples deviate 24.6% and 12.6% which could be due to water leakage that cools
the inner thermocouples. Apart from the discussed temperatures, the remaining temperatures are within
an acceptable range why the expanded model is found acceptable. The test reveals the uncertainty of the
thermocouple placement.

10.5 Estimation of temperatures in the test scenario

The thermal model of the PMSM is used to estimate the temperatures of the PMSM in thermal test
scenario from section 2.3. Coolant with a constant temperature of 20°C is assumed to be available. The
input parameters for the thermal model are listed in table 10.10 and the temperatures are shown in figure
10.4. The input parameters are determined based on the tests of PMSM-v1 and the nominal current of
70 A is used to calculate the resistive loss.

Input parameter Value Source
Rotational loss 1300 W Section 8.1
Resistive loss 279 W Section 8.1
Loss in each bearing 51w Section 8.1
Heat transfer coefficient for convection 6 W/(m>°C)  Section 9.2
Heat transfer coefficient for liquid cooling 5000 W /(m? °C)  Section 10.3.1
Ambient temperature 50°C Section 2.3
Coolant temperature 20°C

Table 10.10: Input parameters for estimation of temperatures in the test scenario.

108°C 144°C 154°C

137°C 128°C 120°C

Figure 10.4: Estimated temperatures with the input parameters from table 10.10.

The temperatures of the windings are on the limit of the thermal class (155°C). Furthermore the tem-
perature of the bearing exceed the operating temperature of 70°C. Based on these considerations it is
assessed the PMSM is not able to operate at rated current and speed in the test scenario without over-
heating. However, the rotational loss determined by the spin down test is higher than the expected 750
W from section 1.1. The laminations of PMSM-v2 are not processed after the resin casting why the
rotational loss might be reduced to be within the expected range of 750 W. A simulation with 750 W
rotational losses is performed and the temperatures are shown in figure 10.5.

The reduced rotational loss decreases the temperatures in both the stator and the rotor. The winding
temperatures are decreased by approximately 20% and the stator tooth by approximately 33%. Figure
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88.7°C 90.2°C

75.5°C 98.7°C 104°C

102°C 97.3°C 92.2°C

Figure 10.5: Estimated temperatures with the core loss reduced to 750 W.

10.5 shows the temperature of the windings is reduced to 124°C, which leaves a safety margin. A safety
margin is desirable since the thermal model is not tested in a low pressure environment or verified during
operation. Extensive temperature measurements are also required to achieve higher accuracy of the
model. Furthermore the PMSM is likely to operate above rated values for short periods, why the steady
state temperatures must keep a safety margin to the maximum allowable temperatures.

The temperature of the bearing is still above the rated operating temperature, however as discussed in
section 9.3.2, the thermal resistance of the bearing at operational speed is conservative. Therefore if
the actual thermal resistance of the bearing is lower than the calculated, the temperature of the bearing
decreases. Nevertheless it is assessed that the PMSM with the liquid cooling has the possibility to operate
in the test scenario if the rotational loss is reduced. However a test with the PMSM operating with liquid
cooling enabled would be of great importance to further verify the thermal model but it has not been
possible due to leakages from both stator-v1 and stator-v2. Furthermore the assessment is based on a
coolant temperature of 20°C which might not be available.

10.6 Discussion of the thermal model

The thermal model is used to discuss the simulated temperatures in different scenarios. First, convection
and radiation are neglected to test the influence of these often neglected heat transfer mechanisms in
vacuum. Secondly, the distribution of the rotational loss is altered and the effect is investigated as no
measurements or calculation of the distribution has been performed. In this test convection and radiation
is included. Thirdly, it is investigated if it is beneficial to reduce the total amount of losses in the PMSM.

10.6.1 Thermal model without convection and radiation

The rotational loss is 750 W is used as input but all external and internal connections from convection
and radiation are removed. The temperatures from the test are presented in figure 10.6.

The temperature increase is due to the extended heat path as no heat is emitted to the ambient through
the rotor. The temperatures are increased by around 10% in the rotor, why the high convection and
radiation resistances influence the estimated temperatures in vacuum. The temperatures in the stator
are only slightly increased, which indicates the external convection affects the temperatures more than
internal convection and radiation in the thermal test scenario. The internal heat transfer is reduced due
to the small temperature difference between the stator and rotor parts.
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75.9°C 99.3°C 105°C

111°C 106°C 101°C

Figure 10.6: Estimated temperatures without convection and radiation.

10.6.2 Distribution of rotational loss

The distribution of the rotational loss from section 8.1 is changed in this section. As the PMs are seg-
mented and the rotor is laminated, the losses in the rotor are expected to be smaller than estimated in
section 8.1. A simulation is performed where the entire rotational loss is located in the stator teeth and
the temperatures are shown in figure 10.7.

63.6°C 63.8°C

79.6°C 104°C 111°C

65.7°C 64.5°C 64.0°C

Figure 10.7: Estimated temperatures when all rotational loss is placed in the stator teeth.

The temperatures in the stator are insignificantly affected due to the extra loss but the temperatures of the
rotor are highly affected, which is because the stator is more effectively cooled compared to the rotor.
The rotor is heated by the internal radiation and convection from the stator and the bearing.

10.7 Minimization of losses

The total loss in the PMSM might be minimised, by altering the design of the PMSM. Throughout the
section, the i; current is assumed to be zero. From the data sheet of the stator laminations [46], the core
losses (hysteresis and eddy current loss) at 1000 Hz are proportional to the flux density by:

Peore < Bl'95 (10.4)

Where in equation (10.4):
B | Flux density, [T]
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It is investigated how the resistive loss in the windings depends on the flux density in order to compare
the two dependencies. The required electro-magnetic torque to drive the PMSM is proportional to the
current as stated in equation 10.5. The flux linkage from the PMs can be expressed by the number of
turns, flux density and area as stated in equation 10.6.

Tom % Ay i (10.5)
Tmo<NBA i (10.6)

Where in equation (10.5) and (10.6):
ij | Current, [A]
N | Number of winding turns, [—]
Apm | Permanent magnet flux linkage, [Wb]

Tem | Electro-magnetic torque, [Nm]

If the number of turns and the area are unchanged, the current to generate a constant electro-magnetic
torque is proportional to:

1
o< — 10.7
iy (10.7)
The resistive loss is determined by the current and the resistance. The resistive loss is proportional to the
flux density by:
1
P, o< 5l (10.8)

An optimum solution for minimization of the total loss (the sum of P, and Pesissive) €Xists. Figure 10.8
is a sketch of equation (10.4) and (10.8). The flux density in the PMSM is altered by e.g. changing the
air gap between the stator and rotor or by choosing weaker PMs. The design of the PMSM that yields the
minimum loss is not determined and neither is the distance to the minimum. Other calculations based on
2D FEM simulations of the flux in the PMSM suggest that reduction of the flux density reduces the total
loss [10], however a thorough analysis is required to estimate the actual numbers.

Current
operation point

Minimum
A operation point

W]

Loss [

Flux density [T]

Figure 10.8: Sketch of the losses in the PMSM and the current operating point.

The simulated results in the test scenario, presented in figure 10.5, show the winding temperatures are
already high. Therefore the actual reduction in total loss must be determined to see if it is beneficial,
from a thermal point of view, to move more losses into the windings. This might be beneficial if the
reduction of the total loss is high enough to reduce the overall temperatures in the PMSM.

113



10.7 Minimization of losses 10 Verification of thermal model

114



CHAPTER

11
IMPLEMENTATION

The PWM strategy used to control the switches in the VSl is first described, after which the PWM strat-
egy is implemented on the DSC along with an experimentally designed open loop U/F control strategy.
At the end of the chapter, the implemented software and U/F controller is tested on the PMSM.

11.1 PWM strategy

Space Vector Pulse Width Modulation (SVPWM) is a widely used approach to generate PWM signals
for PMSMs. SVPWM is easy to implement on a DSC and the frequency and amplitude of the three phase
output voltages are controllable. Furthermore SVPWM has low total harmonic distortion compared to
other modulation techniques [50]. It is therefore chosen as the PWM generating technique.

The PWM signals are generated by comparing a modulation signal with a carrier signal, which turns the
IGBTs in the VSI on and off. First the generation of the modulation signal is described and afterwards
the carrier signal and implementation are described.

Modulation signal generation

SVPWM generates three phase modulation signals by rotating a space vector, Uy, in the aff coordinate
system. The length of the space vector defines the peak amplitude of the phase voltages and the angular
speed defines the frequency of the output voltages. The maximum length of the space vector is Uy jpax =
upc/+/3, since SVPWM is able to fully utilise the DC-link [51]. By ramping the length and speed of the
space vector it is possible to start up and control the PMSM.

As seen from figure 11.1 the dashed circle, in which U rotates, is equally divided into 6 sectors. With a
two level inverter with three phase legs, eight combinations of the six switches are available. The blue
arrows, that define the beginning and end of each sector, are the six active voltage vectors corresponding
to the six switch combinations that generate an output voltage. Two zero vectors are also available,
where no output voltage is generated. The switching states that generate the voltage vector and the
corresponding phase voltages are listed in table 11.1. The nomenclature of the switch states corresponds
to the nomenclature of the switch pairs in figure 5.8 where an 1 indicates the switch is turned on and a
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0 indicates the switch is turned off. By shifting through each row of active voltage vectors (U; to Ug) in
the columns with the phase voltages (uy,,Upn.Ucn), @ pulsed three phase sinusoidal voltage is generated.

B $ Sector 2

-

Sector 3 Sector 1

Sector 4 Sector 6

Sector 5

Figure 11.1: Space vector representation.

Where in figure 11.1:
U; | Voltage vector, [V]
Us | Space vector, [V]

6s; | Angle of space vector, [rad|

Voltage Switch state Phase voltages

vector qa (B (¢ Uap Upn Ucn
Uy 0O 0 O 0 0 0
U1 1 0 0 2 ”DC/3 —Mpc/3 —ch/3
Uz 1 1 0 MDC/3 ch/3 -2 Mpc/3
U3 0 1 0 —upc/3 2ch/3 —ch/3
U4 0 1 1 -2 upc/3 ch/3 ch/3
Us 0 0 1 —ch/3 —ch/3 2 upc/3
U6 1 0 1 Lt[)c/3 -2 ch/3 ch/3
Uy 1 1 1 0 0 0

Table 11.1: Voltage vectors for each state and their phase voltages.

The SVPWM algorithm rotates the space vector by a combination of the active and zero vectors. In figure
11.2 the space vector is placed between two active voltage vectors. In this position the space vector is
generated by combining three voltage vectors Uy, U, and Uy /7. To generate this space vector, each of the
three voltage vectors in sector 1 are applied for a time interval within each sample to yield the voltage

vector:
T 1 To/7
U ==-U+=U+ —U, 11.1
=T 1+ T 2+ 7. Jor (11.1)
— Dy Uy +D, Uy +Dyj3 Uy (11.2)

The time interval normalised with respect to the sampling time is the duty cycles Dy, D> and Dy;7. The
duty cycles are used in all sectors to scale the two active voltage vectors and apply the zero voltage vector
for the remaining time in a sample period. The number of space vectors generated per revolution of the
space vector is dependent on the switching frequency. A high switching frequency yields a high number
of space vectors per revolution, thus a better modulation of the desired sinusoidal output voltages.
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P /S B
O 7
DY i // |
Q7 3 / :
// I
8 / Ly
O DU, °D c’u,

Figure 11.2: Space vector in sector 1.

Where in figure 11.2:
A,B,C,D,0 | Geometric points, [—]
D; | Duty cycle, [—]

6; | Reminding angle of space vector after /3 division, [rad|

To reduce the switching losses and harmonics in the output voltage, the switching scheme has to follow
the rules listed below [50]:

The voltage vector Uy rotates in a circle

Only one of g4, gp or gc changes to move to the next sector

Only two active vectors (e.g. U; and U,) are generated per period (1/f,,)

The initial state of a sample must be the same as the end state of the previous sample

The duty cycles to generate the space vector in equation (11.2) are derived by geometrical consideration
of figure 11.2 with the five points A, B, C, D and O. The term D; U; from equation (11.2) is expressed
by:

Dy Uy = U, cos(6;) — |DC]| (11.3)

It is possible to express the length |DC| by the angle 6; and the length of the space vector |Us| by
trigonometric considerations, which results in:

2
Dy U= U sin(g _ 9,) (11.4)

The term D, U, is expressed by:
|AO| U sin(6;)

D, U, = OS(%) = g (11.5)
2
= % Uy sin(0;) (11.6)

The lengths of the two active vectors U; and U, equal %uDC, which is inserted in equation (11.4) and
(11.6). The duty cycle Dy is calculated from the duty cycle of the two active vectors:

B Us| . /m
Di=vV3 sm<§ —e,) (11.7)
D, _fusm( 0;) (11.8)
Dozl(DzﬁDz) (11.9)
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To generate a sinusoidal wave, it must be determined which sector the space vector is located in as it
moves around the circle. The sector is determined from the angle 6, and the duty cycle for each phase
(D4, Dg and D() is determined from table 11.2.

Duty cycle Dy Dg D¢
Sector 1 Do+ D+ D, Do+ D, Dy
Sector 2 Do+ D, Do+ D+ D> Dy
Sector 3 Dy Do+ Dq+D, Do+ D,
Sector 4 Dy Do+ D Do+ D+ D,
Sector 5 Do+ D, Dy Dy+D|+ D,
Sector6 Do+D;+D, Dy Do+ D

Table 11.2: Duty cycle of each phase in all sectors.

In figure 11.3, 11.4 and 11.5 an example is shown where the space vector U, has a magnitude of 230 V
and a frequency of 50 Hz. Figure 11.3 shows the duty cycles Dy, D, and Dy when the space vector takes
one revolution in the circle and goes through the six sectors.

0.7 0 0.7 0.2
ne sector Pty cycle /D1 — Duty cycle /D2 — Duty cycle /DO
0.6 0.6 o019}
05 05
0.18
04 04
0.17
03 03l
0.16 -
0.2 0.2
0.1 0.1 0.15-
0 1 1 0 1 1 1 1 1
0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02

Figure 11.3: Duty cycles of the voltage vectors in a the sectors.

The resulting duty cycles for each phase calculated by table 11.2 are shown in figure 11.4. This is the
modulation signals for each phase.

0.9 T T T 0.9 0.9

Duty cycle1/DA

0.8 0.8 0.8

0.7 0.7 0.7

0.6 0.6 0.6

0.5 0.5 0.5

0.4 0.4 0.4

0.3 0.3 0.3

0.2 0.2 0.2

Duty cycle1/DB Duty cycle1/DC
0.1 0.1

0.1 I I I I I I I I I
0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02

Figure 11.4: Duty cycle for each phase.

PWM generation by carrier wave

Dy, Dg and D¢ are compared to a triangular carrier wave, n,,;, (up-down counter) which generates the
PWM signals (g4, g and gc¢) for the IGBTs as stated in equation (11.10). The frequency of the carrier
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wave defines the switching frequency of the VSI.

1 if Da > nyy 1 ifDp > nyy I if Dc > nyyi
qa = . qB = ) qc = ) (11.10)
0 if Dy < ngyy 0 if D <nyy 0 if Dec < nyy
Where in equation (11.10):
nyri | Triangular carrier wave, [—|
gi | PWM control signal for the IGBTSs, [—]

The duty cycle Dy from figure 11.4 is shown in figure 11.5 compared to the carrier wave (the frequency
of the carrier wave is reduced to 500 Hz).

1

0.8

0.6

0.4

D T e S—— N \

0.2

T

0 0.01 0.02 0.03 0.04 0.05

Figure 11.5: Duty cycle of phase A compared to carrier wave.

Implementation of SVPWM

The SVPWM algorithm can be summarized as:

e Determine sector based on 65 and calculate the angle in the sector, 0; (0 rad — % rad)

e Calculate duty cycles (D1, D, and Dy) of voltage vectors Uy, U, and U /7 in the sector
e Calculate duty cycles for the phases (D4, Dp and D¢) based on sector

e Calculate PWM signals (g4, gp and g¢) by comparing D4, D, D¢ with the carrier wave

The amplitude and position of the space vector is determined by the U/F control described later in this
chapter.

11.2 DSC software

To run the PMSM, software has been developed and implemented on the DSC. Figure 11.6 shows the
algorithm, implemented on the DSC, to ramp the PMSM to the desired speed. The rotor is first aligned in
the zero position of the space vector, to ensure a consistent start-up each time. The alignment is required
since the rotor position is unknown. To align the rotor, a voltage generating a current of 4 A is applied
for 1.2 s, which is determined through experiments.

After the rotor is parked, two ramps are performed; Rampl and Ramp2. Ramp1 is designed to compen-
sate for the voltage drop in the VSI in the low velocity range (discussed in chapter 7). Therefore the
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Set-up registers
and initialisations

Ramp to reference Wait for new
>
speed “ reference speed

> Align the rotor > Perform Rampl »| Fade to Ramp2

Figure 11.6: Overview of the software implemented on the DSC.

voltage is increased by an offset and Rampl is experimentally designed to be:

\US\:0.17L W +75V (11.11)
Hz
The U/F relation of 0.17 le is experimentally determined by multiple test runs with the PMSM. The
relation is a trade-off between stability and high currents. When the speed increases the voltage drop
becomes insignificant as discussed in chapter 7. Therefore Ramp2 is faded in to reduce the current
during the ramp. Ramp? is given by:

14
Us|=0.17 - @ (11.12)

A linear fade between the two ramps is performed over 80 Hz to avoid a step down in the voltages, which
may cause oscillations. The transition start at 170 Hz and ends at 250 Hz, from where Ramp?2 is used to
ramp the PMSM to the desired speed. The two ramps and the fading between the two of them are shown
in figure 11.7.

70

o Output
Ramp1
601 : — Ramp2p
50 / .
= 401 i
o
o
8
S 30 8
201 8
10 8
4
0 L L L L L L
0 50 100 150 200 250 300 350

Frequency [Hz]

Figure 11.7: The two ramps implemented on the DSC.

The frequency is ramped with a slope of 3.6 %, which is assessed to be a good compromise between
reliability and acceleration time judged from experimental tests. However the ramp time is significantly
slower than the 20 s it takes for the PMSM controller developed in chapter 12 to ramp the PMSM to
nominal speed. The difference is assessed to be caused by the difference between a closed loop and open
loop control structure along with idealisation of the models.

11.3 Test run with open loop U/F control

The PMSM is ramped to 471 % within 84 s with a switching frequency of 6.0 kHz and the current is
shown in figure 11.8. Apart from the ramp, the parking is seen in the first 1.2 s and after the ramp, the
PMSM runs at steady state. The transition between Ramp1 and Ramp?2 starts at 30 s and ends at 44 s.
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11.3 Test run with open loop U/F control

Current [A]

— Phase current

50
Time [s]

60 70 80 90 100

Figure 11.8: Measured current during the ramp to 471 %.

The current drawn seems high since the PMSM is not loaded, but a decreased U/F relation results in
higher oscillations and ultimately the PMSM loses synchronisation. However in the transition interval,
the U/F relation is decreased and this also decreases the oscillations, why more experiments could be

performed with a decreased U/F relation in Ramp?2 if a decreased current is of importance during the

ramp.

Figure 11.9 and 11.10 are an extract of figure 11.8 and they show the oscillations in the current. The start-
up is shown in figure 11.9 starting with the constant parking current. Figure 11.10 shows the oscillations
in the current while the PMSM is ramped. The oscillations are caused by the open loop control structure
as discussed in 7.2 as the simulated ramps suffer from the same oscillations. However the mechanical
resonance discovered in section 6.5 might increase the oscillations.

20

151

Current [A]

il
|

-20,
2

—— Phase current

i i i
25 3 35 4 4.5
Time [s]

Figure 11.9: Logged current during the start-up.

Current [A]

% : : : : :
20 —
10 | il
. I
| |
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Time [s]

Figure 11.10: Oscillations in the logged current
during the ramp.

The open loop U/F controller is able to successfully ramp the PMSM to 15000 rpm and the currents

during the ramp resemble the currents from figure 11.8.
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CHAPTER

12
PMSM CONTROLLER

The development of the PMSM controller is described in this chapter. The PMSM controller is developed
to generate reference voltages for the VSI in a no load test scenario. As stated in section 1.1 the PMSM
is going to operate for long periods with a slow varying load, why no performance criteria are set up.
The no load scenario is chosen as no load mechanism is designed and the controllers are designed to
be implemented, despite this is not achieved in this project. However the procedure for designing the
controllers to the system with load is the same as stated in this chapter. Knowing the controllers should
be redesigned for a load scenario, it is chosen not to tune the controllers and investigate more than one
control strategy. The PMSM controller is used to avoid the oscillations, discussed in chapter 7, caused
by the open loop U/F controller, described in chapter 11.

The electric and mechanical models of the PMSM are linearised in order to enable application of linear
controller design and the linear models are verified against the non-linear model. A linear controller
design with a thoroughly tested control structure for a PMSM is chosen to ease the controller design. A
closed loop velocity controller with an inner current loop is designed.

12.1 Linearisation

The electric and the mechanical systems are linearised and transfer functions for both systems are deter-
mined in this section. The transfer functions are used to design the PMSM controller.

12.1.1 Linearisation of electrical model

The voltage equations in the dq-frame are linearised to enable application of linear control theory, which
eases the controller design. The non-linear voltage equations (5.50) and (5.51) are repeated below:

d

g =Ry ig+ L ia— O Lig (12.1)
d

ug =Ry iy +LE ig+ O (L ig+Apn) (12.2)
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Where in equation (12.1) and (12.2):
ij | Current, [A]
L | Inductance, [H]
Rs | Resistance of windings, [Q]
uin | Phase voltage, [V]

Apm | Permanent magnet flux linkage, [W]

. | Electric velocity, [rad/s]

The equations are linearised by a first order Taylor’s approximation for three variables:

d f(x0,0,20) d f(x0,¥0,20)

a 9 )
0x dy (y—2o) 4f(xo Yo%) (z

(X—XO)+ 3z

f(x,3,2) = f(x0,¥0,20) + —z0) (12.3)
Where in equation (12.3):
x,y,z | Variables, [—]

X0,Y0,20 | Linearisation point of variables, [—|

The linearisation point is chosen in the end of this section. As a linear model is of interest, the constant
contributions are left out and thus the linearised voltages are expressed by:

. d . . .
u; =R; iy +LE g — L Wiy —L O igo (12.4)
d
iy =R, iq+LE ig+L O iqg+ 0 (Ligo+Aom) (12.5)

The differential equations are Laplace transformed from the time domain to the frequency domain:

L(itg) = Uq(s)

=Ry 14(s)+LsIg(s) — L 0 I;(s) = Ligo Lre(s) (12.6)
L(ug) = Uy(s)

=Ry I;(s)+Ls1(s)+L 0o La(s)+(Ligo+Apm) Lre(s) (12.7)

Where in equation (12.6) and (12.7):

s ‘ Laplace frequency operator, [1/s]

The equations are rearranged to derive a transfer function, first for the d-axis:

L ®ye,0 L iq.O
I Uy — ], — Q 12.8
0= prs VT g )t iy ) (12.8)
Ia(s) = Gpe(s) Ua(s) + Gi(s) Ig(s) + Ga,,.a(s) Lre(s) (12.9)
And second for the g-axis:
1 Lo Ll'd()—"?\fpm
I(s) = ———U,(s) — — Ii(s) — ——F— Q 12.10
1(5) = Gpa(s) Uy(s) — Gils) Iu(s) — G, (5) Ques) (12.11)

The transfer function is rewritten on the standard first order system formula:

1 1
G 12.12
pel = R S—|-1 ( )
1
=Kjg —— 12.13
el ,517615_'_1 ( )
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Where in equation (12.13):

T el ‘ Time constant of electric system, [s]

If the transfer functions Gy(s), Gq,, 4(s) and Gg,, 4(s) are treated as disturbances, the block diagrams
representing equation (12.9) and (12.11) along with two feedback controllers G, 4 and G 4 are presented
in figure 12.1.

Q. —> Q. —>
r GQre,d T GQre’q
[,— G li— G
Id,ref UCL Id Iq,ref G U(L G Iq
> Gc,d - Gp,el > > c,q - p.el >

Figure 12.1: Block diagram representation of the linear electrical model.

12.1.2 Linearisation of the mechanical torque

The non-linear torque characteristic of T,, from section 6.5 is linearised. The rotational torque from
equation (6.23) is linearised by a first order Taylor’s approximation:

Trot = K1 @ + K2 (12.14)

Where in equation (12.14) and (12.15):
B, | Linearised rotational torque constant (viscous friction), [Nm/(rad/s)]
K; | Opposing rotational torque coefficients, [—]
Tror | Opposing torque due to rotational loss, [Nm]

®, | Mechanical angular velocity, [rad /s

The acceleration of the PMSM is described by Newtons 2nd law for rotational motion:

d _
J Ewrm = Tem — Trot (1216)

Where in equation (12.16):
J | Moment of inertia, [kg m?]

Tem | Electro-magnetic torque, [Nm]

This is Laplace transformed and rearranged into the transfer function of the mechanical system:

d
J Ewrm = Tem — B Oy (12.17)
Q, 1 1
ms) _ 1 . (12.18)
Tom(s) B B s+1
1
Gyomls) =K, ———— 12.19
P (S) m Tt7ms+1 ( )
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Where in equation (12.19):

T m | Time constant of mechanical system, [s]

A block diagram of the mechanical system is shown in figure 12.2.

l Qrm Tem
S

Tem Tres

Ry
m

Figure 12.2: Block diagram of the linear mechanical system.

Gpm >

>

——

12.1.3 Electric to mechanical conversion

The transformation from the output of the electrical system, iy, to the input of the mechanical system,
Tem» 18 derived from equation (5.63) as stated in equation (12.20).

3P T 3 b
Tem == ijpmlq = KeZm == IL: == E?xﬁm (1220)
Where in equation (12.20):

Db ‘ Number of poles, [—]

This gain is inserted between the electric and the mechanical system.

12.1.4 Choice of linearisation point

The linearisation point is chosen where the disturbances from figure 12.1 are highest. The worst case
scenario is:

e ij0: Expected to be zero but during operation peaks are expected, why 3 A is chosen.

e i,0: Current to deliver 0.79 Nm (cf. section 6.5) is 5.0 A but a safety margin of 25% is added, why
6.3 A is chosen

e Q,: Rated electrical velocity is 1000 Hz (6283 <),

High current ripples are expected during operation based on the measurements and simulations in chapter
7, however a constant iy contribution has more influence on the system response since the ripples are
oscillating around a mean value. The choice of iy as almost half of iy is conservative as ig is expected
to be eliminated by the current controller.

12.2 Verification of linear system

In this section the linear and the non-linear models of the PMSM are compared to verify the linearised
model. It is expected that the models correspond around the linearisation point and deviates the more the
operation point is moved from the linearisation point.
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To compare the models, a step of 5 V in the g-direction voltage is applied to both models and the d- and q-
direction currents are compared. The PMSM operates at 15000 rpm when the voltage step is performed.
Figure 12.3 and 12.4 show the response when the linearisation and operating points are coinciding before
the step. During the step, the currents oscillate why there is a small current deviation as the oscillations
moves the system away from the linearisation point.
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. Non-linear model| 651 : : Non-linear model
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16.‘245 16‘.25 16,‘255 16126 16.‘265 16.27 3 16.‘245 16‘,25 16.‘255 16126 164‘265 16.27
Time [s] Time [s]
Figure 12.3: i; current response in the linearisa- Figure 12.4: i, current response in the linearisa-
tion point. tion point.

The responses from the two models are similar in this operating point, why the linearised model is
applicable for controller design in the operating point. To check the effect of the chosen linearisation
point, a new linearisation point is chosen, where the operating speed and step are repeated. Figure 12.5
and 12.6 show the responses from linear model with the new linearisation point, where the model is
linearised to a d-current of 1 A.

10

! ! ! ! - ‘ ‘ ‘ - Linear model
T = 1
\H\HH‘\"H/M 7 1
H“H“ RNE Ry
BiH! R [ R e 1
| HH‘MHHH\‘\‘M\‘M\‘\H\”“\\‘M“‘M‘m\‘w‘ﬂu\‘"*J\ 6 1
<4 (IR LA =1 RO
g AR g ot N
&<t 3 U Y
CIAE Ay [ (AU
s\M,[jM‘w},uu | FEmAI A “”””HH”””H
\ AR
4*\“”‘:‘”‘1V ‘ 4 3k ' i
n I
$ 16.245 16.25 16.255 16.26 16.265 16.27 2 16.245 16.25 16.255 16.26 16.265 16.27
Time [s] Time [s]
Figure 12.5: i; current response with altered lin- Figure 12.6: i, current response with altered lin-
earisation point. earisation point.

As expected, the amplitude of the linearised model deviates from the non-linear model. During the
linearisation, constant contributions are disregarded, why an amplitude deviation is expected. However
the dynamics are well captured, why the linearised model is found applicable for the design of the PMSM
controller.

12.3 PMSM controller design

In this section the controllers are designed. Field weakening is not considered as the PMSM is designed
to run 15000 rpm without it [10]. A cascade control structure, with an inner current controller and
an outer velocity controller, is chosen for the PMSM controller. The cascade control structure is able
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to improve the response of the system and to suppress non-linearities [47]. The block diagram, which
represents the PMSM and the controllers, is presented in figure 12.7. The inner current controller uses
a control strategy known as "Maximum Torque per Ampere" [18]. The Maximum Torque per Ampere
has its origin in the torque equation (stated in equation (5.63)), which states that the torque is generated
solely from the g-axis current. Therefore the minimum stator current is obtained by elimination of the
d-axis current (ig oy = 0). In figure 12.8 a phasor diagram of the PMSM is shown and in figure 12.9 a
phasor diagram is shown where the Maximum Torque per Ampere strategy is applied.

Q —> Go,_ 4
I,— G
et Gein U Gy -]
Q,—> GQre’q
Ii— G
Qi rer e B G I_q,r;f Gon Uq: G I, m G, Qrm;

Figure 12.7: Block diagram representation of the linear system model.
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i -axis
B |q qu A - q A
iy X lag Xq
d /N\dq . A .
Rs Idq Idq Rs
A
EBack-emf,LN
Egack-emt.Ln Uqq
(0N A .
P ldq
--------------------- > e
d-axis d-axis
Figure 12.8: Phasor diagram. Figure 12.9: Phasor diagram during Maximum

Torque per Ampere operation.

Where in figure 12.8 and 12.9:

Epack—emy,n | Back electromotive force, line-to-neutral, [V]
X; | Reactance, [Q]
0 | Angle, [rad]
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12.3.1 Parameter variation

The controllers are designed based on the time constants of the electric and the mechanical system,
why the time constants are determined. The time constant of the electrical system is determined by
Trol = RLS, however since the parameters varies, e.g. due to temperature, the variation of the time constant
is determined.

The temperature of the windings in the PMSM is estimated to vary between 20°C and 150°C, based on
the thermal model of the PMSM presented in chapter 9. The temperature dependency of the resistance is
included in equation (6.5), which results in a minimum and maximum resistance of:

1
Ry min = 0.0135 Q(1 +O.OO381%(200C— 21°C)) =0.0134 Q (12.21)

1
Ry max = 0.0135 Q(1 +0.00381%(150°C— 21°C)) =0.0201 Q (12.22)

The inductance varies between 0.427 mH and 0.433 mH dependent on the direction. Based on these
parameters the time constant of the electric system varies between:

0.427 mH 0.433 mH

Telmin = T rmms ~ — 0.0212 s > T el ,max = m

0.0201 Q =0.0322 s (12.23)

The mechanical system has a time constant of T; ecn = Bi. The inertia of the PMSM is constant, however
the viscous friction (B,,) may vary. It is assessed B, does not vary more than +=30% based on the analysis
from section 6.5, where mechanical resonance influences the simplified first order polynomial of the

rotational torque. This means the time constant of the mechanical system is between:

0.02577 kg m?
1.3-0.4745 2Xm

0.02577 kg m?
0.7-0.4745 2Xm

—4177s  ; Tmma= =7757s (1224

Tt mmin =

The time constants are used and further discussed in the following section.

12.3.2 Design of current controller

It is chosen to design PI-controllers for iy and i,. Pl-controllers are chosen to remove the steady state
error and due to simplicity. The transfer function, G, ., of both i; and i, are the same, why the same
controller is designed for both. The transfer function of a PI-controller is written in equation (12.25).

B Kp s+ K;

Gein(s) = — (12.25)

Where in equation (12.25):
K; | Integral gain, [—]

K, | Proportional gain, [—]

The mechanical system is neglectable during the design of the current controller, if the relationship,
stated in equation 12.26, is fulfilled [47]. The relationship means the mechanical system is much slower
than the electrical system. The time constants from equation (12.23) and (12.24) show the relationship
is fulfilled.

Tm > 10 T, (12.26)
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The open loop transfer of the electric system including the controller becomes:

Gel,OL(s) = Gc,in(s) Gp,el(s) (12.27)
stk L (12.28)

N }?s é? s+ 1 ’
_ 1 Kpst+ki (12.29)

Ry s(R% s+1)

It is chosen to cancel the system pole out by the zero from the controller. This is done if the controller
parameters are chosen as stated in equation (12.30). G,;,or(s) is simplified to equation (12.31).

K==t : K=1 (12.30)

GeoL(s) = R:s (12.31)
The controller is designed to cancel the pole out from 7;,; which is desirable if the system transfer
function is ideal. Parameter variations affect the system pole location, why the location of the system
pole and the controller zero relative to each other, is investigated. In figure 12.10 and 12.11 the effects
of the parameter variation (and thereby the pole location) is shown, where the PI-controller is not varied
(black circle on the figure 12.11). Only the root locus from the system with T; o/ uqy 1S Visible since the
others are located on the real axis. As seen from figure 12.10 T ¢; max shifts the phase towards -180° and
furthermore as seen from figure 12.11 the system might have an overshoot depending on the chosen gain.
Since no performance requirements are determined, it is chosen to design the controllers to the slowest

electrical and mechanical system poles (7T; ¢ max and T; ,u max) and thereby avoid overshoot.

Bode Diagram o5 Root Locus
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Figure 12.10: Bode plot where the effects of Figure 12.11: Root locus plot where the effects
varying the time constant are shown. of varying the time constant are shown.

The system can now be gained, however it is important to avoid saturation of the inner loop otherwise
the cascade structure does not have the desired performance. In this system it means the controller must
not require more than 230V /2 ~ 325V, due to the chosen PWM strategy from chapter 11, however
for conservative considerations 310 V is considered to be the maximum demanded output. Through
simulations it has to be verified if the system saturates, which is done in section 12.5. Since the system
is designed to avoid saturation, no anti-windup is designed.

The gain is determined to K. ;, = 50 through iterations, which is a balance between overshoot and settling
time. The open loop frequency response is shown in figure 12.12. A bandwidth of fzy = 592 Hz is
determined from the closed loop transfer function. The system could be gained further to increase the
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bandwidth, however a faster system increases discretisation effects as described later in section 12.4.

1
Gel,OL = Kc,in Rf (1232)
s S

Where in equation (12.32):
Kc,in

Gain of inner controller, [—]
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Figure 12.12: Open loop bode plot of electrical system and the controller.

12.3.3 Design of velocity controller

In the velocity controller design, the current loop is considered ideal due to the small time constant
compared to the mechanical system, which means the loop can be neglected. The velocity controller is
designed from the same procedure as the current controller. The open loop transfer of the mechanical
system including the controller is:

Gmech,OL(S) - Gc,()ut (S) Gpm(s) (1233)
_Kpstk 11 (12.34)

s B, Bi s+1 .
- Ky s+ K (12.35)

Like the electric controller, it is chosen to cancel the system pole out by the zero from the controller.
This is done in equation (12.36), where Gech o1 (s) is simplified in equation (12.37).

J
K,,:B— : Ki=1 (12.36)
m
1
Guech,oL(s) = B (12.37)
m

The system can now be gained, which is determined to be K. ,,, = 0.015 by iterations, as no performance
criteria are set up. The open loop frequency response is shown in figure 12.13. The bandwidth of the
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12 PMSM controller

mechanical system is around fpw = 1.1 Hz, which is caused by the iterative design where no overshoot

is weighted higher than tracking performance.

Where in equation (12.38):

Ke our ‘ Gain of outer controller, [—]

Gmech,OL = Kc,out

1

Bode Diagram

B, s

(12.38)
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Figure 12.13: Open loop bode plot of the mechanical system and the velocity controller.

12.4 Discretisation of controllers

Despite the PMSM controller is not implemented in this project, the controllers are discretised to include
potential discretisation effects. According to [48] the discretisation effects are neglectable if equation
(12.39) is fulfilled, where fpw is the bandwidth of the current loop. The switching frequency of the VSI
is determined to 6.0 kH z which is assumed to also define the sample frequency. This means discretisation
effects should neglectable, however the controllers are discretised for conservative considerations.

Where in equation (12.39):
IBW Bandwidth, [H Z}

fs | Sample frequency, [HZ]

fv Z 10 fBW

(12.39)

The designed controllers are stated in equation (12.40) and (12.41).

Gc,in (S) =

Gc,out (S) = Kc,out
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c,in
S

%5+l 16165450

i s+1  1.1645+0.015

(12.40)
s

(12.41)
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12 PMSM controller 12.5 Test of controllers without VSI

The controllers are discretized according to Tustin’s method, which maps the transfer functions from the
s- to the z-domain, as stated in equation (12.42) [49]. The discretized controllers are stated in (12.43)

and (12.44).
2/1—71
== 12.42
’ Ts<1+zl> ( )
RyT,—2L+(2L+R,T,) z
Ge,in(z) = Keyjin —— R, ((Z_l) 1) (12.43)
By T,—2J+(2J+BuT)z

Gc,out (Z) = quut (12.44)

2B, (z—1)

Where in equation (12.42) to (12.44):
T; | Sample time, [s]

Z

Discrete operator, [—|

The discrete controllers are implemented as shown in figure 12.14. The zero order hold block is used
to simulate the discrete feedback signal. The rate transition block is used by MATLAB when a discrete
controller is connected to a continuous plant.

i u —
ﬂ@—» Gein 9,/ Rate transition iwrm >
, O lq .
c,out +_ c,in

Zero order hold

it

Figure 12.14: Implementation of discrete controllers.

A

12.5 Test of controllers without VSI

To test the controllers, the PMSM is ramped to 15000 rpm (1570.8 %) and a velocity step of 10 % is
applied. First the test is performed on the non-linear PMSM without the VSI model and afterwards, in
section 12.6, the controllers are tested on the non-linear PMSM with the VSI model.

In figure 12.15, 12.16 and 12.17, the performance of the controllers are shown. Discrete controller-
vl is the controllers stated in equation (12.43) and (12.44). Discrete controller-v2 is the same current
controller as previous however the velocity controller is gained by 2, to illustrate why the original gain
was chosen. The maximum output voltage from the controllers is 225 V, which means the system is
not close to saturation as required. From the figures it is seen the velocities before and after the step
are lower than the references, which is caused by the small integral gain in the velocity controller. The
offsets are removed if the simulation times are increased, however it is accepted to use these results to
test the current ripples. Tuning or redesign of the controllers may remove this offset, however it has to
be further investigated.

As seen from the figures the controllers are able to handle the 10 ”j—,d step and the preceding ramp
without getting unstable, however some oscillations occur dependent on the gain. In section 12.3.3 the
gain was chosen to reduce the oscillations which are dominant from the gained discrete controller-v2.
The oscillations are caused by the disturbances since the electric and mechanical systems are of first
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12.5 Test of controllers without VSI 12 PMSM controller

order. The responses from the first order systems without the disturbances are shown in figure 12.18 and
12.19. The disturbances are known why they could be used as a feed forward compensation and thereby
improve the performance, however it will not be investigated further. The system with the controllers is
able to step 10 ’i—,d and reach steady state within 0.5 s.
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Figure 12.15: Velocity of PMSM with controllers.
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Figure 12.16: I, current of PMSM with con- Figure 12.17: I; current of PMSM with con-
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Figure 12.18: Velocity response of the linear Figure 12.19: I, current response of the linear
model without disturbances. model without disturbances.
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12.6 Test of controllers with VSI

The VSl is included to see how it influences the performance of the controllers and to analyse the current
ripples, due to the low number of switches per revolution described in section 1.1. The VSI model
is inserted between the PMSM and the rate transition block in figure 12.14. Three simulations are
performed to see the influence of the switching frequency, one with f;,, = 6.0 kHz, one with f;, = 10 kHz
and one with fi,, = 16 kHz. The results of the first two simulations are shown in figure 12.20 to 12.25.
No saturation occurs in the simulations as required.

1572 T T T T 1572
15701 1 1570}
1568 1568
@ @
8 15661 B 15661
z z
S 15641 S 15641
2 g
1562} 1562}
195601 ——PMSM 19601 —— PMSM
‘ ‘ ‘ — Reference ‘ ‘ ‘ — Reference
1558 17 17.5 18 18.5 19 1558 17 17.5 18 18.5 19
Time [s] Time [s]
Figure 12.20: Simulated velocity from PMSM Figure 12.21: Simulated velocity from PMSM
including VSI (f;,, = 6.0 kHz). including VSI (fy,, = 10 kHz).

Figure 12.20 shows the velocity oscillations, which the controllers are not able to eliminate. The os-
cillations are reduced significantly in figure 12.21, why the oscillations are caused by the low switching
frequency of the VSI, as that is the only difference between the simulations. To reduce the current ripples,
a higher switching frequency is desired, however a higher switching frequency increases the switching
losses in the VSI. Based on these simulations a switching frequency of 6.0 kHz is assessed to be too
low to operate the PMSM. The oscillations are also observed during open loop operation as described in
section 7.

Figure 12.22 and 12.23 show the simulated i, currents at a switching frequency of 6.0 kHz and 10 kHz.
The amplitude of the current ripples is reduced from approximately 20 A to 14 A, which reduces the
losses significantly. From figure 12.24 and 12.25 it is seen the amplitude of the iy current is almost the
same.

35

—— PMSM
— Reference

— PMSM
— Reference

< <
17 17. 18 1é.5 19 .
Time [s] Time [s]
Figure 12.22: Simulated i, current from PMSM Figure 12.23: Simulated i, current from PMSM
including VSI (f5, = 6.0 kHz). including VSI (f5, = 10 kHz).

Zooms of the current ripples with a switching frequency of 10 kHz are shown in figure 12.26 and 12.27.
From the figures it is seen the iy controller is not able to regulate the iy current to a mean of 0 A within
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Current (i d) [A]
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Time [s] Time [s]
Figure 12.24: Simulated iy current from PMSM Figure 12.25: Simulated iy current from PMSM
including VSI (f;,, = 6.0 kHz). including VSI (f;,, = 10 kHz).

the simulated time interval. The average iy current is around -0.83 A. The characteristics of the i, and
iq current ripples differ. The i, has slow oscillations and high ripples. The i; current has also some
slow oscillations however the ripples are reduces compared to the i, current. The i, controller is able
to regulate to an average close to the reference, which indicates the velocity controller causes the small
velocity offset.
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Figure 12.26: Simulated i, current ripples from Figure 12.27: Simulated iy current ripples from
PMSM including VSI (fs,, = 10 kHZ). PMSM including VSI (f5,, = 10 kHz).

A simulation is performed with a switching frequency of 16 kHz to investigate the effects of a further
increased switching frequency. The results from the simulations are shown in figure 12.28 to 12.30. From
the simulations it is seen the velocity oscillations are further reduced as expected. Both the i, and the iy
current ripples are reduced to around an amplitude of approximately 7 A in this simulation. Furthermore
the controller is now able to regulate the i; current to an average of 0 A. Based on this simulation it may
be beneficial to increase the switching frequency from 10 kHz, however the losses in the VSI must be
estimated. It is chosen to use a switching frequency of 10 kHz in the following simulations as the losses
in the VSI are unknown.
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Figure 12.28: Simulated velocity from PMSM including VSI (f5,, = 16 kHz).
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Figure 12.29: Simulated i, current from PMSM Figure 12.30: Simulated i; current from PMSM
including VSI (fy,, = 16 kHz). including VSI (fy,, = 16 kHz).

12.7 Test of controllers with VSI and load

Load is added to the test if the controllers are able to operate the PMSM with load and a switching
frequency of 10 kHz. The load is assumed to be quadric cf. section 5.5, however the parameters are
unknown. Two different quadratic loads are arbitrary determined, one where the load at 1570 ’f’Td is 6.8
Nm and the one where the load at 1570 @ is 14.2 Nm. The quadric loads are determined as:

s

Nm Nm
T =0. +0. om+ 0.3 Nm 4

The PMSM with load is ramped up to 1560 % and after 5 s a step of 10 % is performed. The results
from the simulations are shown in figure 12.32 to 12.36.

The controllers are not designed to this load scenario, however they are able to ramp the PMSM to full
speed and perform the step as seen from figure 12.31 and 12.32. It is seen the difference between the
reference velocity and the actual velocity increases at increased load. The difference is caused by the
low integral gain of the velocity controller. From the simulations it is seen the PMSM with load can be
ramped up to 15000 rpm in 20 s without saturation. The current ripples remain approximately 14 A with
the added load as seen from figure 12.33 to 12.36, which corresponds to theory as current ripples should
be independent of the power transferred according to [12].
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Figure 12.31: Simulated velocity from Tj,,41
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Figure 12.33: Simulated i, current from Tjyuq1
(fsw =10 kHz).
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Figure 12.35: Simulated i; current from Tj,,41
(fs‘w =10 kHz).

Figure 12.32: Simulated velocity from T,
(fsw =10 kHz).
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Figure 12.34: Simulated i, current from Tjpqq2
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Figure 12.36: Simulated i; current from T,,.2
(fsw =10 kHz).

12.8 Test of the open loop U/F controller with load

The open loop U/F controller is tested with the load to further investigate the open loop oscillations from
chapter 7 and 11. It is tested if the oscillations are reduced by loading the PMSM. The simulations of the
0.17 le open loop U/F relation are shown in figure 12.37 and 12.38, where a switching frequency of 10
kHz is used.

As seen from figure 12.37 increased load reduces the velocity oscillations. The amplitude of the current is
increased from the increased load as shown in figure 12.38, however the current oscillations are reduced.
The open loop U/F measurements from section 11.3 with a switching frequency of 6.0 kHz have higher

138



12 PMSM controller 12.9 Influences from switching frequency and load

473 T T T T T T T T T 30 T T T T T
load2
4721
24715 =
g “a
> an =
5] 1)
8 5
g 470.5 o
470+ -10
_15
469.5¢ Tioad2 _20
469 L L L L L L load1 25 L L L L L L L L L
99 991 992 993 994 995 996 997 998 99.9 100 ““99 99.1 99.2 993 994 995 996 99.7 99.8 999 100
Time [s] Time [s]
Figure 12.37: Simulated open loop velocity os- Figure 12.38: Simulated open loop current os-
cillations. cillations.

oscillations, why a high load and high switching frequency decreases the oscillations.

12.9 Influences from switching frequency and load

A brief summation of the influences from the switching frequency and load are stated following. The
controllers are able to remove the slow oscillations, which occur during open loop operation, discussed
in chapter 7. The PMSM is able to operate despite high current ripples, however a switching frequency
of 6.0 kHz is assessed to be too low, why a switching frequency of minimum 10 kHz should be used.
The controllers are able to ramp the PMSM and perform a velocity step, however they should be tuned
to improve the tracking performance. The current ripples and the power losses should be investigated
further, to choose a switching frequency, which reduces the total power losses in the PMSM and the VSI.
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CHAPTER

13
CONCLUSION

The goal of this Master’s Thesis has been to manufacture, analyse, test and control a Permanent-Magnet
Synchronous Machine (PMSM). The overall focus has been solving the issues regarding manufacturing
of a functional prototype, the application in a low pressure environment and the influence of the Voltage
Source Inverter (VSI) at the high operational speed.

Manufacturing

Two prototypes of the PMSM were manufactured, which included assembling, wounding and resin cast-
ing. The purpose was to test if the motor design was realisable and perform experimental tests. The first
prototype (PMSM-v1) revealed issues related to the resin casting, since it was not able to seal the cool-
ing system. Repairs by epoxy adhesive and a leak sealing product could not prevent the leakages, why
it was discarded to operate PMSM-v1 with liquid cooling. The resin casting process resulted in resin
located on the rotor and stator laminations, which was removed in a turning lathe and by machining to
enable the assembling of PMSM-v1. Contact between the rotor and stator laminations was unintention-
ally created in the turning lathe and from the machining. Several shorts occurred in the PMSM during
the manufacturing and testing, which showed the importance of insulation materials to prevent this in the
second prototype. It was possible to manufacture and assemble PMSM-v1 and operate it at 15000 rpm.
Improvement proposals were presented based on the gained experiences.

The end plates were redesigned to avoid leakage in PMSM-v2. Vacuum was applied during the resin
casting which improved the resin casting significantly. The improved end plates and resin casting reduced
the leakages, but leakages occurred because the casting mould only allowed a thin resin layer at the joint
between end plate and shaft, why PMSM-v2 was not assembled. Shorts were avoided in PMSM-v2 by
heat shrinkable tubing and care taking during the manufacturing.

Electric and thermal modelling of PMSM
Electrical models of the PMSM and VSI were developed to test controllers and investigate the influence

of the VSI. A model of a PMSM with voltage equations in the rotating dq reference frame was developed,
where the d-inductance and the g-inductance were assumed to be equal to simplify the electrical model.
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Experimental parameter determination showed justification of the assumed equal inductances. The VSI
was modelled with ideal IGBTs to reduce the comprehensive simulation time.

The electric models were verified through tests, however the inaccessible star point and lack of position
feedback limited the verification to the ABC reference frame. The measured and simulated current rip-
ples were compared, which showed good agreement why the ideal IGBTs were assessed to be acceptable
for the VSI model. Inconsistent system oscillations were discovered during the verification.

Mechanical resonance affected the determination of the rotational power losses, however the losses were
estimated to be 1300 W, which was almost twice the expected value. The reason for the high losses
was assessed to be too tight fittings of the bearings and the contact created between the stator and rotor
laminations. The bearing fittings were loosened which reduced the losses.

The cooling system was tested to investigate if the PMSM overheats during operation. Only the sta-
tor of PMSM-v1 was tested, why no core losses were included, and the tests were performed at room
temperature and atmospheric pressure. The nominal AC current of 70 A was applied to the windings,
which resulted in measured winding temperatures of approximately 70°C when liquid cooling of 20°C
was enabled. This means the additional core losses must not cause a temperature increment of more than
80°C. It was concluded that further analysis should be performed to include the operation environment
and core losses.

A 3D thermal Lumped Parameter model of the PMSM was developed. A literature review did not
reveal any models of similar motor topology but several temperature compensation approaches to model
distributed power losses were discovered. The novel GD compensation approach was chosen from test
scenarios where the simulated temperatures were compared to FEM solutions. A thermal network of
the PMSM was set up and the thermal resistances were determined by material properties, geometry and
assessments from the manufacturing process. It was not possible to verify the thermal resistances through
measurements, which could have verified some of the simplifications made to calculate the resistances.

The lumped parameter model was compared to a 2D FEM model which showed an under-prediction of
temperatures from the lumped parameter model. The under-prediction was caused by how a transition
between two elements of different size was modelled in the two models.

The lumped parameter model was compared to experimental tests which showed temperatures within
an acceptable margin. The heat transfer coefficient for liquid cooling was fitted by the measured tem-
peratures. The simulated radiation and convection showed a deviation in heat flow of -8.3% which was
because radiation and convection were not assigned to all surfaces in the lumped parameter model.

The thermal model showed the PMSM is able to operate in the thermal test scenario if the rotational
losses are reduced to the expected 750 W. If 1300 W rotational losses are present, the winding and
stator temperatures approach 155°C, which is not acceptable. However the accuracy of the model must
be investigated to gain more trustworthy results. Tests with liquid cooling and core losses are required
verify the thermal model thoroughly. Furthermore additional thermocouples must be incorporated to
verify the thermal resistances.

Controller design
A PMSM controller, designed from a linearised model of the PMSM, was developed to investigate the

influence of the current ripples on a control strategy and investigate discovered system oscillations. The
PMSM controller was designed to a no load scenario, however the load should have been included, as
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the PMSM controller was not implemented in the test bench. It was chosen to use a cascade control
structure with an inner current controller and an outer velocity controller to suppress non-linearities. PI
controllers were chosen for both velocity and current loop to remove steady state errors. Tests showed a
good performance without the VSI model and on the linearised system. However the PI controller did not
perform as it was designed to which was caused by discarded system dynamics during the linearisation.

A switching frequency of 6 kHz was initially chosen based on test runs with the PMSM. Simulations
were performed to test the influence of the VSI and the chosen switching frequency which revealed
system oscillates and high current ripples at a switching frequency of 6 kHz. The switching frequency
was increased to 10 kHz, which reduced the oscillations and current ripples why the initially chosen
switching frequency is assessed to be too low.

An open loop voltage/frequency (U/F) control strategy was designed and implemented to bypass the
control software in the VSI which enabled the verification of the electrical models of the PMSM. Space
Vector Pulse Width Modulation (SVPWM) was chosen to generate PWM signals for the VSI due to the
ease of implementation, utilisation of the DC link and low amount of total harmonic distortion. In the low
frequency range an offset was added to the U/F relation to compensate for a lowered voltage output from
the VSI. The SVPWM and U/F relation was implemented and tested, which showed the PMSM was able
to start up and operate at 15000 rpm. Oscillations occurred in the measured currents why simulations
were performed with the U/F relation and a load, which indicated the oscillations were lowered by an
increased load. Simulations also showed the U/F relation was able to run the PMSM with load at 15000
rpm, however a closed loop control strategy is desirable for future implementation.
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CHAPTER

14
FUTURE WORK

The conclusions and experiences gained from this project are used to discuss future work of the devel-
opment of a PMSM for the water vapour chiller. The influences of the demarcations made in this project
are included in the discussion.

Manufacturing and design of cooling system

To improve the resin casting, and thereby seal of the cooling system, a new tight stator mould that
prevents resin on the bearing surfaces and does not require silicon sealing is required. The designed
rotor mould must also be manufactured and tested. Furthermore the leakage from the joint between the
end plate and shaft must be sealed e.g. by an increased layer of resin, as discussed in section 4.3.4.
Alternatively a solution to keep the windings away from the joint between the end plate and shaft must
be designed, to ensure the resin enters and seals the leakage from the joint.

If it succeeds to prevent leakages, the PMSM must be tested to see how the resin and end plate behave
in a hot and moisture environment over a longer time period. It might be beneficial to look into casting
materials with better temperature resistivity, as the experiences from Huntsman resin show it changes
properties over time.

It might be beneficial to discard the idea of sealing the cooling system by resin, if the above solutions
do not prove reliable. A safer and widely used approach is to use a hose system for the coolant. The
risk of both external and internal leakages is reduced by using hoses, as no sealing of joints or gaps are
required to prevent leakages. It is still beneficial to cast the stator into resin to improve the heat transfer
from the windings and stator to the coolant. A solution with hoses could imply hoses passing through
where the cooling channels are now or a total redesign of the cooling system. The drawback of using
hoses is the manufacturing process involves further steps and hoses with a small bending radius must be
utilised if the hoses are to run as the cooling channels. The heat transfer is not assessed to be reduced
significantly compared to a solution with closed end plates, if hoses with a sufficiently large diameter
and small bending radius are available.
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Estimation of temperatures

To assess the applicability of the PMSM in the water vapour chiller, further details of how the application
affects temperatures of the PMSM, must be known. To reduce the temperatures cooling by condensing
water vapour could be investigated. The estimated temperatures from the thermal model are discussed
in section 10.6. A simulation is performed to see the effect of excluding internal and external convection
and radiation. The temperatures of the rotor housing are 100°C when external convection is removed.
The removal of external convection corresponds to the situation if the impeller is mounted directly on
the rotor housing. It implies that as long as the temperature of the impeller is beneath 100°C the rotor
temperature is not increased.

The PMSM-v2 must be assembled to determine if the rotational losses are reduced to the expected
rotational loss of 750 W instead of the measured rotational loss. If the high rotational losses persist the
estimated temperatures in the test scenario are above the allowable.

Investigation of control strategies

As mentioned in section 1.1 a sensor-less control strategy is desirable to avoid implementation of a posi-
tion sensor. The developed U/F control can be used to ramp the PMSM to a speed where the amplitude
of the currents are sufficiently large to be used for sensor-less position estimation. Care must be taken to
select a sensor-less control strategy that is not influenced by the current ripples generated by the VSI. In
general, the influence of the current ripples must be investigated to assess their influence on the heat gen-
eration in the PMSM. A low pass filter at the VSI output terminals might be advantageous to reduce the
losses in the PMSM that are generated by higher order harmonics. However drawbacks (e.g. phase shift)
from a low pass filter must be investigated and accounted for in the control strategies for the PMSM.

A more advanced control strategy for the PMSM might be beneficial, as the linearisation of the system
results in exclusion of system dynamics in the controller design. An advanced control strategy may
render possible to include the contributions which the linear controller design treats as disturbances.

To test the control strategies in a load scenario on the PMSM a load mechanism must be designed. The
challenge is to attach a balanced load mechanism to the outer rotor without heat is transferred to the
rotor. This could be accomplished by mounting the PMSM in one end of the shaft and then attach a shaft
to the rotor in the other end as shown in figure 14.1, however this should be further investigated.

Load mechanism

Figure 14.1: Sketch of a load mechanism to test control strategies and efficiency.
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APPENDIX

A
PMSM SPECIFICATIONS

In figure A.1 to A.4 the lengths of some of the PMSM components are shown. In table A.1 extra geometry

specifications are stated.

Figure A.1: Radial sectional view of the PMSM Figure A.2: Radial view of the PMSM without
without windings and stator resin. windings and stator resin.

Location Length/Diameter/Distance

Air gap between rotor resin and stator 0.7mm

Air gap between rotor laminations and stator 1 mm

Thickness of PMs 3.85 mm

Gap between PMs 1.82 mm

Diameter of cooling channels in shaft 5 mm

Table A.1: Specifications of PMSM geometry.
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79 mm

92.5 mm

Figure A.3: Axial sectional view of the PMSM.
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APPENDIX

B
MANUFACTURING OF THE PMSM

This appendix is intended to support the description of the manufacturing process of the PMSM.

B.1 Test stator

Pieces of insulation plastic are placed in the stator slot, as seen in figure B.1, to prevent shorts between
the stator laminations and the windings. Figure B.2 shows how the windings lock itself in the test stator.
This is done to be able to tighten the windings and ensure a high fill factor. However this is not possible
in the two PMSMs, as the windings must be guided along the channels in the shaft and down through the
inlets in the end plates.

or windings .

7

Insulation plastic

Figure B.1: Insulation plastic in the stator slot. Figure B.2: Locking of the windings in the test
stator.

The laminations are mounted on a dummy shaft with two different end plates, one made of Polyurethan
(PUR) and one made of (polyoxymethylen) POM. The end plate made of PUR is tested due to the ability
to glue it to the stator laminations, and thereby seal the gap between the end plate and the stator. It is also
tested if impregnation is able to seal the gap between the PUR end plate and stator since impregnation
is able to bind to PUR, but this is not prove a feasible solution. The PUR end plate broke during the
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winding process as shown in figure B.3. It is considered to be too fragile, why it is not investigated
further.

Figure B.3: Broken end plate of PUR. Figure B.4: Conductors in a bundle.

To reduce the entanglement of the conductors, the conductors are separated into bundles of 3-4 copper
conductors, as shown in figure B.4. This proves good results why it is performed for the two PMSMs,
however instead of using copper conductors as separation, a cable tie is used to minimise the risk of
scratches to the conductors.

After the stator is wound, it is fixed in a clamp and the windings are tensioned as shown in figure B.5
and B.6. This is done to tighten the windings and get them to settle and thereby remain tightened after
the stator is removed from the clamp.

Figure B.5S: Fixing and tensioning of the wind- Figure B.6: Fixing and tensioning of the wind-
ings. ings.

One purpose of the test stator is to test the resin casting. The test stator is cast into resin to check how well
the Huntsman resin penetrates into the air gaps between the windings. To avoid resin from penetrating
into the cooling channels, wax is injected into the cooling channels prior to the resin casting. After the
resin has cured, the wax is melted out by heating the stator in an oven.
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B.2 Slicing of test stator

The test stator is sliced in a band saw as shown in figure B.7. It is sliced to investigate how the resin has
penetrated into the windings and gaps between the windings and stator. It is sliced into five pieces, of
which four of them are shown in figure B.8.

Figure B.8: The sliced pieces of the test stator.

Two of the stator slots sliced in the middle of the stator stack are shown in figure B.9 and B.10. The
conductors are tighter near the end plates as shown in figure B.11.

Figure B.9: Slot in a radial slice in the middle Figure B.10: Slot in a radial slice in the middle
of the stator stack. of the stator stack.
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Figure B.11: A radial slice through the end plate.

B.3 Heat test of resin samples

Samples of Huntsman and RAMPEF resin are heat tested to test the thermal properties after the samples
have been heated in an oven. The samples are tested at the following temperatures and periods:

100°C in 2 hours and 10 minutes
130°C in 2 hours and 10 minutes
147°C in 2 hours and 5 minutes
164°C in 18 hours and 30 minutes

Figure B.12: Digging in the samples just after Figure B.13: Samples after heat in 2 hours and
the samples had been removed from the oven. 10 minutes at 130°C. Huntsman resin to the left
and RAMPEF resin to the right.

The test method do not yield any quantifiable results, but the following observations are made:

e At room temperature, the RAMPF resin is soft and the Huntsman resin is hard. Neither of them
break by digging with a screw driver in them.

e At 100°C both Huntsman and RAMPF resin get softer and more fragile compared to room tem-
perature. However they are still hard and robust.

e From 100-164°C the materials are soft and fragile and break easily. There is no significant dif-
ference in hardness and robustness, only a small advantage to the Huntsman resin over RAMPF
resin.

e Both the Huntsman and RAMPEF resin return to their originally properties at room temperature.
Only the RAMPF becomes slightly more ductile after heating to 164°C.
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The conclusion of the test is that Huntsman resin is chosen as casting material for the PMSM due to
the slight advantage in material properties at high temperatures, the hardness and robustness at room
temperature. The test stator is cast in Huntsman resin and this also proves good results.

B.4 Wax injection

The wax is injected at DANTRAFO A/S in the machine shown in figure B.14. The stator is fixed by a
clamping of 100 kg as shown in figure B.15.

| Ypemaye

Al 0 {

Figure B.14: Injection machine at DANTRAFO Figure B.15: The fixed stator in the machine.
AJS.

The wax is injected by the machine through the injection tube shown in figure B.16. The excess wax that

has penetrated through the gaps between the stator teeth and end plates is shown in figure B.17.

B.S Permanent Magnets

This section describes how the PMs are manufactured. At semester start, the demagnetised magnet
segments, shown in figure B.18, are provided. Three steps are performed to enable the PMs to be used
in the PMSM.

Gluing magnets

First, the segmented magnets are glued together in order to form a complete magnet. In figure B.18 the
segments are shown and in figure B.19 the mould, used to align the magnets, is shown.
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Figure B.16: The injection tube that is con- Figure B.17: The stator after the wax injection.
nected to the inlet hole in the shaft.

T

Figure B.18: Segments of the magnets, which Figure B.19: Mould for the magnets.
are glued together.

Burnishing and painting

After the magnet segments are glued together the ends are burnished in order to assure alignment. This
is necessary as the tolerances of the magnet segments are poor, and thereby burnishing ensures the PMs
are able to fit in the rotor laminations. The burnishing of the magnet segments is shown in figure B.20.

The ends of the magnets are painted to ensure the magnets do not corrode. Figure B.20 shows a picture
of the magnets being burnished and figure B.21 shows a picture of the magnets after the burnishing.
To ensure no contact exists between the magnet segments the resistance is measured, which showed an
infinite resistance.
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Figure B.20: Glued magnet segments being bur- Figure B.21: The glued magnet segments after
nished. the burnishing.
Magnetisation

The magnet segments are magnetised at Sintex. To evaluate the magnetisation, the PMs are all measured
with a Gauss-meter. This is done by aligning two edges and fixing the Gauss-meter probe as shown
in figure B.22. The PMs are aligned along the edges and the Gauss-meter is read off. Three PMs are
discarded due to deviation from the strength of the remaining PMs.

Top view Side view
Probe
Fixture
Alignment Fixture
edge
Alignment
edge

Magnet

Figure B.22: Set up for gauss measurement.

B.6 Resin casting

During the assembling of the casting mould, it is discovered that the mould does not fit both around the
stator teeth and between the mould parts. This results in a gap as shown in figure B.23. It is attempted
to fix the gap, which partly succeeded. Two of the bolts are not tightened as it results in an increased
gap. After one hour, resin starts to run out of the holes for the two bolts, why it is necessary to tighten
the bolts and thereby increasing the gap in the mould. To seal the casting mould, silicone is applied to
all potential leakage areas as shown in figure B.24. The silicone is able to seal the mould.

The rotor and stator are filled with resin in the oven while the rotor rotates. Too much resin was filled in
the rotor, why it was removed while it rotated. To ensure the resin is distributed evenly, the DC motor is
supplied with 40 V for one hour, after which it is supplied with 35.5 V for the remaining time. This is
above the rated voltage of 24 V but the current is beneath 0.4 A why the risk by an increased voltage is
primarily an increased wear of the commutator. The temperatures during the casting are:
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|

Figure B.23: Gap in casting mould. Figure B.24: Silicone sealing the casting mould.

e Around 30 °C: two hours, due to the opening and closing of the door to refill the stator and to
check the rotor.

e 50°C: 21 hours

e 60°C: 2 hours

e 70°C: 18 hours

e 100°C: 1 hour

e 115°C: 5 hours

The rotor is removed after 3 hours at 150°C to avoid overheating of the DC motor and demagnetization
of the permanent magnets. The voltage is reduced to 27 V as the temperature exceed 80 °C.

The cast rotor is shown in figure B.25. The laminations are seen through the resin layer.

Figure B.25: The cast rotor with the excess resin on the rotor laminations.

The resin layer on the laminations is removed in a turning lathe set to 129 mm as the inner diameter of
the laminations is 129.6 mm. The result is shown in figure B.26 and B.27. It is seen that some of the
laminations have been touched by the cutting tool and this might be due to an offset during the mounting,
as it is only a few areas on one side of the rotor. Other than the excess resin, the centrifugal casting
shows good results as the resin is concentric with the air gap between the rotor and stator.

The result from the casting of the stator is seen in figure B.28 and B.29. The poor fit of the mould resulted
in a large amount of resin on the end of the stator teeth. Figure B.30 shows resin on the shaft, where the
bearing is to be mounted. This resin is removed by hand.

The viscosity of the resin resulted in gaps between the laminations and end plates as shown in figure
B.31. The resin on the stator laminations is removed by manual machining and the result is shown in
figure B.32.
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Figure B.26: Rotor after removal of the excess Figure B.27: Rotor after removal of the excess
resin. resin.

Figure B.28: One side of the stator with only a Figure B.29: The other side of the stator with a
small amount of excess resin on the stator teeth. large amount of excess resin.
The mould is still attached to the top.

Figure B.31: Hole between the laminations and Figure B.32: The stator after the machining.
the end plate.
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B.7 Vacuum resin casting

Pictures from the resin casting of stator-v2 in the vacuum oven are shown in this section. Figure B.33
shows the gas bubbles from degassing the resin after the resin is mixed. The degassing is performed in
a vacuum chamber. Figure B.34 shows how the degassed and preheated (55°C) resin is filled into the
mould, which is placed in the vacuum oven shown in figure B.35. An extra trench is build around the
mould to be able to fill more resin in the stator before the vacuum is applied. Figure B.36 shows the
degassing process in the oven when vacuum is applied. When vacuum is released, the bubbles collapse
as shown in figure B.37.

Figure B.33: Degassing of the resin Figure B.34: The resin is filled into the stator mould.
after it is mixed.

Figure B.35: Vacuum oven used for resin cast- Figure B.36: Bubles from degassing in the oven.
ing.
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Figure B.37: Stator mould and resin during the casting process when vacuum is released.
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APPENDIX

C
UNBALANCED SYSTEM

An unbalanced electrical system might cause oscillations. A three phase unbalanced system can be
split into of three balanced systems with three positive sequence components, three negative sequence
components and three zero-sequence components [52]. This can be described by phasors that represent
voltage, current or impedance:

Iy =1o0+ Lot + 1o (C.1)
Iy =lo+ I +1p— (C.2)
L=1Lo+1+1._ (C.3)

e The positive-sequence components are balanced, equal in magnitude, displaced by 120°C and
phase sequence is a,b,c.

e The negative-sequence components are balanced, equal in magnitude, displaced by 120°C and
phase sequence is a,c,b.

e The zero-sequence components are equal in magnitude and not displaced from each other.

In a balanced system, the negative-sequence-components and zero-sequence-components equal to zero.
If the resistance in one phase is increased e.g. due to the broken conductors, the current in this phase
is decreased and the system becomes unbalanced. A phasor diagram of a unbalanced current phasors is
shown in figure C.1, where the amplitude of I, is reduced.

The phase sequence of the negative-sequence components results in currents that rotates the opposite
direction of the unbalanced system and the positive-sequence components, which generates positive
torque. The opposing torque generated by the negative-sequence components results in a decreased
resulting torque and possibilities for large torque pulsations [52].
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Figure C.1: Phasor diagram of an unbalanced three phase system.




APPENDIX

D
THERMAL MODEL

This appendix supports the thermal model.

D.1 FEM model of compensation approach tests
In this appendix the FEM models of the compensation tests are described.

D.1.1 Test of compensation approaches with 1-D heat flow

In table D.1 the parameters used for the test is stated and in figure D.1 the FEM model is shown. Figure
D.2 shows the contour plot from the FEM model.

Parameters Thickness Height Length K q
Values 10mm  60mm 100mm 40 -2 1 4¥

Table D.1: Parameters for FEM model.

sTestMat

Figure D.1: FEM model of test scenario.
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Figure D.2: Results from the FEM model in test scenario 1 and 2.

D.1.2 Test of compensation approaches with 2-D heat flow

In table D.2 the parameters used for the test is stated and in figure D.3 the FEM model is shown. Figure
D.4 shows the contour plot from the FEM model in test 3 and figure D.5 shows the contour plot from the
FEM model in test 4.

Parameters Thickness Height Length K¢h x Ken,y
Values 6mm  100mm 100mm 40 2o 20 1o

Table D.2: Parameters for FEM model.

Figure D.3: FEM model of test scenario.
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sity Plot: Temperature (K)
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Figure D.4: Results from the FEM model in test scenario 3.
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D.1 FEM model of compensation approach tests

Figure D.5: Results from the FEM model in test scenario 4.
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D.1.3 Test of compensation approaches in an element where several heat sources are
located next to each other

In table D.3 the parameters used for the test is stated and in figure D.6 the FEM model is shown. Figure

D.7 shows the contour plot from

the FEM model.

Parameters Thickness Height Length kg x Ken,y
Values 6mm  100mm 100mm 40 Yo 20 Lo
Table D.3: Parameters for FEM model.

Figure D.6: FEM model of test scenario.
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Figure D.7: Results from the FEM model in test scenario.

D.1.4 Additional compensation test

An additional test is stated in this section, which proves that the novel GD compensation approach is
able to estimate the temperature when several heat sources are located next to each other. The scenario
is set up as shown in figure D.8 where the parameters are the same as test 3 from table 9.5. The results
are shown in figure D.9.

0 mm 50 mm 100 mm 150 mm 200 mm 250 mm 300 mm

T,

Rthy
Rthx

Femm
[ O Imp. conventional |
5ol X Novel GD

T 40

2 20

50 100 150 200 250 0
Length [mm]

Figure D.9: Temperature estimation from improved conventional, novel GD and Reduced novel GD ap-
proaches in test with unevenly distributed heat flow.
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D.2 Conduction and contact resistances calculations

In this section the conduction and contact resistances for the PMSM are calculated. As stated in equation
(9.3) to (9.5), the conduction resistances are calculated as:

L
R LA k)= —— D.1
ihA(L,A ki) oA (D.1)

In(ry/r
Rinr(ro,r1,L,0,k;p) = e(kOh/Ll) (D.2)
1
0 ri+r
Rt/’l,C(rOarlaLae7kt/’l) = 2 k L L r(l) I"(l) (D3)
. _

Lengths are stated in [m], angles in [rad], conductivities in [W /(m K)] and areas in [m?].

D.2.1 Stator resistances

In this section the resistances for the stator and the windings are calculated, as stated in table D.4, where
the equation (D.1) to (D.3) are used. The resistances in table D.4 are used to calculate the resistances in
table 9.11.

Thermal resistance Equation (quantities) Value [K/W]
Ryyoke,A = Rina (15e-3,204e-6, 1.5) 49
%Rsyoke,R =  Rur (20.5e-3, 35.1e-3, 15e-3, 0.209, 30)/2 2.9
%nyokel,]g = Rur (20.5e-3, 35.1e-3, 15e-3, 0.21, 30)/2 2.8
%Rsy,,kel,c = R (20.5e-3, 35.1e-3, 15e-3, 0.21, 30)/2 0.4
Ryyore2,c = R (20.5e-3, 35.1e-3, 15e-3, 0.31, 30) 1.3
Ritator1 A = Ripa (15e-3,2.21e-04, 1.5) 45

5Rsatort ® = Rur (20.5¢-3, 1.61e-04, 30)/2 2.1
Rytaror1 € = Ry c (10.8e-3, 308e-6, 30) 1.2
Rsiaror2,A = Ripa (15e-3,218e-6, 1.5) 46
%Rsm,orm = Rupr (54.1e-3, 63.8e-3, 15¢-3, 0.2, 30)/2 0.9
Rsaior2,c = Ry (54.1e-3, 63.8e-3, 15e-3, 0.20, 30) 2.7
IRyaror3 R = Rpgr (54.1e-3, 63.8e-3, 15e-3, 0.21, 30)/2 0.9
%RMW&C = R (54.1e-3, 63.8e-3, 15e-3, 0.21, 30)/2 1.4

Ryina = Rina (39.4e-3 , 1.2768e-04, 401) 0.8

R.p = Ripa (1e-3,717e-6, 0.37) 3.8

Table D.4: Thermal resistances of the stator and windings.

D.2.2 Shaft and bearings resistances

In this section the resistances for the shaft and bearings are calculated, as stated in table D.5, where the
equation (D.1) to (D.3) are used. The resistances in table D.5 are used to calculate the resistances in table
9.12.
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Thermal resistance

Equation (quantities)

Value [K/W]

5Rshagii A = R A(0.015, Se-5, 25)/2 6
IR R = Ry.(0.01077,0.0175, 0.015, /6, 25)/2 1.2
IRhafiA = Ri,4(0.0259, 6e-5, 25)/2 8.6
SRshafi2 R = Ruz(0.010, 0.0175, 0.0259, /6, 25)/2 0.8

Table D.5: Thermal resistances of the shaft and bearings.

D.2.3 Rotor resistances

In this section the resistances for the rotor are calculated, as stated in table D.6, where equation (D.1) to
(D.3) are used. In figure D.10 the resistances from table 9.13 are shown. The resistances in table D.6 are
used to calculate the resistances in table 9.13. The thermal resistances of the aluminium rotor housing

could easily have been disregarded due to their size.

Thermal resistance Equation (quantities) Value [K/W]
%Rrotor],R = Ri(0.031, 0.036, 0.015, /6, 237)/2 0.04
%R,O,O,Q’R R, r(0.0364, 0.0645, 0.005, /6, 237)/2 0.5
%Rmmrm = Rin,4(0.005, 5.61e-04, 237)/2 0.02
%Rm,mw Ri».r(0.0645, 0.08, 0.005, 7/6, 237)/2 0.2
%R,y(,kel,R = R (0.08,0.0925, 0.005, /6, 237)/2 0.1
%R,y,,kel_,A Ri»,4(0.005, 0.00056, 237)/2 0.02
%Rry(,kez_’A = Ri».4(0.019, 0.00056, 237)/2 0.07
%RryokeZ,R = R (0.08,0.0925, 0.01937, /6, 237)/2 0.03
%Rryoke&A Riy.4(0.005, 5.608e-04, 237)/2 0.02
%Rryokeg,R = R, r(0.065, 0.08, 0.005, 71/6, 237)/2 0.2
%Rmm,A = Rin4(0.0194, 5.61e-04, 0.61)/2 28
%RmimR Ri,,r(0.065, 0.08, 0.01937, /6, 0.61)/2 17

Riama = Rin.4(0.015, 710e-6, 2) 11
%Rzam,R R:,,£(0.0703, 0.0875, 0.015, w/6, 40)/2 04
Rpm A = Rin.4(0.015, 0.00013, 7.7) 15
%RPM’R = Ry,2(0.0664, 0.0702, 0.015, /6, 7.7)/2 0.5

Table D.6: Thermal resistances of the rotor. The resistances of the rotor housing are negligible small.
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Figure D.10
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D.3 Available properties in FEMM

Available properties in FEMM are listed below. The point and boundary properties are assigned through-
out the thickness of the planar problem.

e Point properties
— Specify a temperature [K] or heat generation [W/m] in a point.
e Boundary properties

— Specify a fixed temperature [K] or a fixed heat flux [W/m?] on a line or curve.
— Specify convection or radiation on a line by specifying the ambient temperature and the heat
transfer coefficient or the emissivity respectively.

e Material properties

— Specify a constant or non-linear temperature dependant conductivity of the material in two
directions.
— Specify a volumetric distributed heat generation [W/m?].

e Conductor properties

— Specify a total amount of heat flow [W] through a surface.

To assign the boundary conditions in a heat flow problem, the boundary conditions are mathematically
modelled in FEMM. The heat flux boundary is modelled by equation (D.4), a convection boundary
condition is modelled by equation (D.5) and a radiation boundary is modelled as equation (D.6).

oT
kin —+f=0 (D.4)
on
oT
kth 87 +h(Ta - Tb) =0 (D-S)
ke, 33; + € GSB(Ta4 — Tb4) =0 (D.6)
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