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I shall be telling this with a sigh
Somewhere ages and ages hence:

Two roads diverged in a wood, and I—
I took the one less traveled by,

And that has made all the difference.

- Robert Frost
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Abstract

Electric Hybrid Vehicles (EHVs) play a crucial role in the development towards
a more environmental friendly transportation. An alternative to solve some
actual challenges with hybridization of vehicles is studied at the Division of
Industrial FElectrical Engineering and Automation (IEA) at Lund University
in cooperation with the automotive industry. A key component of this drive
train is a highly dynamic Flectric Machine (EM) which will make possible to
hybridize a conventional car at reduced costs while maintaining the performance
and comfort of the vehicle.

The first part of this thesis work describes the design and optimization process
of this multipurpose EM and presents the final prototype.

The second part of this thesis presents a convenient, fast and precise method
for measuring the mechanical and electromagnetic properties of this FM and
similar motors. This Dynamic Test Method is based on state of the art control
and measurements system and makes possible to characterize an EM without
the need of a Brake Bench.

Finally the measured properties of the EM are analyzed and the results show
that the FM has the required performace in speed, torque and dynamics for the
intended EHV application.

The results of the thesis reduce the need of heavy and expensive components for
the EHV and for the measurements, by using very fast, dynamic and accurate
tools instead.
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Popular science summary

In the recent years, there has been huge investment in the automotive industry in
the field of electric transportation, to reduce the consumption of fossil fuels. The
Division of Industrial Electrical Engineering and Automation (IEA) at Lund
University is a very important actor in Sweden in this process. IFA carries on
many research projects in the field of electric transportation in cooperation with
the industry.

By doing my research work for my PhD at IFA, I have been able to take part
in the technological events happening in these times where many people around
the world are working towards cleaner and more environmentally friendly trans-
portation.

In this aim, the main contributions of the thesis are:

e A very customized electric motor, designed for cost effective hybridization
of cars

e The Dynamic Test Method: A convenient, fast and precise method to
measure the internal properties of electric motors, that reduce the need
of expensive equipment and saves time during the development of electric
drives for cars.

These results are useful, for example:

e for car companies, to make a low cost hybrid in the proposed way

e for researchers and developers of new electric machines who can make use
of the presented methods and results

e to provide information about newly developed electric motors in a conveni-
ent, easier and faster way using Dynamic Test Method. This will facilitate
and improve the development of new electric motors and the use of them
in cars.

Together with other developments towards electro mobility, the results of this
research will help in the process of reducing the need and the use of fossil fuels,
which will have a positive effect on the environment and health.
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Brief description of my work:

When I started my research work at ITFA, my main task was to design a special
electric motor for a cost effective hybrid car topology. The philosophy behind,
is that, in order to make a more significant impact on the environment, it is
important to hybridize the most common car models instead on focusing on
exclusive cars which are sold in fewer numbers.

This topology reuses the conventional drive train, especially the manual gearbox
which is more compact, has lower price, and is more efficient than other types
of gearboxes used in hybrids.

Figure 1: Topology of the hy- Front Wheel Gearbox
brid drive train

Clutch

blnternal Combustion Bl?lt / ] ,
Engine Drive gectric Machine

The electric motor here should not only be powerful enough for vehicle traction
but it should also synchronize the shafts in the gear box during gearshift. Ac-
cordingly, it should be able to change from one certain speed to another in a
fraction of a second, so that the gearshift is unnoticed by the driver.

I designed and optimized the electric motor using the tools developed at IFA,
the optimization was made basically by using Finite Element Analysis (FEA)
and focused on low rotor inertia while retaining the requirements for power,
torque and speed for vehicle traction.

Figure 2: Numerical simulation for the
electric motor design
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After the design process was ready, a prototype was manufactured by a motor
factory.

Figure 3: Manufacturing of the electric
motor

Then the prototype needed to be tested to ensure that it has the expected
properties and performance. Testing this new motor implied some challenges,
considering that the motor was quite extreme in terms of speed and accelera-
tions.

For this reason, we upgraded the control system to a new one based on Field
Programmable Gate Array (FPGA) technology. FPGA is a programmable integ-
rated circuit that is incredibly fast at performing several pre defined calculations
simultaneously. Thus it is ideal for controlling the magnetic field in this dynamic
motor, for example. My next task was to develop the software for the FPGA for
motor control. Programming a FPGA is more complicated and time consuming
than programming a microprocessor. But once the FPGA is programmed, it
works very fast and with high accuracy and reliability.

Figure 4: A state of the art con-
trol and measurement system is de-
veloped for this dynamic electric
motor

Another challenge for testing the new motor was to install it on the braking test
bench, it was very difficult and time consuming to align and calibrate all the
other components, and any limitation on torque or speed in one of them would
set a limit to the whole test.
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Instead of installing the motor on the test bench, I decided to further develop
the control system so that the motor could be tested without the need of an
external load.

Figure 5: The Dynamic Test Method re- Tew
duces the need of expensive equipment and C—D
make the measurement more precise

[ .

Electric
Machine

Pulses of current were applied to the motor and it would accelerate freely. Con-
sidering the high torque levels used in a car applications and the low inertia
of this motor, it took only fractions of a second to reach maximum permissible
speed. This is where the advantages of the FPGA are put to good use. It
could handle these extremely high accelerations. Large amounts of data were
collected with high time resolution during the acceleration, and streamed to the
computer for later analysis. Different methods were developed to extract the
required motor information. In this way the electric machine could be tested
with high accuracy, without disturbance of other external components, with low
temperature rise due to the short test time, etc. This test method, named as the
Dynamic Test Method is described in detail in this thesis with its advantages
and properties.

Figure 6: The required information from
the electric motor is obtained. For example, v
the torque map is displayed as a function of 100, -
the direction and intensity of the magnetic

fields created inside the motor 50l

Torque [Nm]
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Figure 7: Other example _ ., ©°27
of required data is the — ™ /\ l/\/\
torque ripple, which is cal- /

culated by decomposing
the oscillations during ro-
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Finally, with the data obtained from the electric motor, it is shown that

e The Dynamic Test Method is a useful and convenient method for charac-
terizing an electric motor

and that this motor complies with the specifications for the hybrid car applica-
tion, which are mainly:

e vehicle traction in electric mode when possible, for example in city traffic

e helping to improve fuel efficiency by helping the gasoline engine to work
under optimal loading

e and due to its high dynamics, allows continued use of a compact, low price
and efficient manual gearbox

xxi
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Chapter 1

Introduction

1.1 Motivation for the development of electric drives
for vehicles

The motivation of this thesis is to contribute to the development of electric
hybrid drive trains for vehicles, which is meant to have a positive impact on the
environment and on the health of people.

1.1.a Background and importance of Electric Hybrid Vehicles

Some of the first vehicles developed in the late 19th century were powered by
electricity. But during the 20th century the use of fossil fuels increased drastic-
ally. The use of fossil fuels has many known disadvantages for the environment
and people’s health as well as the low efficiency of combustion engines, and
the availability of fossil oil and gas is limited. Nowadays, the transport sector
accounts for approximately 30% of the energy consumption in Europe [8] and
USA [9] for example. And most of the energy used by cars comes from fossil
fuels.

The advantages of using electric power instead of fossil fuels is clearly seen
for example in the fact that electric machines were used instead of combustion
engines as soon as it was possible. For example, for motors in factories, elevators,
trams or trains. There the motors could be continuously supplied with electricity
from the grid.




But mobile machines as cars, ships, and airplanes continue to rely on fossil fuels
where large amounts of energy could be stored quite simply in the fuel tank.
Storing equivalent amounts of energy in the form of electricity requires large
and expensive batteries with limited service live length.

Higher fossil fuel prices, increased environment and health awareness as well as
technical developments in electric drive technology, have contributed in recent
years to an increased development and production of FElectric Hybrid Vehicles
(EHV's) and pure electric vehicles.

Due to higher fuel efficiency of FHVs, the emissions of CO5 for a given traveled
distance can significantly be reduced. Even more if it is possible supply the
vehicle with electricity from the electric grid as in the case of Plug-In- or Slide-
in-EHVs. As is well known, C'Oy is one of the gases most responsible for the
Green House Effect on earth.

EHVs that can run on pure electricity in city traffic, for example, have also
the advantage of reducing the local pollution by not releasing NO,, CO and
particles.

1.1.b Importance of cost effective hybrid vehicle topologies

The benefits of electric hybridization will have a larger global impact on the
environment and on people’s health, if many regular price cars use it, than
if a small number of expensive vehicles are hybrid or purely electric, i.e. if
hybridization focuses on low price, large volume car models. For this reason,
this project is based on a cost efficient hybrid topology which could be installed
in the most common car models in a relatively easy manner.

The hybridization process of vehicles often requires the development of new
customized Electric Machines (EMs) for optimal integration with the Internal
Combustion Engine (ICE) and the transmission. The use of EMs for powering
vehicles, entails new requirements for power, torque, speed range, size, weight,
dynamics on the FMs, that all need to be satisfied together.

This thesis work goes through the design and prototyping of an EM custom-
ized for this cost-effective hybrid topology. This EM is designed not only for
powering the vehicle but also for speeding up the gearshift process, which will
reduce the cost of the transmission and will maintain driving comfort and vehicle
performance.



1.1.c Improved techniques that facilitate the development of
electric drives

Nowadays large amounts of new different types of FMs for powering vehicles
have been designed and developed in universities and in industry. New tools and
techniques that facilitate the processes of designing, manufacturing, evaluation
and controlling EMs are also of crucial importance.

In this thesis, a design tool developed at the Division of Industrial Electrical
Engineering and Automation (IEA), RF-Design, is used and evaluated for the
design of the EM.

Another important step in the development process is the test and evaluation of
prototypes or commercial EMs. This process normally requires a Brake Bench
which is a large, advanced, expensive piece of equipment and the process is time
consuming. This traditional test method changes the properties of the machine
during testing because of heat generation.

During the development of a new control system that the new EM required, the
author of this thesis, Yury Loayza (YL) came up with the idea and developed
a new method for measuring the internal properties of these types of EMs,
namely inserted Permanent Magnet Synchronous Machines (iPMSMs). This
new method is called here the Dynamic Test Method [2].

In this thesis, the Dynamic Test Method is further described in detail. This
method simplifies the evaluation process by eliminating the need for a Brake
Bench. This method is fast, requires less equipment, and has increased precision
compared to the traditional test method.

The results of this thesis. i.e. the description of the design process of the EM,
the study of the properties of the final prototype and the Dynamic Test Method
are intended to become part of the useful resources that can help researchers
and developers in the process of developing a cleaner and more environmental
friendly transportation.

1.2 Arrangement of the thesis

Chapter 1 contains the introduction, placing the project in a larger context, and
describing the thesis structure and contributions of the project.

Chapter 2 describes the actual EHV topology on which this thesis is based and



establishes the specifications for the new EM.

Chapter 3 describes the design and optimization process of the customized dy-
namic (PMSM, presents the expected machine characteristics obtained from
Finite Element Analysis (FEA), as well as the prototype.

Chapter 4 introduces the Dynamic Test Method with its importance, benefits,
and characteristics.

Chapter 5 describes the Dynamic Test Method for characterizing iPMSM's with
corresponding theory, methods, equations and measured data. Machine prop-
erties obtained using the method are also presented here as for example torque
and flux maps as a function of current vectors, etc.

Chapter 6 describes the creation of Field Weakening Look Up tables (LUTs) for
machine control using speed and torque as input parameter, which allows it to
reach speeds many times above the nominal speed. This chapter also presents
machine properties as losses and efficiency as a function of speed and torque.
And finally it evaluates the expected dynamic performance of the iPMSM in its
EHYV application.

The appendiz contains a general description of the experimental set up, tables
with detailed EM data obtained from the measurements and calculations, CAD
drawings of the FM, data sheets and other detailed data used for the calcula-
tions.

1.3 Contributions

1.3.a Description of the design process of an electric machine

In Chapter 8 the author describes in detail the design and optimization process
of a high dynamic {PMSM for powering a parallel hybrid car where the EM is
connected to the gearbox.

The information presented in this work is intended to serve as an example for
readers interested in developing electric machines or understanding how the
process is done. Of special interest is that the whole process from concept to
final optimized design can be done with software that is either free or can easily
be accessed by many students, such as Matlab, RF-Design and FEMM .



1.3.b The final design of a highly dynamic electric machine

This thesis also presents the geometry and the electromagnetic properties and
other data of the final prototype of this highly dynamic {PMSM. This data can
be useful:

e as example of FM for a parallel hybrid vehicle
e as input for simulations of hybrid topologies
e as a start point for other designs

e for comparison with other designs of FMs, as a tested parameter config-
uration among the large amount of possible configurations

e The prototype is used for further testing of the hybrid drive train and
as test object for development of measurements and control methods for
EMs

1.3.c The Dynamic Test Method

Another important contribution, is the conception, development and proof of
concept of the Dynamic Test Method for its innovative value, benefits and
practical implications.

Specially, torque and flux maps, that are the finger print of iPMSMs, were
previously obtained from numerical simulations or static tests in a Brake Bench,
at least in the near research community known by the author. The Dynamic
Test Method is a more convenient, economic, time saving and precise alternative
method of measuring the properties of an iPMSM.

1.3.d Field weakening control for speeds beyond nominal speed

Vector control for reaching speeds up to approximately 5 times the nominal
speed of the iPMSM is implemented and tested. LUT's for field weakening are
created for this purpose and measurements of the acceleration up to 15000 [rpm]
are displayed.






Chapter 2

Cost effective topology for an
electric hybrid vehicle

At the Division of Industrial Electrical Engineering and Automation (IEA) dif-
ferent FElectric Hybrid Vehicle (EHV') topologies are studied, in cooperation
with the automotive industry, intended to facilitate the hybridization of exist-
ing vehicle models, among others:

e Parallel hybrid for a light vehicle where the Electric Machine (EM) is
coupled via the gearbox to the front wheels, which is studied in this thesis
work

e Rear wheel drive for a light vehicle with the EM coupled to the wheels
[10] [11]

e Heavy vehicle, parallel hybrid with the EM coupled via the gearbox [12]
[13].

2.1 The cost effective hybrid topology

The parallel hybrid topology for a light vehicle where the EM is coupled via
the gearbox to the front wheels consists of maintaining the common front wheel
drive on a vehicle almost unchanged, removing the electric start motor and
adding a compact, medium power EM placed on the side of the gearbox and
connected to the input shaft as shown in figure 2.1.




Figure 2.1: Topology of the Gearbox
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Placing the EM at this position gives great flexibility for the power flow, at this
position the FM can be used:

to start the Internal Combustion Engine (ICE)
as a generator

to contribute to the power demanded from the ICFE, by letting the ICE
run at more efficient working points

to improve the vehicle dynamics due to fast response of the EM
to run the vehicle in pure electric mode in city traffic

to increase the total power to the supplied to the wheels in so called
boosting mode

for regenerative braking
for quick start of the vehicle using high torque at low speeds from the EM

for speeding up the synchronization of the shafts in the gearbox during
gearshift

While the first ones are general advantages for parallel EHV's [14], the last one,
of speeding up the synchronization of the shafts in the gearbox during gear shift
is a key point in this topology compared to other parallel EHV topologies and
is studied deeper in the following sections.

This topology has been previously studied with numerical simulations and ex-
perimental tests:

[15] studies the transmission and the gear shifting process, focusing on the
time needed for shaft synchronization, using numerical simulations and
concludes that using one single external EM is the most suitable setup for



an EM assisted Automated Manual Transmission (AMT) and that the
synchronization time specifications can be achieved

e [16] studies different alternatives for hybridizing an Opel Astra from Gen-
eral Motors which is considered a large volume, low price private car
model. It compares, parallel hybrid, series hybrid, complex hybrid with
different electric power levels and recommend an FM with an nominal
power of Py = 15[kW] rather than a P, = 40[kW]

e [17] and [18] present the results of experimental tests on shaft synchroniz-
ation during gear shift using a non customized FM and highlight the need
of a customized FM and more gears in the gearbox

e and this doctoral thesis goes forward with the development of a customized
EM optimized for this topology

This topology is meant to be easy to implement in the most common models of
private cars, due to the few changes in the conventional drive train and allows
the price of the transmission to be kept down as explained in the following
sections.

2.1.a Importance of low cost, large volume systems

The philosophy behind this low cost system is that, to make a greater positive
impact on the environment it is important that a large number of vehicles reduce
their emissions. Therefore, this idea focuses on the hybridization of common,
regular price cars with reduced hybridization cost.

Accordingly, it is important to keep the price of the components down and make
it easy for the car manufacturers to adapt their production lines to produce
EHVs.

This hybrid topology is relatively easy to implement in existing car models,
keeping down the price of the components, as for example the transmission,
without sacrificing either the performance or the comfort of the vehicle.

Other topologies such as the serial hybrid or complex hybrid topologies would
require larger changes in the vehicles and more expensive components.



2.1.b Automated single clutch manual gearbox to reduce costs

Driver controlled manual gear box is no longer appropriate in hybrid systems
where the power flow is so complex that an automated system is needed to
handle both, motor torque control split between the combustion engine and the
electric drives as well as the gear shifting, instead of the driver.

Driving comfort is to a part dependent on a minimum of torque interruptions
during e.g. an acceleration. Commonly this is accomplished by using a dual
clutch or an automatic transmission, but these transmission have some disad-
vantages compared to the Single Clutch Manual Gearbox (SCMG).

The SCMG compared to the Automatic Gearbox has lower price, higher effi-
ciency, less weight and size. Dual clutch gearbores have good efficiency and
performance but are heavier, larger and more expensive than the SCMG [19].

Therefore, components costs for the hybridization can be reduced, without sac-
rificing either the comfort or the performance, by reusing the SCMG and im-
plementing a fast AMT.

2.1.c Fast electric machine assisted automated manual trans-
mission for maintained comfort and performance

During gear shifting the output shaft, which is connected to the wheels, keeps
its speed in principle constant during this short gear shifting time because of
the large inertia of the vehicle, see figure 2.2. The input shaft on the other hand
has to change its speed to the one corresponding to the new gear ratio figure
2.8.

Figure 2.2: The speed of Gearbox
the output shaft remains un-
changed under gearshift. The
input shaft needs to adapt to
the speed corresponding to the
new gear ratio.

Output Shaft

Input Shaft

Belt
Drive Electric ’
Machine



Figure 2.3: Speed of the in-
put shaft for different gears,
and speed of the output shaft,
vs. the vehicle speed
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When using a SCMG, the input shaft needs to be disconnected from the output
shaft during a short time during gear shift for speed re-synchronization. During
this synchronization time, no torque can be transmitted from the ICE to the
wheels.

In cars with manual gearbox and no AMT, the driver decides when to shift gears
and this torque interruption time is less of a concern. But when using an AMT,
this torque interruption time can come suddenly, especially when the driver is
trying to accelerate.

If this interruption time is too long, more than half of a second for example, it
can be uncomfortable and even affect the driving process negatively. Therefore
the maximum allowed time for gearshift, according to [15], is set to:

Atgearshift,maa: =100 [ms] (21)

2.1.d Long and slender rotor for high dynamics

In this EM assisted AMT the EM is used to synchronize the input shaft. To
speed up this process, i.e. reach high angular acceleration of the rotor, it is
important to keep down the inertia of the rotor of the EM and of the reflected
inertia of the input shaft as well as of the other linked components, such as the
belt transmission. At the same time, the torque and power delivered by the EM
need to be high (eq. 2.2).

dwmech _ T (2 2)
dt Jinput,shaft ’
Jrotor + T
belt

In (eq. 2.2) the inertia of the belt transmission is not considered for simplicity.
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This thesis focuses on keeping down the inertia of the rotor J,.r and the inertia
of the other components is not further optimized.

In general the torque produced by a the radial lux EM is proportional to the
mantel surface of the rotor [20], which imply that for a given axial length, the
Torque is roughly proportional to the square of the radius.

T = k-l-r? (2.3)
And the inertia J,; of the rotor is proportional to the 4:th power its radius.

1
[ rt

(2.4)

JTOt = Qm T2 = 5 pdens

This implies that the acceleration that the rotor could achieve, disregarding
external components, which is

dwmech T
= 2.5
( dt ) rotor JTOtOT ( )
is inversely related to the square of the radius.
dWmec 2k 1r? k
G} 2k 1k 26)
dt rotor Pdens Lrd r2

By placing the EM parallel to the gearbox, see figure 2.1, it is possible to design
an EM with a long and slender rotor with low inertia which will increase the
dynamics and reduce the time for gear shifting.

The synchronization time is further studied in detail in section 6.3 with meas-
ured data of the customized FM.

Other topologies of AMT place the EM concentric to the input shaft. Because
of the limited space in the axial direction, the EM is forced to have short axial
length and large diameter for a given torque. The large rotor diameter increases
the inertia Jyot0r, and then the synchronization time.

Automatic and dual clutch transmissions have not torque interruption time. To
compete with them, the single clutch AMT should be able to change gears very
fast.

12



As mentioned before, this parallel hybrid topology has been studied in previous
projects at the division of IEA [17] and [18], using the Parallel Drive Bench
shown in figure 2.4. There large bench flywheels, that represent the mass of a
car, are accelerated from standstill to a top speed through different gear ratios.
In these projects a previously existing, commercial, not customized EM is used
as the mechanical power source and for shaft synchronization in the gearbox
during gear shifting. The FEMs used for these tests had limitations of torque,
speed and dynamics. The need for a new customized FMs is clear.

Figure 2.4: The Parallel
Drive Bench with the new [New Electric Machine

customized EM N
Belt Transmission

Robot Arm Controller

Gearbox

o

Bench Flywheels

2.2 Specifications of the electric drive

The outcome from gear shifting sequences such as time and acceleration require-
ments, together with torque, speed and power needed for vehicle traction and
integration with the ICFE, is used as an input to the machine design in this thesis
with the specifications listed below.

The transmission ratio kpe; between the EM and the input shaft is determined
in section 3.1.b. Here the specifications are given at the input shaft, see figure
2.5.

The following bullet list defines values obtained in cooperation with the auto-
motive industry, Tommy Lindholm previously working at Saab Automobile, and
from previous studies.

13



Figure 2.5: Transmission

between the FM and the ICE Eg;ls
and the gearbox via a belt
drive

Tice start Tgearbox,nom

+ =180 Nm =90 Nm

Speedice, max
=7500rpm

ICE

Belt
Drive Electric
Machine

e Nominal power of the FM to power the vehicle in city traffic and for gear
shift synchronization [16]

Prom = 15 [kWV] (2.7)

e Nominal continuous torque supplied by the FM at gearbox input shaft for
being able to power the vehicle in city traffic, see figure 2.5

Tgearboz,input,nom =90 [Nm] (28)

e Peak torque at the ICFE shaft for starting it at —40°C

TICE,start =180 [Nm]

e Maximal speed at the ICE shaft to be able to be connected to the ICE
shaft at any time
speed;opmaz = 7500 [rpm] (2.9)

e Time available to synchronize the shaft in the gearbox during Automated
Gear Shifting (from eq. 2.1).

At gyne = 100 [ms] (2.10)

e Maximum length and diameter of the electromagnetic active components
of electrical machine i.e. rotor and stator (housing not included)

LEM,stator =200 [mm]
QEM,stator = 180 {mm]

e Battery voltage
Udcpart = 300 [V] (2.11)
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The main focus of the EM design is on the optimization of the thermal and
electromagnetic properties of the active part of the EM, i.e. the rotor and the
stator. This project on the other hand, does not go deeply into the optimization
of the housing, where only a basic geometry is used.
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Chapter 3

Design of the electric machine

3.1 Specifications of the electric machine

With the specifications of the electric drive at the input shaft in section 2.2
the next step is to determine the belt transmission ratio kp.; between the Elec-
tric Machine (EM) and the input shaft as well as the type of EM and other
characteristics to determine the specifications for the EM.

3.1.a Speed requirements

Considering the specification of high torque density, low rotor inertia and limited
space inside the vehicle an inserted Permanent Magnet Synchronous Machine
(iPMSM) is chosen as the appropriate type of EM for this application.

In order to maximize the available power, P = w - T, of an «PMSM that needs
to fit in a limited volume, it is appropriate to consider that the size of the EM
is directly related to the torque [20] and [21].

The torque is proportional to the size of the magnets, the mantel area of the
rotor and to the applied current. Higher current will require a larger quantity of
copper in the windings and a larger quantity of iron to avoid magnetic saturation.
This results in a larger machine for higher torque.

Higher speed may also require a slightly larger iron core in order to keep down
the so called iron losses Pr.. At the same time high speed will also require
better insulation due to higher voltage, but this will not affect the size of the
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windings in the same way as the need for higher current.

According to the definition of mechanical power, P = T - w, high power density
can then be achieved by keeping down the torque and increasing the speed as
long as it practical, efficient and mechanically achievable.

But other factors limit the rational top speed of the EM, such as:

e Centrifugal forces of the magnets inside the rotor
e Resonance speed of the rotor shaft
e Centrifugal forces in the belt

e More accurate and advanced measurement and control system to run the
EM

e Limited switching frequency of the IGBTs, app. 10 [kHz/

e Maximum permissible speed for the resolver, here 30000 [rpm], see figure
D.2

In this project, the speed limit is chosen to:

speedpMmar = 15000 [rpm] (3.1)

This value is chosen based on the experience of previously constructed «{PMSMs
at the division of Division of Industrial Electrical Engineering and Automation
(IEA), iPMSMs used in previous projects for this hybrid topology, and consid-
ering for example the top speed of rotating components of the transmission of
a conventional vehicle 7500 [rpm].

This speed would make it possible to construct the EM with conventional mater-
ials, components and technology, which is desirable for cost-effective topology.
Since this speed is twice the speed of the Internal Combustion Engine (ICE), the
capabilities of the {PMSM of being able to run faster than the ICFE is utilized
well.

3.1.b The belt transmission ratio

In previous studies a belt transmission between the EM and the input shaft
has been proposed [18]. This implies the following relations for the speeds and
torque
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WEM

kpet =  ———
Wyearbox

(3.2)
. Tgearbox
neglecting the losses: Tgy = —_
et

The belt transmission ratio is determined by the top speed of the ICE and the
one of the FM:

speedpnrtop 15000 N (3.3)

k =
belt speed[cE, top 7500

In figure 3.1 we can see the required EM torque for different belt transmission
ratios. We see that for kp.;; > 2 the torque curve has already flattened. Increas-
ing the belt ratio beyond 2, and in this way increasing speed of the EM, would
not save much space, and higher speeds would bring other complications.

E
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Figure 3.1: The belt speed ratio. The required torque decreases with kye;x but the
maximal allowed speed limits kpe;; to 2

3.1.c Nominal torque, speed and constant power speed range

Besides the nominal values, the EM is required to have a large constant power
speed range, torque overload capabilities with peak torque twice the nominal
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torque, and peak power during a short time. Because of that, an iPMSM is
selected as the most appropriate EM type instead of a Surface Mounted Per-

manent Magnet Machine (SPM) for example [22].

The paper [23] list other practical advantages of iPMSM and propose an interest-
ing method for reducing the flux leakage characteristic of this EM configuration.

With the belt transmission ratio kp; = 2, the specifications for the EM, see

figure 3.2, are:

Figure 3.2: Power, torque and

speed specifications for the electric = 90 (=% 5
machine = \ §
s T \& o
w nom o
[ 45 -c,‘"
S kW Q
= a
0 ! ! 1
0 3.183 5 10 15
speedENI [1000 rpm]
T, b 90 Nm
gearbox
TEM,nominal = = = 45 [Nm]
Kpeir 2
Tr0E,start 180 Nm
TEM,peak : I — = 90 [Nm]
Kpeit 2
Pey 15000 W
W0,EM ,mech = o 333.3 [rad/s]
TEM,nominal 45 Nm
Table 3.1: Speed and torque specifications of the EM
machine type radial flux iPMSM
nominal power  Phom = 15 kKW (eq. 2.7)
nominal torque  Thom = 45 Nm
peak torque Treak = 90 Nm
Pnom
nominal speed  Wnom,mech =7 = 333.33  rad/s
speednom = 3183 rpm
top speed speediop 15000 rpom  (eq. 3.1)
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3.1.d Number of pole pairs

Numerical simulations show that the torque increases with the number of pole
pairs when comparing npelepairs : 2,3,4,5. The increment is larger for low
Npole pairs, then the torque begins to flatten.

The highest number of pair of poles is limited by the maximum recommended
switching frequency of the IGBTs. The Power Electronics Converter (PEC)
used for this project has a max. recommended switching frequency of:

Fow = 10 [kHz]

In order to give the current in the phases a fairly sinusoidal shape, it is necessary
to switch at least 10 times per electric period, i.e. the highest allowed electric
frequency is

fel,ma:r; =1 [k’HZ]

The top electric frequency for different number of pole pairs is presented in
table 8.2. Npoiepairs = 4 is good but for npee peirs = 5 the top electric frequency
becomes too high considering the switching frequency.

Table 3.2: Electric frequency for different number of pole pairs, at 15000 [rpm]

P irs e
n ole pai fl
3 750 [Hz]
4 1000 [Hz] ok
5 1250 [Hz]  too high

The selected number of pole pairs and the corresponding electric nominal speed

Wo,elec = TNpole pairs * W0,mech

are presented in (table 3.3)

Table 3.3: Selected number of pole pairs

Npole pairs = 4
mech. nominal speed Wo,mech = 333.33 rad/s (table 3.1)
electric nominal speed wo,elec = 1333.33  rad/s
electric nominal frequency foelee = 212207 Hz
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3.2 Fast optimization of the internal parameters of
the electric machine

The design and optimization of the {PMSM is done using Matlab, RF-Design
toolbox and FEMM software.

FEMM is a 2D Finite Element Analysis (FEA) software and RF-Design is a
rapid CAD/CAEFE design tool for radially magnetized electrical machines de-
veloped by Avo Reinap (AR) at IEA . RF-Design is also used in other projects
for designing electric machines for other applications or topologies such as [24]
[11] [13].

The design process is described in more detail in [1], here in figure 3.3 and on
the following sections:

Parameter
aramete geom, Pp, thermal |— |
selection
vector
set of: 2., 0 mesh
creator
electro
magnetic
TnamyTpeakuidemag < pOS'[ proc.
Final design

Figure 3.3: Flowchart of the optimization process
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3.2.a Parameter selection

A large set of parameters as:

e geometric dimensions and proportions: radii, number of pole pairs, etc
e material properties

e boundary conditions and loads

are chosen for the first iteration based on previous experience or arbitrarily. For
the following iterations the parameters are updated depending of the results
either manually or using some semi automated standard optimization method.
Because of the complex geometry of the EM fully automated parameter selection
has not been possible in this study.

3.2.b Geometry of the electric machine

RF-Design draws a 2d-geometry of one pole of the EM on FEMM using LUA
script (see figure 3.4). RF-design assigns material parameters, boundary condi-
tions, loads, etc to the different regions of the 2D geometry.

Figure 3.4: Model of the EM
in FEMM

3.2.c Thermal finite element analysis

A steady state thermal analysis is performed by FEMM. An amount of current
is selected, which is translated to heat generation Pc, in the copper windings
due to resistive losses

Heat generation Pr. caused by the changes in the magnetic field at the nominal
frequency fy in the iron is applied to the regions that consist of iron according
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to the iron plate data sheet. This data sheet is a 2D table that has frequency
and mean magnetic flow density By as parameters.

To simulate the effect of water cooling a boundary condition of constant tem-
perature Us ot = 100 °C is set at the outer mantle of the stator

FEMM solves the steady state thermal calculations and outputs a temperature
distribution over the EM, and in particular, the highest temperature found on
the EM, see figure 3.5.
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Figure 3.5: Temperature dis-
tribution over the EM [°C]

The current density Jy is varied and the thermal calculation is repeated until
the highest current density is found in which the maximum temperature on the
EM does not exceed the predefined thermal margin.

In this case the temperature limit is set to ¥y, = 120°C. Too high temperat-
ures can damage the insulation of the copper wires and permanently decrease
the magnetic strength of the magnets.

3.2.d The nominal current i,

The result of the thermal FEA is the nominal current density Jy which is the
highest current density that can be applied to the slots of the EM continuously,
under nominal conditions, without trespassing any thermal limit inside the EM.

The magnitude of the nominal current vector iy is calculated from Jy and the
copper area A, in the slots using the power invariant park transformation

3.2.e Mesh of current points

A mesh of current points is to be analyzed is generated. Commonly the selected
current points are multiples of the nominal current i¢ in the rotor coordinate
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system is,-isy-plane (see figure 3.6)

Figure 3.6: Mesh of current points in current vectors _
the rotor coordinate system 800 ® @]
600
<
<, 400
0
200
i
-800 -600 -400 -200 O
iy [A]
SX

3.2.f Phase currents values as a function rotor angular position
Qelec

For each current vector of the set, RF-Design calculates the corresponding cur-
rent values in the phases [ig, iy, i.] using the power invariant park transformation

[5]-

The phase currents [ig, i, ic] not only depend on the current vector [is., isy] but
also on the angular position 6 of the rotor . In this project the rotor is rotated
over one pole i.e. 1807, .,...» Which corresponds to 457 ., for n,oepairs = 4.

The rotor is rotated in steps of Afgje. = 5

(o]
electric®

eelec = Npole pairs emech

The phase currents, for each current point, during rotor rotation form 3 sinus-

oidal waves which are phase shifted with 1202, ,,,. (see figure 3.7)
Figure 3.7: Phase currents, corres-
ponding to one current point, during 1000
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3.2.g Electromagnetic finite element analysis

RF-Design feeds this current values together with the other necessary paramet-
ers to the FEMM model. In this case where 4 current vectors are analyzed at
36 rotor positions. FEMM performs 144 FE calculations (see figure 3.8).
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Figure 3.8: Electromagnetic Finite Element Analysis to determine the Torque T" and
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Figure 3.9: FEMM output: phase current [iq,ip,%.], torque T and phase flux-linkage

[¥a; e, Pe] for one of the current vectors (blue ring)
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This is one of the most computational time-demanding steps of the optimizations
process. At the time of running this optimization in year 2015 these 144 FFE
calculations, 4 current vectors by 36 angular positions, take 20 minutes using
an up-to-date personal computer.

For every FEA calculation, FEMM outputs the 3 phase currents [iq, i, 4], one
torque value T and 3 phase flux values [¢q, ¥y, ¥c]. (see figure 3.9)

From the flux values for each phase [¢q, ¥y, ¥c] shown in (figure 3.9) the corres-
ponding flux values as vector [1)s., 1] are calculated according the Park Power
Invariant Transformation (see figure 3.10) and considering the number of pole
pairs of the machine.

20 20
@ =
£ 10 £ 10
b °® 7
s N
0 0
1000 0 1000 0
500 500
. 0 -1000 . . 0 -1000 .
isy [A] isx [A] isy [A] isx [A]

Figure 3.10: The flux linkage as vector [¢s,1s,] is calculated for the 4 selected
current vectors. Note that 1, depends mainly on i, and g, on ig,

Note: The phase flux calculated by FEMM is the flux over each slot. This
value is multiplied by the number of poles of the iPMSM because all slots that
correspond to a phase are connected in series, one plus and one minus per pole
pair.

3.3 Post processing of the results from the finite ele-
ment analysis

3.3.a Interpolation of the flux

Based on the flux values for this four edges of the rectangle, the flux values
for points inside the rectangle are interpolated (see figure 3.11). This is a fast
estimation to find the optimal current point the inside this region. Of course
the larger the saturation the less accurate this linear interpolation is. But in
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the fast optimization process, this is an efficient method to compare different
motor designs when optimizing the geometry.

This 2D linear interpolation for the fluxes are more accurate than 2D interpol-
ation of the torque surface. The torque surface is twisted while the flux surface
are mainly dependent only on one current at the time. v, depends mainly on
Qs and g, on iy, (see figure 3.11).
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Figure 3.11: Linear interpolation of the flux linkage [t)s,, 15, ] for the interior points

3.3.b The nominal torque

Torque lines [Nm] and max cont. T,
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Figure 3.12: The Torque T = npp-ﬁ x 1 calculated for the interior points. The nominal
torque Thom is found along the circle with radius I

The Torque for the interior points is calculated as the cross product of the
fluz-linkage and the current: (eq. 3.4) and (figure 3.12, left)

T= Npole pairs [ @Z)sm ] X |: baa ] (3'4)

wsy Z’sy
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The nominal torque T}, is given by the point on the circle with radius Iy that
has highest torque (see figure 3.12, right) and (table 3.4).

Table 3.4: Nominal current vector

—

nominal current vector i0 = [-355.4 730] [A]
lio] = 812 [A]
~ 2
amplitude of ph. curr. (pow. inv.) ig = \/; lio] =663 [A]
ia
hase curr. rms Ta.rms = — =469 A
p : 7 [A]
preliminary nominal torque Trom,pretim = 4041 [Nm]

According to the thermal analysis, the nominal current Iy is the amount of
current that can be applied to the EM during unlimited time without reaching
temperatures that can harm it. With unlimited time it is meant that a steady
state thermal equilibrium has been reached.

3.3.b.1 The nominal flux

The nominal flux 1y, i.e. the flux at the nominal current point 1;(;0) is needed
to find out the induced voltage and the required dc-link-voltage when running at
nominal conditions, i.e. at nominal speed wy and applying the nominal current
to obtain the nominal torque.

The nominal flux is obtained by interpolating the flux maps 15, and v, at the
location of the nominal current point, see table 3.5 and figure 3.185.

Table 3.5: Nominal flux vector

flux at io U(io) = [5.987 16.838] [mV s
nominal flux o = [6.026 16.682] [mVs]
lbo] = 17.871  [mV s
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Figure 3.13: The flux linkage 1/70 for the nominal current Iy

3.3.c The peak torque and peak current

The peak torque Tjeqr is the maximal torque that the EM needs to deliver for at
least during a short amount of time of a few seconds. For this hybrid topology,
for example, the peak torque is mostly needed to start the ICE or to synchronize
shaft in the gearbox. Therefore it is mostly needed during a few seconds or less
each time it is needed.

The relationship between the torque and the applied current is non linear. The
torque increases strongly with the current when the iron core is not saturated
but for high current values saturation will slow down the gain in torque per
extra applied current, see figure 3.28.

To avoid magnetic saturation in the iron core of the EM it is important to avoid
narrow paths in the teeth and yoke of the stator.

To find out the amount of current that is needed to achieve the peak torque a
new set of larger 4 current vectors are analyzed using RF-Design and FEMM.
During the fast optimization process, when it is desired to keep down the number
of simulations, this new analysis is done applying twice the nominal current,
Ipear = 2- 1o, considering that the desired peak torque here is twice the nominal
torque.
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The calculation of the torque for internal points within these 4 current vectors
is done using the flux values in the same way as for the nominal torque, see
left side on figure 3.14. Due to saturation, the values for internal points are not
accurate in this preliminary fast optimization.

The peak current I, is calculated for the Tpeqr = 90Nm which is given in
the specifications. The peak current Ip.q is found by tracing the currents along
the constant torque line T = 7)., and finding the one that lies closest to the
origin, see right side on figure 3.14.

. const. T-lines [Nm] . pea}'k torque and peak curr'ent
p
2000 2000
'\’%090%0 ~ 90 NM ~
1500 A0 7 1500 [ Fpest ~
z € %
> 1000 /50/ > 1000 *
2 10 2
—
30
50— 50— 500
10—
0 ® 0 L
-2000 -1000 0 -2000 -1000 0
isx [A] isx [A]

Figure 3.14: The peak current Ipq is found by tracing the currents along the constant
torque line 7' = T4 and finding the one that lies closest to the origin

3.3.d The number of winding turns

The number of winding turns is determined considering the available dc-link-
voltage or battery voltage, the required nominal speed and the flux linkage at
the nominal current, and it is explained in the following lines.

In figure 3.15 and (eq. 3.5) we can se a basic electric representation of the
iPMSM. The iPMSM is controlled by regulating the voltage applied to the
motor [Usg, Usy).
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digy
Rsz : 'sz st "
’ dt

Usy TT — Psy * Wel T()

) dig
Ry -isy sy d;y
r: JUdu
Figure 3.15: Electric repres- Hoy T — Vi~ el T()
entation of the iPMSM .
) di
Uy = R-ige + LSIT? - ¢sy * Wel
(3.5)
. d Z‘sy
Uy = Rty +Lgy dt + Vsg - Wel

3.3.e Relationship between the dc-link-voltage and the mag-
nitude of the voltage vector u,,

When the EM is running at steady state conditions, i.e. constant torque and
constant speed, then the voltage and current vectors will appear as stationary
points in the rotor xy-coordinate system.

In the stator (« f)-coordinate system, the voltage and current vectors will form
circles with radius equal to the magnitude of the vectors in (zy)-coordinate
system, i.e. no scaling from xy to «a f.

[ua ug| = |use usy| = Vuz, +uZ,

In the 3-phase (abc)-system the vectors look like 3 sinus waves in a amplitude
vs. 0 graph, with 120° displacement in the 6 direction.

There are two common methods of coordinate transformation between (« ) to
phase (abc)-system. The Power Invariant Transformation and the Amplitude
Invariant Transformation. In this thesis only the Power Invariant Transform-
ation is used, where there is a scaling factor between the amplitude of the
sinusoidal wave representing the phase values over time, for example for the
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voltage 4, and the magnitude of the vectors in the stator or coordinate system
| s |-

. 2
Ug = 1] = -

3

st (Power Invariant Transformation) (3.6)
sy

Depending on the PWM-modulation, eventually a zero-sequence may be added
to the 3-phase voltages, i.e. the all 3 waves are increased or decreased by the
same value vg maintaining the voltage difference u between phases but changing
their voltage potentials v:

Vg = Ug + Vo
Vp = Up + Vo
Ve = Ue + Vg

The required dc-link voltage depends on the type of PWM-modulation: sinus-
oidal, symmetric, bus clamped ([5] eq. 2.29 yellow book).

sinusoidal modulation:  uge min,(sin) = 2 Ua
Symmetric:  Uge min,(sym) = V3 g (3.7)
bus clamped modulation:  uge min, (buse) = V3 1y

Using the Symmetric PWM-Modulation and with the Power Invariant Factor in
(eq. 3.6) and for the moment no safety marginal considered, we have:

Usz

Udec,min = \/g \/g = ﬂ

Usy
Usy Usy (3.8)

3.3.f The induced voltage € and required dc-link voltage ug4.

Considering the circuit in (fig. 3.15) and (eq. 3.5), we can see that the last
term, the induced voltage €.

€ _wel|:(f _(1):|ZE _Wel[_izz]
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is the one that most depends on the speed and its magnitude |€g| at the nominal
current vector i and at the nominal electric speed wg cjec

‘€0| = Wo,elec - |1E0| (39)
is presented in (table 3.6).

The necessary dc-link voltage to be able to handle at least the induced voltage
is similar to (eq. 3.8)

Ugeomin = V2 |é0] (3.10)

And an extra margin is added to handle the resistive and inductive voltage drop.

The values of |ey| and Uge i for one winding turn, using the Power Invariant
Transformation and Sinusoidal PWM modulation are presented in (table 3.6)

Table 3.6: The nominal induced voltage per turn

ol = 17871 [mVs] (table 3.5)
Wo,elee = 1333.33  [rad/s] (table 3.3)
|€o] = 23.828 [V] per winding turn
Ude,min - = 33.698 [V] per winding turn

3.3.g Number of winding turns n,,,q4

In the Finite Element Model the slot is considered as if it is composed of a single
conductor. In the real EM there are many conductors which can be arranged
in parallel or in series. The series arrangement in a certain number of winding
turns makes possible to reduce the amount of required current supplied to the
phases at the expense of increasing the required voltage.

Considering that the available battery voltage
Udcpatt = 300[V]
is many times the required de-link voltage for one turn (table 3.6)
Uicomin = 33.7[V] per winding turn

the number of n.;,¢q = 8 winding turns for the conductors in the stator is
considered appropriate:
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This will reduce the current values by a factor of 8 and increase the voltage
values by the same factor 8, see (table 3.7)

Table 3.7: Number of winding turns

Uidc,patt = 300 [V] (eq. 2.11)
Ude,min, (1 turn) = 33.7 [V] (table 3.6)
= Nwind = 8
Udemin, 8 turns)y = 269.6  [V]
phase curr. rms  ia,rms,1turn = 469  [A]
fa,rms,8 turns = 59 [A]

The new dc-link voltage needed for the induced voltage

Udc,mm (8turns) —  Nuwind - Udc,min (Lturn) — 269.6 [V]

leaves a good margin for the resistive and inductive voltage drops.

3.3.h Top speed and field weakening

In order to be able to run the iPMSM over the nominal angular speed w > wy
without increasing the required dc-link voltage the magnitude of the flux linkage
|0| need to be reduced

Uie =~ €] = uT)hE\ = constant (3.11)
!

The magnitude of the flux linkage |’lE | can be reduced by electrically creating
a magnetic field opposite to the field of the magnets to partially or totally
neutralize them. This process is called field weakening [25] [26] and [5]. As
we can see on (figure 3.16) the flux linkage |4] is reduced to 0 when ;demag is
applied. This should not be confused with demagnetization of the permanent
magnets.
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Figure 3.16: The demagnetization point Zdemag where |1/_;demag| = 0. The current

is moved towards this point to be able to run the EM above nominal speed

Reducing the flux linkage reduces the torque but the EM can run faster. Field
weakening can be considered as a kind of ”electromagnetic gear box”

The relation between the top speed wy,, and the nominal speed wy is called the
field weakening ratio

_ Wiop  Speedyop
kfield weakening — =
wo speedy

For this EM the field weakening ratio according to the speed specifications in
(table 3.1) is

15000 [rpm]

k}ieldweakeniny = m =4.71

The current ftop speed Used to reach the required top speed should:

e lie within the circle with radius Iy to avoid overheating.
|itop speed| < |ZO |

e lie close enough to the demagnetization point so that the flux linkage is
reduced proportionally to the field-weakening ratio:

- [dol

wo

W;‘top speed’ <
top

e create a enough torque that the nominal power is maintained over the
whole speed range.

‘Ttop speed| cWiop > |Tnom| cwg =  Puom
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The position of the demagnetization point Zdemag plays a crucial roll in the
capability of the EM to reach top speed and also affects the torque.

This position will depend on the balance between the capabilities of the rotor
vs. the ones of the stator. An EM with strong magnets, large rotor diameter,
which implicate little remaining space in the stator for the copper windings will
create an strong EM which is difficult to demagnetize. The demagnetization
point will move to the left on the negative x-axis, i.e. large current will be
needed to demagnetize, i.e. a quite strong EM but with low top speed.

On the other hand if the EM has less powerful magnets and the stator is pre-
dominant compared to the rotor the EM will produce in general less torque for
the same current than the previous alternative. On the other hand, the weaker
the magnets the easy to demagnetize them by the large stator, that creates a
weak EM but with high top speed. The demagnetization point will move to the
right on the negative x-axis, i.c. towards the origin, i.e. 7 = [0,0]

The over-speed capabilities of a certain EM design depend on the position of
idemag 10 Telation to the continuous current .

The optimal location for the demagnetization point is a bit to the left of the
point [—1g, 0] so that isp speeq Will land exactly on the continuous current circle.

In this project, considering that the field weakening ratio is qulte large, about
5 times, which will mean that ztop speed Will be very close to zdemag

—

ﬁ;fop speed — Zdemag‘ ~ g‘z() - Zdemag|

a simplification is done in the fast optimization stage : The demagnetization
current vector igemag is 'forced’ to move towards [—1o, 0].

;demag — [_IO7 O]

By knowing the appropriate location of the demagnetization point fdemag, com-
putation time can be saved in the post processing. In this way a torque-speed-
diagrams are not necessary after every FEA to see if the field weakening ratio
is reached.
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3.4 Strategy to reduce the number of simulations
and the whole optimization time

Specially the electromagnetic FEA, where a set of currents points and different
angular positions need to be tested, is very time consuming, it can take days if
not weeks for the design of an FM.

The time it takes can vary a lot depending of many factors as the number of
mesh points, the complexity of the geometry, desired precision, etc. But, as an
example, the time needed to perform electromagnetic FEAs for the geometries
in this thesis, using an up to date personal computer by the time of writing the
thesis, around year 2015, is as follows:

To run an electromagnetic FEA, on only one pole sector of the EM (figure 3.8),
for a single static operation point, takes ca 8 seconds.

To run the same FEA for the whole EM (figure 3.18) takes ca. 60 seconds. The
second geometry is also more detailed around the magnets.

For every geometry, a set of current vectors are analyzed to find out the torque
and flux-linkage maps on the i,,1%s, — plane, a set of 4 x 6 current vectors are
for ex. analyzed. But in the preliminary fats optimization only 2 x 2 current
points are analyzed.

For every current a set of different angular positions 6 of the rotor are analyzed
to find out the average torque and the ripple. Here a total of 36 positions were
analyzed, 1807, in steps of 5, . but they could be reduced to a third, because
the ripple pattern is repeated for every slot.

To obtain the data to characterize a certain design, for.ex. the data in (figure
3.21) takes at least:

e 1 minute for one single static operation point
e 24 = 4 x 6 current points is

e 36 angular positions 6

trpa =1 x 24 x 36 = 864 [minutes]

And every geometry depends on a set of ca 20 variables. Finding appropriate
simplifications and applying better optimization methods can help to save a
huge amount of computational time.
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Therefore for example in the preliminary optimization only a pole and only 4
current points are calculated for every parameter configuration (figure 3.10).
other strategies to reduce the number of FFEAs are described in the follow lines.

3.4.a Optimization criteria for the next iteration

From the thermal FEA the nominal current Iy at the predefined cooling condi-
tions is obtained.

And from the electromagnetic FEA the nominal torque T}, peak torque Tpeak
and the position of the demagnetization point —fdemag are obtained. This
values should be analyzed according to the following criteria:

e The nominal torque: The torque T, along the circle with radius Iy
on the iz ,,-plane should be maximized in the following iterations until
TEM nominal is reached.

e The peak torque:

As it will be explained more in detail later (subsection 3.5.c), at low cur-
rents the components of the flux linkage increase linearly with the respect-
ive current components (equation 3.13). But for high current values the
iron core becomes saturated and the components of the flux linkage begin
to flatten as consequently the torque does not longer increase with current
as it would do with unsaturated iron.

A basic way to ensure that the magnetic saturation is avoided is to compare
the values of 1s; (ipeqr) With its hypothetic unsaturated values, i.e. using
(equation 3.13).

Considering the limited available simulated data at this optimization stage,
the inductances and ,,, can be approximated to:

Lo ~ A¢sx _ wsx(oa 0) - '(bsx(_iO» 0)
o Nigy 0 — (—ig)
—~ Az/}sy o wsy(ov iO) -0
Lsy ~ Aisy - 'L'O _ 0 (312)
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e Top speed capabilities: the demagnetization point on the i, ., -plane
should lie close enough to the circle with nominal current Iy on the negative
x-axis. Le. close enough to the point [, 0] so that the iPMSM can
be go on field weakening with nominal current reaching the specified top
speed, for.ex. here speedpn top = 15000 [rpm] .

Based on the last and previous results a new parameter sets are chosen (section
3.2.a) and a new thermal and electromagnetic FEAs are performed with the
new geometry.

3.5 Finite Element Analysis of the final geometry

Based on the results of the optimization process the final geometry of the
iPMSM for manufacturing the prototype is created using the CAD software
Pro-Engineer.

In the CAD drawings, the geometry is adapted for the manufacturing process
of the prototype and for mechanical loads and stresses in the materials. Spe-
cially sharp corners are rounded and mounting and manufactured tolerances are
included as for ex. air pockets around the magnets. (see figure 3.17)

Figure 3.17: Final geometry
of the EM

The geometry created in the CAD software is exported in DXF format and im-
ported to FEMM. The corresponding material properties are set to the different
regions and a new FFEA are performed on the final geometry of the EM. (see fig
3.18)
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Figure 3.18: Electromag-
netic FEA of the final geo-
metry

3.5.a Torque and flux maps on the current i, i,,-plane

A set of 300 x 4145, X 615y = 720 FEA simulations are performed. As mentioned
before , it takes about 12 hours computation time for this more complex and
realistic geometry.

In total 4 different geometries are investigated, simulated and manufactured for
cogging torque reduction. The stator is the same but with 4 rotor configurations,
more about that in sections 3.6.a and 3.6.b.

For each of the 4 x 6 current vectors [is;,is,] at each angular position, the
corresponding phase currents i, , iy , i are calculated, see figure 3.19.

currentvector [i__i_ ]
SX sy

200
100
0

-100 1 1 1 1 1 1 1

Finite Element calculation
phase current : ia,i

b’lc

il

Figure 3.19: The current vectors at which the flux will be calculated are transformed
to phase current values for the FEA in total 30 0 X 44,5, X 6 is, = 720 simulations
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These values are assigned using lua-script to the corresponding coils in the FEA-
model in FEMM after having been multiplied by the number of winding turns
Nuind = 3.

The output of the FEA is a text file containing the rotor angle 6, the 3 phase
currents ig, ip, i, 3 phase fluxes 14, ¥p, ¢, 3 resistive voltages drop vg, vp, v. (not
used in this project) and 1 torque value Tr g em-

From the 3 phase fluxes 14, s, 1. the corresponding flux vectors [, ¥4y are
calculated in Matlab, (see fig 3.20)

= A\ 4 '\ \ N A /\ <\ /\ /\
o MOLY os N

2 oy R A

0.2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 \ 1
02 e o~ A N
< 0.1 A MMMM/\M/\,\MMMMM/"\/\’\
=0 }d\'\ M ‘/v\,.J\A,/V"\MJ""\/W\/V\‘ W'\/\ V\'«/\
30 180 360 540 720

Finite Element Analysis nr.

Figure 3.20: Computation of the flux 15 at 300 x 4155 X 61gy, = 720 simulations, ca.
12 hours, for one rotor

These 30 vector fields, one for every 6, of [tsz Vsy] = f([isz Sisy]) rearranged in
matrix form on the [iy; isy] plane are shown in (figure 3.21)
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Figure 3.21: Mesh with the flux vector [¢sz, ¥sy] at 4 isy, 6 isy and 30 6

In (figure 3.22) we can see the average over 6 of the flux 0.

b IV 5]

Figure 3.22: Mesh with the flux vector [sz, ¥sy] at 4 is,, 6 i, and average over 6

3.5.b The torque-speed diagram

From this new simplified mesh the contour lines for different torque values are
calculated. Specially the contour line for Tj0n = 45[Nm| and the point 7?0, as
the point along this contour line that lies closest to the origin i.e. lowest amount
of current. (see the black torque lines in fig 3.23)

In a similar way the contour lines for different magnitudes of the flux |1/7| are
calculated. According to (eq. 3.11) each contour line for a given magnitude of
the flux || corresponds to certain speed.

At the point fo it is desired to be able to run at the nominal speed wg which
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corresponds to speed = 3180[rpm] (table 3.1) and to the electric angular speed
wo elec (table 3.3).

For a given dc-link voltage, every constant flux ellipse corresponds to a certain
speed, where the nominal flux |Jn0m| corresponds to the nominal speed wyom,.
The nominal flux is the flux at the nominal current point \150\. The flux is
inverse proportional to the speed for constant induced voltage e:

€= W;” * Welec

Field weakening operation is applied for speeds above the nominal one. The
corresponding speeds are assigned to each flux value (orange lines in figure
3.23).

In (figure 3.23), on each iso-torque line four points are identified. The flux values
and the corresponding speeds for these 4 points are calculated:

1. Max Torque Per Amp: Point on a given iso-torque line that lies closest to
the origin, i.e produces the torque with lowest current i.e. lowest Cu-losses
[27].

2. Nominal power:
Prom = Thom - wo = 15 [kW]

3. Nominal Current limitation: Maximal magnitude of the current under
continuous operation to avoid overheating. Assuming that the cooling
system will be dimensioned to be able to handle the nominal current |1g]|

4. Peak power Highest possible speed at the given torque level. This point
is found by looking after the point with lowest flux on the studied torque
line.
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Figure 3.23: Torque and ————most T per A
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Each point on the [ig; iy|-plane shown in (figure 3.23) where torque lines are
curves crossing speed or flux ellipses have a corresponding point in the torque-
speed diagram or T — w-diagram where each torque line is represented as ho-
rizontal line and every speed line as a vertical line in a Cartesian coordinate
system (figure 3.24).

On (figure 3.24) we can see that the speeds required for sustained constant
power (black line) are lower than the speeds that can be reached within the
current limitation (red line). This means that the iPMSM can not only maintain
the specified power of P = 15kW over the entire speed range without being
overheated, but even deliver higher power.

A more detailed description of the creation of the Speed-Torque diagrams, with
further information about the iPMSM, is presented in (chapter 6) with the
actual measured data from the prototype.
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Figure 3.24: Maximal pos-
sible speed as a function of
torque under 4 different condi-
tions
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From the speed torque relations under the 4 different conditions the maximal
power is calculated, (see figure 3.25). The iPMSM designed to deliver nominal
power at nominal torque can deliver more power at higher speeds than the
nominal speed wyom.

Figure 3.25: Maximal power
as a function of speed under
the 4 different conditions
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The performance of the iPMSM is further studied in (section 6.2) using meas-
ured data, specially the peak power needed for fast synchronization of the shafts
in the gearbox.

3.5.c Extended Torque capabilities and saturation

For an ideal iron core, i.e. an iron core that does not become saturated, the max-
imal torque for a certain current magnitude would increase in a quasi quadratic
way, specially for large current values.
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Tmax(ﬁsD ~ k- ’ZS‘Z

This ideal iron core would have constant inductances Lg, and Ly, that would
remain unchanged even for high applied current and at high flux density, and
the flux-linkage would be a first degree function of the current ( equation 3.13 )
[5] :

Wlth 1/15m = wm + Lsm : is.r

| (3.13)
¢sy = Lsy"Lsy

The current point [i3,, 5, ] among all current points forming a circle with radius

];S] that produces the highest torque, considering constant inductances, can be
calculated according to (equations 3.14) [28, p. 80] :

i* _ _wm + \/1/17%1 + S(LSJJ - Lsy)2|is’2
ity = P2

The torque T' (see equation 3.15) would be, in this ideal case, a second degree
function of the current.

T= Npole pairs 1/_;5 X Zs (315)

In (figure 3.26) we can see the path for max torque for given current amplitude
for the ideal iron and the realistic iron for current values up to ca 10 times the
peak current.
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Figure 3.26: Optimal cur-
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For the real iron core, i.e. one that becomes saturated at high flux densities,
the components of the flux-linkage 1, and s, increase almost linearly with
the current for low current values but then they flatten for large currents (figure
3.27).
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The torque then no longer increases quadratically with the current for high
current values. (see figure 3.28)
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/
current values
1S
Z, 200
)
S
S 100t — — — - ideal iron
= eak —_— el
= p real iron
0

0 200 400 600 800 1000 1200
current magnitude |iSXy| [A]

48



3.6 Different rotor configurations to reduce cogging

Cogging is a ripple in the electromagnetic properties of the iPMSM during the
rotation of the rotor which repeats periodically depending on the number of
permanent magnet poles along the circumference of the rotor and the number
of teeth on the stator.

The magnetic flux-linkage and the reluctance are different when the magnet is
in front of an iron tooth than when the magnet is in front of a copper slot. The
magnets tend to get stuck to the iron teeth, then a large current or external
torque is needed to overcome this cogging torque to start the ¢{PMSM. This
cogging torque is most noticeable at start and at low speeds, but even at high
speeds this cogging produces oscillations in the current, voltage and torque.

There are different strategies to reduce cogging the two following ones are studied
in this project:

e Asymmetric placement of the magnets in the tangential direction so that
not all of them approach or leave the stator iron teeth at the same time.

e Utilization of the non symmetry in the magnetization of the magnets,l the
so called hot- and cold-side effect

Other strategies to reduce the cogging are, skewing the stator, rearranging the
winding configuration and placing the magnets in v-shaped position [29] [30].

note: Cogging, or ripples in the torque, flux, current and voltage can also be
produced by the non ideal properties of the PEC as the effect of blanking time
which produces a irregularity in the actual applied voltage every 60 electric
degrees. This effect is not further studied in this thesis but should be mentioned
because its effects are very similar than the ripples caused by the geometry of
the iPMSM.

note 2: The cogging current ripple here is different than the switching current
ripple caused by the PWM in the PEC. The cogging current ripple is related to
the geometry and has a frequency of a multiple of the electric frequency at which
the iPMSM is running, while the frequency of the switching current ripple is a
multiple of switching frequency fs, which is much higher for ex. ca 10 [kHz].
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3.6.a Symmetric and asymmetric placing of the magnets to re-
duce cogging

In this iPMSM there is 24 slots in the stator, i.e. there is an iron tooth every
157 .., and the iPMSM has 4 pairs of permanent magnet poles along the cir-
cumference of the rotor. In the rotational symmetric magnet placement the

magnets are evenly placed every 45° .. In the asymmetric one theomagnets

are displaced from this neutral position to different multiples of —mech

figure 3.29 and 3.30):

(see

symmetric asymmetric

Figure 3.29: Rotational symmetric and asymmetric placement of the magnets. The
second one produces a smoother rotation by preventing that the magnets come close to
the iron teeth at the same time

Figure 3.30: In the asymmetric rotor the magnets are displaced 0,2,3 and 1 time the
angle between 2 iron tooth divided by 4, i.e, 152 ., /4.

FEAs of the iPMSM with symmetric and asymmetric rotor configurations show
a substantial reduction of the torque ripple for the asymmetric geometry. At
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the same time the average torque per current unit is also reduced, i.e. more
current need to be applied to produce the same torque. (see figure 3.32)

3.6.b The ’hot side, cold side’ effect caused by non symmetric
magnetic field in the magnets

According to the manufacturer of the permanent magnets Vacuumschmelze
GmbH, on one side of the magnets the magnetic flux is parallel to the main
magnetization direction and on the other side it either spreads out or is collec-
ted depending on the flow direction (see figure 3.31). The side where the flow
is parallel is called the ’hot-side’ and the other is called the 'cold-side’.

Figure 3.31: Sketch of the hot-cold-side > 4
roperty of the magnets 7
prop _*l 1>
hot side —*» - cold side
—r T
—_— N
\7/\

This effect has its origin in the manufacturing and magnetization process of the
magnet. The magnetic field created for the magnetization is not fully parallel,
in the most internal part the flow is more parallel than on the external side, and
this pattern remains in the magnets.

This property of the magnets can be used to affect the properties of the iPMSM ,
specially placing the cold side out can reduce cogging. This effect is studied as
well in this project.

3.6.c Comparison between four different rotors designs

To analyze the effects of symmetry vs asymmetry and the effects of placing the
hot-side resp. the cold-side of the magnet towards the outside of the rotor, in
radial direction, a set of four rotors are designed, simulated and manufactured:

e one symmetric rotor with the hot-side out
e one symmetric rotor with the cold-side out
e one asymmetric rotor with the hot-side out

e one asymmetric rotor with the cold-side out
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Figure 3.32: comparison between the four rotors at the nominal torque T},0,, = 45 Nm.

Different amounts of current are required to produce T},,,,,. The figure also shows the
variation of the torque depending on the rotor angular position i.e. cogging.
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Figure 3.33: Comparison between the four rotors at the peak torque Tpeqr = 90NmM
showing the needed amount of current and the torque ripple.
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3.7 Thermal analysis of the final design

A finite element steady state thermal analysis is performed on the final geo-
metry of the EM mainly in order to ensure that the recommended temperature
limitations for different components of the EM are not exceeded.
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Figure 3.35: Temperature
distribution along a radial line.
load: Thom,wo
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The heat transfer problem for the EM is modeled (see figure 3.35) assuming:

e resistive heat generation in the slots Pgy,
e magnetic hysteresis heat generation in the stator core Ppge
e constant temperature in the cooling channels Tge¢ = 100 °C

e thin air layer in the mantel between the stator core and the aluminum
housing

e isolation on the outer side of the housing

3.7.a The resistive heat generation P,

The resistive heat generation Pc, at 120°C | for the nominal current ﬁof is
calculated according (equations 3.16 and 3.17 ) (similar to eq 3.16 in [31]), and
is fed as volume specific heat generation [W/m?], into the slots to the FEMM

thermal model. The values used in the calculations are displayed in (tables 3.8,
3.11 and 3.9)

Pcw = R-I?,, = p - I? (3.16)
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The geometric values for the first factor

are presented in (table 3.8)
Cu

Table 3.8: Geometric data for the slots

insulated slot area Agior = 226 mm? FEMM
fill factor kf = 05 1 estimated
area of Cu in slot  Acy,sior = kf - Asior = 113 mm?
active length of EM len = 200 mm CAD

The resistivity at the critical temperature 7., = 120°C' is presented in (table
3.9)

pP(t) = Paec - (1+ky(m—20°C)) (3.17)

Table 3.9: Resistivity

critical temperature Teritic = 120 °C
resistivity = pPaogec = 16.8 nQm
temperature coef. k, = 3862-107® °C!
1012000 = 233 nQ m
The slot resistance
len
Rsiot, 12000 = 1. Procc
C'u,slot

and the total phase resistance

2
RE'M,120°C = Npole pairs * Nyind Rslot,lQOOC
are presented in (table 3.10)

Table 3.10: Resistance values, excluding end turns and connection cables

equivalent slot res. Rsiot,1200c = 41.239 Q2
total phase R at 120°C  Rgm,1200c = 21.114 mQ
total phase R at 20°C REA[’QOOC = 15.224 mS

The continuous nominal current through the slot is presented in (table 3.11)
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Table 3.11: Values for the applied current

magnitude of current vector lisey] = 1099 A
phase current amplitude 1o =\2/3lisay] = 897 A
rms of phase current Iphyrms = ia/\/i = 63.4 A

nr. turns per phase cable Nwind = 8 turns
rms curr. per slot  Igot = Nwind - Iph,rms = 5074 A

The resistive heat generation in a slot

2
PC’u,slot = Rslot,l?OOC : Islot

and the volume specific resistive heat generation

PCw = PCu,slot
Y At - len

that is assigned to the every slots area in the thermal Finite Element Analysis
are presented in (table 3.12)

Table 3.12: Resistive heat generation

res. heat gen. in slot  Poy,siet = 1059 W
volume spec. res. heat gen PCu = 234 kW/m3
number of slots Nslots = 24 slots
total res. heat gen Pou,pm = 254 W

The resistive heat generation in the end turns is not considered in the calcula-
tions. This in order to keep the simplicity of the 2D FEA. The heat generated
in the end turns is assumed to dissipate to the surrounding air, and do not
affect the heat transfer in the active length of the EM. This is just a simply
assumption, certainly there is some heat flow in the axial direction, but this is
not supported by the used 2D model.

3.7.b Magnetic hysteresis heat generation on the iron core

Oscillations on the magnetic field on the iron core of the stator and the rotor
generate heat due to eddy currents. This heat, often called iron losses, Fe-losses
or Pr., depends on the electric frequency and the magnitude of the flux. To
reduce eddy currents thin electromagnetic steel sheets are used. The prototype
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in this thesis is built using (M250-35A) sheets and its properties are specified
by the manufacturer as the volume specific heat generation as a function of the
flux density B and the electric frequency feee, [32] (see appendix D).

Fre tablesyrq ( Brms 5 felee ) (318)
mass
In this section of the thesis only the magnetic heat generation in the stator is
calculated where the magnetization changes direction with 180°. The generated
heat in the rotor is neglected considering that the magnetization directions are
more constant in the rotor even if the flux is large.

The amplitude of the oscillation of the flux density in the stator is obtained
from the results of the electromagnetic FEA, (see fig 3.36 and 3.37).

In this way the wvolume specific heat generation ppe for any torque and any
speed, can be calculated and be used as input value in the thermal FEA which
outputs the steady state temperature distribution on the EM. (see figure 3.35
bottom).

Figure 3.36: Flux dens-
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Table 3.13: Values used for the calculation of the heat generation on the iron core of
the stator. ( material: Sura M250-35A )

max flux density B = 1.1 T
rms of the flux density Brms = 0.78 T
nominal electric frequency fero = 212 Hz
mass spec. heat gen. Pfe/mass = 412 W/Kg
material density —mass/volume = 7.65 -10°  kg/m?
volume spec. heat gen. PFe = 31.515 kW/m3
volume of the stator iron core volumes pe = 2.54- 1072 m?
iron core heat generation Pre stator = 80.12 W

3.8 Final design and prototype properties

In this section a complete specification list the designed machine is presented.

3.8.a Geometric data

Table 3.14: Geometric data

active length len = 200 mm
stator outer diameter @s0 = 180 mm
stator inner diameter Ds,i = 88 mm
rotor diameter Qr = 86 mm
nr of pole pairs  Npolepairs = 4
nr of slots = 24 slots
nr winding turns Nwind = 8 turns

See (appendix C) for detailed CAD drawings. The values presented in (table
3.15) are calculated considering a simplified geometry based on the FEMM
model and an active length of 200 [mm].
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Table 3.15: Mass and inertia data

steel sheet density — p,,oe0_s54 = 7.65-10°  [kg/m?]
rotor mass Mrotor = 8.888  [kg]

rotor inertia Jrotor = 8.216  [g-m?]
stator Fe mass  Mstator,Fe = 19.4  [kg]
stator Cu mass  Mstator,cu = 42 [kg]

3.8.b Mechanical data

Numeric calculations and posterior measurements confirm that the specified
mechanic performance values are achieved.

The required mechanical values are presented in (table 3.16).

Table 3.16: Mechanic data

nominal power Prom = 15 kW
nominal torque Thom = 45 Nm
peak torque Treakk = 90 Nm
nominal speed speedy = 3183 rpm
top speed  speediop = 15000 rpm

Measurements described in the following chapters confirm that the top values
are reached (table 3.17). The nominal values depend on the cooling system. Nu-
meric simulations confirm that the nominal values are reachable. To determine
the required cooling experimentally, thermal measurements would be necessary,
but they are not performed in this project. More about thermal measurements
is explained in (section 7.2)

Table 3.17: Top measured mechanic values

peak torque Tpeakk = 99.1 Nm (table B.7)
top speed  speediop = 15690 rpm  (figure 6.8)
top power Piop = 22 kW  (figure 6.10)

3.8.c Electric data

Here are presented the electric data for the symmetric hot-side-out rotor using
the power invariant Park transformation. Detailed data of the flux-linkage is

59



found on the (appendix 2.1).

Table 3.18: Electric data, performance and requirements

nominal power Poom = 15 [kW]
magnitude of nominal current lio] = 110  [A] (fig 3.32)
rms of phase nominal current  Ioph,rms = 63 [A]
magnitude of peak current lipeak] = 194 [A]
flux for nominal current [s(io)] = 147 [mV - ¢]
nominal frequency fo = 212 [HZ
top frequency frop = 1000 [Hz]
nominal induced voltage &gl = 196 [V] (see eq. 3.9)
req. DC-link voltage for |€o| Uieymine = 277 [V] (see eq. 3.10)
req. DC-link voltage Udeomin = 300 [V]
Table 3.19: Electric data, passive properties
phase resistance at 120°C' Rphase,120 = 21 [mQ]
inductance in z L, = 0813 [mH] (see eq. 3.12)
inductance in y Ly, = 1516 [mH]
magnet flux Y = 792 [mV -4

3.8.d Thermal requirements

The design values used in (section 3.7) for the thermal analysis are presented in
(table 3.20):

Table 3.20: Thermal requirements

type of cooling:  water cooling
max. allowed coolant temperature: 100°C

max. allowed winding temperature: 120°C

3.9 The prototype

The prototype is manufactured by the company BEVI located at Blomstermala
in Sweden.
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3.9.a The housing and the cooling system

The rotor and the stator are mounted inside a basic housing structure composed
mainly of a mantel and 2 quadratic bafflers as shown on (figure 3.38). In the
housing the are 24 tunnels in the axial direction forming 4 independent parallel
cooling channels. The Housing has not been deeply optimized. The detailed
CAD drawings of the Mantle and Bafflers are presented in the(appendix C).

Table 3.21: Dimensions of the housing

length = 375 [mm]
width = 240 [mm]
height = 240 [mm]

Figure 3.38: The hous-
ing, seen from behind

Figure 3.39: The EM
from the shaft side. On
the sides of the mantle we
can see the cables for tem-
perature measurement.
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Figure 3.40: The EM
with the power cables and
water cooling connection.
The resolver had not yet
been mounted when the
picture was taken.

3.9.b The connection for the power cables, the resolver and the
temperature sensors.

On the rear baffle 6 holes are drilled for the power cables, forming two equidistant
triangles to better cancel the magnetic field created by the phase currents. Here
is its possible to access both ends of all phase with the possibility of switching
between 'Y’ and A’ connection of the 3-phases system. However the EM is
designed to use the 'Y’ coupling.

On the back side of the shaft a 4 pole pair resolver of type Singlsyn (s-21) is
mounted as angular position sensor. (see D.2).

12 temperature sensors of type PT-100 are mounted at different points inside
the stator for thermal measurements.

3.9.c The stator and the rotor

The stator and the rotor are composed of electromagnetic steel sheets stacked
and welded together that were shaped using laser cutting. The stator pack is
sanded and then it is inserted in the pre-heated mantle.

Figure 3.41: The stator
inside the housing
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Figure 3.42: The Stator
with the winding inside
the housing.

One stator stack is manufactured and in total 4 rotors (see section 3.6.a and
3.6.b).

Figure 3.43: The rotor
being mounted.

Figure 3.44: One ro-
tor with its shaft and one
stator plate compated to
the size of a pen.

3.9.d The resolver

A 4-pole-pairs resolver of the the type Singlsyn (figure D.2) is mounted on the
back side of the EM (figure 3.45, 3.46). The resolver has in total 6 cables, 2
for excitation of the resolver, and the other four are, two for sinus, and two for
cosinus of the angular electric position ... The sinus and cosinus signals are
demodulated in the FPGA in the control system.
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Figure 3.45: The re-
solver on the back side of
the EM.

Figure 3.46: The 4 pole
pair resolver.

64



Chapter 4

Description of the Dynam:c
Test Method

Measuring the thermal and electromechanical properties of FElectric Machines
(EMs) is a crucial step in the development of electric drives.

The Dynamic Test Method is a very convenient machine characterization method
developed by the author of this thesis Yury Loayza (YL) during the development
of an updated control system for the new EM.

Here in chapter 4, the main ideas behind this concept are presented. In chapter
5 the methods used to measure and calculate the different properties of the
inserted Permanent Magnet Synchronous Machine (iPMSM) are described in
detail.

4.1 Information needed from the measurements

Machine measurements are required to obtain thermal and electromagnetic data
of the EM as a function of applied current, angular speed and temperature. The
information needed is for ex.:

e heat generation inside the EM as a consequence of applied current and
speed

e temperature distribution inside the EM depending on the cooling condi-
tions
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4.2

torque maps, torque as a function of applied current

flux maps, magnetic flux as a function of applied current, needed to cal-
culate the among others f.ex. the required battery voltage

losses and efficiency at different working conditions
cogging torque, current and voltage ripple

electric values of the EM as resistance and inductance

Reasons for why measurements are required

Measurements data of the EM is needed to:

4.3

verify machine properties obtained from the manufacturer or from numer-
ical simulations

be used as input data for numerical models of hybrid drives that use the
EM

create optimal control systems for the EM [33][34]

updating parameters of the EM in the control system after prolonged use
for optimal performance

diagnose the EM to prevent failure
limiting the working parameters to avoid damage.

dimensioning the electric power components as the battery and Power
FElectronics Converter (PEC)

dimensioning the cooling system

Challenges in testing electric machines for vehicle
applications

Testing real EMs, specially with the requirements for powering vehicles, is a very
time consuming and expensive part of the development and often it requires
specialized equipment and installations. These measurements need to be done
with high accuracy and precision. The test need to be done very carefully to
avoid personal damage, damage to the measurement equipment and to the very
prototype. Manufacturing a prototype can cost for ex. for the one in this thesis
a couple of tens of thousands Euro.
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The difficulty increases with higher dynamics of the EM, i.e. higher accelerations
and higher levels of the testing parameters as max torque, speed, current, voltage
that are continuously increasing in the latest years, the more electric power
cars are using. Even if any of these parameters alone is not extreme for EMs
for vehicle applications, cars require quite high levels of them combined. For
example large generators handle much more power but run at a more constant
speed or with much more smoother speed transitions. Small motors for robots
in low power mechatronics for example can have higher dynamics but require
less torque.

The test equipment needs to be more robust to handle the increased electric
and mechanical levels and the test system need to be more advanced.

4.4 Testing methods

4.4.a The traditional static method

The common way to test FMs is in a Brake Bench, where another machine called
the brake motor counter acts the torque produced by the machine tested. This
torque balance allows keeping the rotational speed constant during an arbitrary
amount of time, For ex. 1 to 10 seconds. An sketch of the Brake Bench is
displayed in (figure 4.1) and a picture of it in (figure 4.2)

Tem Torake

Figure 4.1: Sketch of the Brake ,
Bench Electric torque Brake
Machine sensor motor
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Figure 4.2: Picture of a Brake
Bench with the brake motor
(grey). Here neither the tested
motor nor the torque sensor are
shown. Courtesy of RISE, previ-
ously SP.

On the Brake Bench the measurements are static, i.e. the system is moving
at constant speed during measurements. Stand still is a special case where the
speed is constantly zero.

d
T = J- wZeCh: 0 = Wpnech = constant
where (4.1)
Z T = Tgpm+ Tbrake + Tfric =0

At this static conditions, the average, or respectively the RMS values of the most
magnitudes as speed, torque, current, voltage are constant and can be measured
with standard instruments, as torque sensors, voltmeters, currents meters, that
display the average or RMS values in real time. The person making the test
have enough time to write down the values, or the values can be logged to a
computer without high speed of memory requirements. For ex. 10 or 1 sample
per second could be enough.

This static method in the break bench is widely used but has some limitations
that will be listed in following sections. [35] describes further the test in a Brake
Bench considering the elasticity and inertia of the components.

4.4.b The Dynamic Test Method

In the Dynamic Test Method neither brake machine nor torque sensor are
needed, see (figure 4.3).
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Figure 4.3: Set up of the Dy- Tem
namic Measurement. C_.>

E:.-i Jrotor ;.—:

Electric
Machine

Here a constant current is applied to the EM which creates a torque. By the
lack of any brake torque, the rotor accelerates according to Newtons second
law. This acceleration depends on the magnitude of the created torque and the
inertia of the rotor (equation 4.2).

d
r = J- d—C: #0 = acceleration
where (4.2)
T o= Teym + Tiric # 0

Because of the non zero torque and the acceleration, this method is called in
this thesis as the Dynamic Test Method, but methods where the inertia is used
as a load are also called Synthetic Loading Techniques in the literature.

Because of the high torque and low inertia expected in specially iPMSMs de-
signed for hybrid vehicle applications, it takes very short time to reach a top
speed, typically only a fraction of a second. It is no longer actual to calculate av-
erage or rms values to display for the person making the measurement, instead
a series of instantaneous measurements and other variables used by the control
system are collected at a high samplig rate, approx 10000 samples/second, and
streamed to a computer that calculates the different magnitudes as torque, flux,
etc, from the streamed raw data.

The Dynamic Test Method is as we can see more software intensive and requires
less equipment than the static method with the Brake Bench.

The details of how the different magnitudes are calculated when using the Din-
amic Test Method are explained in (chapter 5).
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4.4.b.1 Benefits of using the Dynamic Test Method

The benefits of the dynamic test are in general faster measurement and reduced
need of equipment. A comparison betweens the dynamic and the static method
is presented in (table 4.1).

Table 4.1: Comparison between the dynamic and the static method

Static Test in brake bench

e requires more equipment:

torque sensor, brake machine, gear box

e time consuming alignment of the equip-
ment. Each 2 components in line need to
be aligned in 4 degrees of freedom to avoid
vibrations at high speeds.

e Eventual long waiting time for an avail-
able brake bench installation, which can
have high rent costs.

e time consuming mapping, mapping re-
quires typically some hours, need to stay
at certain speed levels for seconds

e Large temperature increase

Dynamic Test Method
e requires less equipment

e no need to align components

e does not require advanced installations

e fast mapping, mapping requires typically
some minutes, many speeds are swept in a
fraction of a second

e Low temperature increase in the tested
machine during mapping due short current
pulses

e more portable

e in situ measurements are possible

e bounded to the bench
e in situ measurements are not possible

e cleaner, more consistent, high precision
measurements data due to less components
involved

e casier to reach high speeds because fewer
and well balanced parts are involved, and

e a lot of measurement noise and vibra-
tions

e speed limited by the slowest component
and alignment

that the top speed does not need to be
maintained during long time.

e only one control unit is required. e control unit for the brake motor is also
needed

e high torque measurements are possible

using more robust components

e high torque measurements are possible
by increasing the inertia.

4.4.b.2 Advantages of the brake bench:

The static method has still its benefits mainly because of its simplicity and that
it can be run in a more manual way:

e Strait forward standardized method. The Dynamic Test has a more com-
plex theory behind.
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4.5

The static method does not need as an advanced control units as the dy-
namic test, which requires higher sampling and computation speed, more
memory and stable communication to the computer.

Easier to put in rotation a new uncalibrated machine to be tested
The Dynamic Test need a fast safety system to avoid over speed
Easier to select and keep working points for thermal measurements

higher torque measurements are possible with robust equipment

Characteristics of this dynamic test method re-
spect to other acceleration methods

There are different convenient methods to measure different internal properties
of EMs without the need of a Brake Bench. What characterized the method
presented in this thesis is:

4.6

The operating points, i.e, current vectors, are keep constant independent
of the speed, allowing to reach peak power.

deliver complete torque and flux maps

It is developed for testing FMs designed to power vehicles.
It can handle high accelerations

It has been tested on iPMSMs.

It takes advantage of the speed and digital multiprocessing of a Field
Programmable Gate Array (FPGA) based control system

Developed using a CompactRIO with stable communication to a PC

Control and measurement developed in Laview and postprocessing in Lab-
view and Matlab.

neither torque sensor nor load cell are needed.

no external transmission components other than the very rotor shaft.

Other methods without brake bench

no-load- or Zero-current-measurement. The :PMSM is disconnected from
the PEC. Then the rotor is rotated manually and the induced voltages are
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logged using for ex. an oscilloscope. In this way the properties of the
1PMSM at no current can be obtained, as for example the strength of the
magnets, the position of the resolver, cogging, etc.

e Measurement of the reaction torque of the stator either quasi static, if
the acceleration can be kept constant during long time or dynamic using
fast response torque sensors of load cells on the stator. This method can
have practical limitations to obtain clean high precision measurements. It
can be difficult to mount the stator on a frictionless rotational structure,
and the connection and measurements cables will act as springs taking
some of the reactions torque.

e Synthetic loading technique for iPMSMs applying oscillating torque to
determine losses [36], where the applied current is not kept constant during
the acceleration, but it follows a sinusoidal waveform. Neither torque nor
flux maps are obtained.

e Acceleration methods for Induction Machines have been developed, for.
ex. [37] and are standardized [38].

e Dynamic Test Method for D C-motors [39] [40] and for different applications[41]

e A method for estimating flux maps for a iPMSM is described in [42] where
a dynamometer is used to rotate the iPMSM at constant speed. Current
measurements and reference voltage are logged and the data is later fitted
into a model. The torque is calculated from the flux maps.

4.7 Background

The Dynamic Test Method came as unexpected result of the work of the author
on updating the control and measurement system used at the Division of Indus-
trial Electrical Engineering and Automation (IEA) and the need of mapping the
prototype which was originally thought to be done in the Brake Bench. It came
to awareness a series of difficulties inherent to the use of the Brake Bench as
mounting and aligning the FM and other components, mechanical limitations
of the torque sensor, gearbox and brake motor, calibrating and configuring the
torque sensor. Further difficulties were expected for speeds above 7500 [rpm)].

Calculations of the torque from the acceleration were previously considered to
give an estimation with low precision, since the rotor inertia could not yet be
measured, nor the friction, nor the flux, and all other component mounted in the
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parallel drive bench to connect with the large bench flywheels were contributing
with new unknowns, friction, vibrations, etc. Previous acceleration methods
were intended to calculate single torque values with low precision, not a full
torque map and not a flux map.

Accelerating the large vehicle’ flywheels via flexible belt transmission, the gear-
box and other components on the parallel drive bench gave a very rough meas-
urement data with a lot of disturbances, noise, vibrations and large friction.

At the same time the new developed control system using CompactRIO was
revealing improved capabilities in speed, precisions, and measurement data man-
agement.

The breakthrough was possible by removing all external loads and running the
1PMSM with only its rotor as single moving part. The acceleration time here
became very short, only a fraction of a second and no values could longer be
read and recorded manually but the new developed control system could sample
enough data to statistically calculate stable averages.

Still it remained some unknowns, as the value of the friction, the inertia of the
rotor, resistive voltage drop, average value of the pulsed voltage, that needed to
be solved to be able to calculate the torque and flux maps. The author proposed
and tested a set of methods to calculate each of them which are presented in
(chapter 5)

In the spring 2010 the first results were shared to colleges at IFA, in spring
2011 was presented publicly at the symposium CEMEC 2011, in September
2011 this method was presented at the conference in Bologna, Italy [2]. In 2013
a prototype was built and delivered to the industry SP. In the latest years the
author has done further developments to the control system among others to
adapt it to:

interface the power grid
e measurement of the cogging torque (section 5.2.h)

validation of the method (section 5.3)

field weakening control (chapter 6)
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4.8 Implications of the Dynamic Test Method

The Dynamic Test Method has already during the development time shown its
capabilities in very fast mapping of machines for other theses, masters theses,
paper publications and other research projects.

Since the development of the Dynamic Test Method a set of new produced
iPMSMs at de division of TFA have been tested using this method.

As a consequence of the positive results of the Dynamic Test Method, a set of
projects and cooperations were started based on this method. Master Thesis
[43] runs the the Dynamic Test Method on an iPMSM that previously was
measured on a Brake Bench, and the results of both methods are compared.
The master thesis [4] implements a Direct Current Control as an alternative to
the PI-control used previously to run the iPMSM. Lic. thesis [44] makes deeper
studies on this method, among other to investigate its consistency and standard
deviations in the measurements using both DCC and PI-current control .
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Chapter 5

Measurements and

calculations with the Dynama:c
Test Method

This chapter explains in detail the different methods used to perform the Dy-
namic Test Method which have been previously presented in (chapter 4).

5.1 Methodology and experimental setup

The strength of the Dynamic Test Method consist of an accurate control system
and the capability of obtaining large amounts of precision measurement data.
This data is fitted to appropriate mathematical models in order to extract the
required information needed from the inserted Permanent Magnet Synchronous
Machine (iPMSM).

In this chapter, the different methods are presented with real measured data for
a better understanding of the challenges and possibilities.

A sketch of the experimental setup is displayed in (figure 5.1) and more details
about it are found in (appendix A).
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Figure 5.1: Sketch of the experimental setup

5.2 Measurement and calculations

5.2.a Calculation of the torque

iPMSM

A current vector i, is applied, then the rotor accelerates with constant accel-
eration from 0[Hz| until a certain top speed is reached (see figure 5.2). The
oscillations of the current around the mean value as well as the cogging create
a torque ripple but in the long term these oscillations cancel out each other.

<
— 150
w1 160 -7 100
=" 50
120 @ 0
< 5 PN
> o
80 150 _
T w0t e
40 _.U ......
u_% S0 e meas
0 [0 AL ALY fit
-160 -120 -80 -40 O 0 50 100 150
isx [A] time [ms]

Figure 5.2: Constant acceleration when a constant current is applied

The mean value of the measured current during the acceleration is calculated:

“mean __ “measured
0" = mean(i; )

(5.1)
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A first degree Taylor approximation of the frequency over time is made:

I =po+p1 -t (5.2)

The average electric acceleration is then the slope of the curve feflit vs time.

<dfelec> =

and the average mechanical acceleration:

it
dwfnzech — 2m <dfel> (5 3)
dt NpolePairs dt fit

The average torque T for this specific current vector is is calculated according
to (equation 5.4)

K d mec
ST = Ty £ Tigg = J - ( w h) (5.4)
dt /) it

The sum of all applied torques Y T is composed mainly of the electromechanical
torque produced by the EM: T,,, and a set of loss torques related to friction,
lubricant viscosity, air resistance, etc.

The friction torque and other loss torques are handled in (subsection 5.2.e).
These loss torques are very small compared to for example the nominal torque
of the studied EFM, which should be the case for high efficiency, performance
and torque Electric Machines designed to power vehicles.

The values used for the torque calculation corresponding to the current vector
shown in (figure 5.2), are presented in (table 5.1):

Table 5.1: Example of values used for the calculation of the torque corresponding to
one of the current vectors

=

lsset = [-20; 160] (4]

gmean  —  [.20.33; 160.03] (4]
(dfa/dt)pie = 972.04 [Hz /3]

J = Jrotor + Jeat = 8.8 + 28.9 [g - m?]
= T = 57.58 [N m]

In this way the torque is calculated for all current points in a mesh, (see figure
5.3) and the values are presented in (table B.7).
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Figure 5.3: Mesh of the torque T as a function of applied current vectors [iss, isy]

5.2.b Calculation of the flux linkage ¢,

In (figure 5.4) we can observe the behavior of the voltage i during an accel-
eration with constant current. The current oscillates around its mean value,
while the voltage and the frequency increase mainly linearly with time, with
oscillations as well. The oscillations are treated in the (subsection 5.2.h), but
from the main linear trend the flux linkage is calculated in a similar way as the
torque.

78



B B ] B
7
120 T3 100 M
< — -200
8 .7 150 .
40 EU wof e
Bosop e meas
0 o le™ L e fit
-160 -120 -80 -40 0 0 50 100 150
iy [A] time [ms]

Figure 5.4: Voltage under acceleration

According to Kirchhoff’s voltage law applied to the circuit shown previously
in (figure 3.15) and in (figure 5.5) and (equations 3.5 or 5.5) representing the
1PMSM, the only voltage term that is related to the general increase of speed
is the emf.

dise
STy
e T% ~tn-en ()

Rsy . isy £ ddzzy
r: 000"
Figure 5.5: Electric repres- Usy T — Ysa - Wel T()
entation of the i1PMSM .
. di
Usy = Reige + Lsxﬁ - ¢Sy - Wel
(5.5)
. d isy
Usy = R- lsy + Lsy dt + Vsg - Wey

Derivating 5.5 with respect to the time:
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d Uy B d(R . Z'g;ean) +d(LS$ th ) ) d(l/]sy ] wglit)
dt )y dt dt dt
(5.6)
d L dig;ean y
dus, _d(R- i) N (Lsy—7) LA w!™)
dt ) p dt dt dt

The resistance R, the inductance L and the flux linkage v, are considered to
stay constant during the short amount of time of the acceleration. They are
machine properties that depend on the geometry of the EM, the amount of
Cu, Fe, magnets in the EM which remain constant during the acceleration with
constant current. They also depend on the temperature, but considering that
the acceleration takes only a fraction of a second, the increase of the temperature
and the effects of it are considered to be neglectable. With the mean current
constant we have:

—

dZ;nean .
d(R . Z’;’nean) o d(Lsx dt ) _o: dq/}s
dt ’ dt ’ dt

=0 (5.7)

with (eq. 5.7) in (eq 5.6) the value of the flux linkage 1; for the a certain current

Vou(t) = — 7 — Yy (i) T A\
27T< dt >fit

9 (d felec ) ’
™
dt )
The values used for the calcualtion of 1 () for the current point shown in (figure
5.4) are displayed in (table 5.2).

(5.8)

The values of J for all measured current points are displayed in (figure 5.6 and
5.7) and listed in (appendix table B.8 and B.9)
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Table 5.2: Example of values used for the calculation of J for one of the current

vectors
Taset = [20  160] [A]
imear  — 2033 160.03] [A]
d fetec/dt = [Hz/s]
dusg/dt = -1273 V/s]
dusy/dt = V/s]
= ¢ = [60  208] [mV - s]

200

150

100

[mV:s]

SX

50

Y

, ‘0
£ -50
160 120 80 40 0

i, 1Al

-1100

-160-120-80 40 0
i [A]

SX

200

150

[mV-s]

b3

160

120

(Al

80

sy

40

0
-160-120-80 -40 O

i [A]

SX

Figure 5.6: 1,,, the x-component of the Flux linkage, as a function of applied current
[isz,isyl. sy is mainly dependent of iy, and is zero at the demagnetization point

[isx,demaga 0}
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Figure 5.7: 1), the y-component of the Flux linkage, as a function of applied current
[iszsisy]. sy is mainly dependent of i,

5.2.c The resistance

In (fig. 5.8) we can see a close up of (fig. 5.4) that shows the voltage under
an acceleration with constant current. The linear fit of the voltage versus the
frequency has an offset ugy ofser and gy offser at f = 0 Hz. According to (eq.
5.5) at f = 0Hz and with constant current di/dt = 0 only the resistive voltage
consumes the applied voltage.

. digy
Usg = R-isy + Lgg—— _wsy - We
5.9
di ~= (5.9)
. disy
Usy = R- lsy + Lsy dt + sg - Wey (5 10)
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Figure 5.8: Voltage at 0 Hz, to calculate the resistance

In (fig. 5.9) we can see the value of ugy ofe; for different values of igy.

1071

\7

sy,offset

o N A O ®
\

Figure 5.9: Voltage ug,, at 0 Hz 0 20 40 60 80 100 120 140 160

vs. current igy for ¢s, =0 ig,, [A]

The resistance R, is calculated as the general slope of gy ofser VS isy. In a
similar way, the voltage at 0 Hz, Usg offset VS. isz is plotted in (fig. 5.10)

usx,offset vl
© o A~ N O

-10
Figure 5.10: Voltage us, at 0 Hz -160-140-120-100-80 -60 -40 -20 0

vs. current ig, for iy, = 20[A] is [A]

The resistance values are presented in (table 5.3). The resistance here are meas-
ured at room temperature 7 =~ 20°C' and include ca 2 m long connection cables
from the frequency converter to the EM. The resistance for the copper windings
along the active length of the FM has been calculated from the FEA model and
material properties previously (see table 3.10).
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Table 5.3: Measured resistance using the PEC

slope intercept | Rs + Rcavie + RPEC
[mV/A] V] [m ]
T: 42.9 —1.064 42.9
42.6 2.910 42.6

Table 5.4: Measured resistance, 4 wire method

Rphase + Reable = 34 [mQ]

5.2.d Calculation of the inertia of the rotor J, .,

To be able to calculate the mechanical torque T from the acceleration according
(eq. 5.4), the inertia of the rotor needs to be known or calculated. Often the
inertia of the rotor is unknown and difficult to determine directly.

The method proposed and used by the author of this thesis during the devel-
opment of the Dynamic Measurement Method to calculate the inertia, consist
in adding external flywheels with different known inertias J.; , and run accel-
erations with the same current vector, i.e. the same torque. The value of the
rotor inertia Jyo0r 1S then calculated by comparing the accelerations (dw/dt)y
or (df /dt);, and an extrapolation.

- - - - -
E__E Jrotor :__: ar L ar L. ar L]

Figure 5.11: Sketch of the EM without and with different external flywheels to de-
termine the inertia of the rotor

Figure 5.12: photo of
3 different external fly-
wheels
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Figure 5.13: The iPMSM with
the largest external flywheel (m =
10kg).  The smallest flywheel,
(m = 2.5kg), is also shown in the
picture

The larger the inertia of external flying wheel, the lower the acceleration become
when the same torque is applied (see equation 5.11 and figure 5.14).

dwmec
T = (Jrotor + Jeatt,k) . ( h>
k

dt
(5.11)
27 d felec
or: T = (Jrotor + Jeazt,k) : d
Npole pairs t k
2000
selected
. _ 2
g Jex™0 [gm’]
L. 1500 —e—J,_, 7103 [g-m?]
o _ 2
=5 —8—J_ =289 [gm’]
O _ 2
L 1000| —A—J_ =48.7 [gm‘]
c
k=]
©
Q2 L
8 500 i_ = O[A]
e S!
0 1 n n n 3
0 20 40 60 80 100

iy [

Figure 5.14: Acceleration as function of applied current for different values of added
external inertia

From all the current points, one of them, for example iy = [0 80] is selected.
The Relation between the acceleration and the added external inertia Je 5, for
the selected current current point, i.e. the same applied torque, is an hyperbola.
Extrapolating this hyperbola to the left, there is an hypothetic singularity point
JZ,; in the negative axis for J.,; where the acceleration would become infinity
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(figure 5.15). The distance from this singularity point to 0 is the value of the
inertia of the rotor Jyour. i.€. the inertia that already existed before adding any
external inertia.

2000
| \.\Jext:O [g-m?]
@ I
.% i 1500 | \\
g 5 1000 -: Q,{\\’b- No ‘Jext:10.3 [g-m?]
g 8 SN T~-< J_=28.9 [g-m?
s so0f  ® gl [9-m7] 3,=48.7[g-m?]
I SN e"\s' e —— e
0 V4 1 1 1 1 1 1 1
-10 0 10 20 30 40 50 60

added external inertia .Je><t [¢] m2]

Figure 5.15: Acceleration as function of added external inertia for the current point
is = [0 80][A]

The location of this singularity point J,, could be calculated by fitting the the
data to a hyperbola but the calculations become easier and statistic more stable
if we look at the inverse acceleration where there is a linear relation between it

and the added inertia (see figure 5.16).

The inverse of the acceleration can be understood as the time it takes to accel-
erate from 0 to a certain speed and it is proportional to the total inertia Ji.
The location of this point with no inertia is found by extrapolating linearly the
data to inv(df /dt) = 0 i.e. at which point of JZ,, it would take 0 seconds to
accelerate to any speed, i.e. Jj; = Jrotor + J; = 0 ; then the rotor inertia is:

Jrotor = — ::vt (512)
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Figure 5.16: Calcuation of the inertia of the rotor J,,to, using the linear relation that
exists between the inertia and the inverse of the acceleration at a constant torque T™*.

Here T* = T([0 80][A4])

The values used for the calculation of the inertia are displayed in (table 5.5).

Table 5.5: Values used for the calculation of the rotor inertia

k 0 1 2 3
mass 2.5 5 10 [kg]
Jewt 0 10.261 28.918 48.741 [gm?]
df/dt | 1790.9 8165 4179  272.3 [Hz/s]
(df/dt)~1 | 0.5584 1.2248 2.3926 3.6719 | [ms/Hz|
= Jrotor | 8.8076 [gm?]
T([0 80]A) 24.72 24.45 24.77 24.65 [N m)|

With the inertia of the rotor Jyoir known, the accelerations shown in (figure
5.14) can be translated to mechanical torque T', (table 5.5 last row). As expected
a certain current produces the same torque independent of the inertia. The
torque for other current values are displayed in (figure 5.17).
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This method of calculating the location of the virtual zero or virtual origin, in
this case when the inertia is zero, is used by the author in his master thesis [45]
for a different application but with similar problematic.

5.2.e Separation of the driving torque and the friction torque

The driving torque Tiiving, produced by the EM, is separated from the drag
torque T'tyiction, caused by friction and viscous losses, by the fact that they act in
the same direction during braking and in opposite directions during acceleration
(eq. 5.13).

dw

Z Thce = Tdriving - Tfriction =J- <dt)
accelerating

(5.13)

dw
Z Tb?“ak:ing = Tdriving + Tf?“iction =J- <dt>
braking

In (figure 5.18) a deceleration-acceleration sequence from -300 [Hz] to 300 [Hz]
with a constant current 77¢" = [0 5][A] is shown. The effect of the friction that
makes the deceleration or braking stronger than the acceleration is here clearly
observed thanks to the low current value.
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sequence.

The driving and friction torque can be mathematically expressed using their
contributions to the total acceleration, i.e. the driving acceleration the the
friction acceleration

27 d forec \ "
Tdm’ving =J ( 'Ze ec) (514)
Npole pairs 4 driving
27 d fo fit
Tfm'ction =J < {le €C> (5'15)
Npole pairs t friction

The accelerations corresponding to the driving torque and to the friction are
then calculated from (eq. 5.13):

2 d felec fit _ d felec fit + d felec fit
dt driving dt brake dt acc
2 d felec fit _ d felec fit _ d felec fit
dt friction dt brake dt acc

d fit

The driving acceleration Jetee that could be produced by the EM,
d driving

if no friction were present, is the average of the accelerations measured during

(5.16)

d th
braking and acceleration. The friction acceleration Jetec is half the
dt friction
difference between both measured accelerations.
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The values used for the calculation of the friction are presented in (table 5.6)

Table 5.6: Values used for the calculation of T,

= [0 5 (4]
J = Jrotor = 8.8 [g-m?]
Npole pairs = 4 1]
(dfelec/dt)bf:ikE = 142.7 [Hz/s]
(d fetec/dt)]E = 83.7 [Hz/s]
(d fetec/dt) ;chtion = 295  [Hz/s]
Tariving = 156 [Nm)]
T¢riction = 0.41 [N m]

During the sequence the rotor electric angular position ... is measured using
the resolver mounted on the Electric Machine (EM) (see figure 3.45) and logged.
The demodulation is done in the FPGA. The speed and the acceleration are
calculated as the derivatives of this position # and are therefore very sensitive
to noise and to the influence of the cogging of the EM.

The data corresponding to the linear deceleration from —300[Hz| to —5[H z]
that corresponds to the braking is separated from the rest and analyzed for it
self. In a similar way the data from 5[Hz] to 300[H z].

The acceleration (d feje./dt)/™ is calculated using a 2"¢ degree polynomial fitting
of large arrays of data containing 6 and time. The acceleration is calculated off-
line in the post processing of the data. The speed needed for the control is
calculated in real time in the Field Programmable Gate Array (FPGA) using
the first time derivative of 6. and an Infinite Impulse Response (IIR) filter
which takes low resources from the FPGA. An interesting alternative method
to calculated the speed from the resolver signal is described in [46], the speed
can be measured also using a tachometer or a encoder [47].

The data corresponding to the speed zero crossing is avoided, at zero speed
not only there is a discontinuity in the acceleration value but also the effect of
cogging are very strong, specially at low current values.

When the whole sequence is divided into smaller sections to analyze the friction
at different speeds, expecting that the losses should be higher at high speeds,
no confirmation from the data is obtained. The effect of speed in the losses is
very low for this EM (see figure 5.19).
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5.2.f The friction torque as the offset of the torque-current line

The data of the Torque vs Current for different inertias shown in (figure 5.17)
is fitted to a polynomial to be able to make an extrapolation to zero Current.
Real measurements at low current are difficult because of the Cogging. In this
case a 1% degree polynomial is used, i.e. the dots are fitted to a straight line,
considering that the effects of magnetic saturation are not noticeable for these
current values for this EM.

As we can see in (figure 5.20) the extrapolation does not hit the origin, but the
line has an offset to the right, i.e. a certain current is needed to overcome the
friction. This is equivalent to consider that the line has a negative offset in the
torque which is the friction torque.

6+ &
T g
24 =
# o J
Gg)_ P z Jrot+J
S 2 Z z * ot “ext,1
. # s + ‘]rot+‘]ext,2
0 L Z z L4 ‘]rot+‘Jext,3
. . —p, =T, .
Figure 5.20: Extrapolation of the 0 friction : s
torque vs. current toward zero to 0 5 10 15 20
calculate the friction i, [Al (i,=0)
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The parameters of the polynom used here:

T:pl isy + po

are displayed in (table 5.7), where the friction torque is the parameter py. For
cases kinertia = 1,2, 3 there is a good match with the value obtained with pre-
vious method (table 5.6).

Table 5.7: Friction as extrapolation of torque vs current toward zero

kine'r'tia 0 1 2 3
pi | 03148 03116 03144 03128 | [Nm /A]
Triction = po | -0.3675  -0.4475 -0.4484 -0.4407 | [N m]

5.2.g Measurement of the pulsed phase voltage and calculation
of the voltage vector u;

The DC-link voltage uq. which is a smooth signal is measured as a conventional
analog signal via a voltage transducer (LEM-module) that scales it down to a
level between +10V. This is feed to an Analog Input module of the ¢cRIO that
samples every Atar = 10us.

Measuring the pulsed voltage on the 3-phase side of the frequency converter can
not be done in the same way. The update time of the Analog Input module
is too long compared to the switching time Atg, = 102,4us. It would give an
uncertainty of ca. 20 % which were very low precision.

The method proposed and used by the author of this thesis during the develop-
ment of the Dynamic Measuremnt method is to measure the amplitude and the
width of the pulses independently. The amplitude of the pulse is approximated
to ugq. and the pulse width is measured with higher time resolution using the
digital input of the ¢RIO which has an update time At;pr = 50ns. The uncer-
tainty is reduced to ca 0.1 % and the effect of the blanking time is automatically
accounted for.

In (figure 5.21) can we see the nature of the pulsed phase voltage.
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Figure 5.21: Pulse Width
Modulation. The 3 phase
pulsed voltages vpq, Upb, Vpe,
(50x attenuation)

Every phase potential is measured from the output of the frequency converter
to the negative side of the DC-link voltage 5.22.

Udc
Figure 5.22: Measurement _— N N .
point of the instantaneous ) Vpa ) Vpb ) Vpe
pulsed voltages 0 — - -

The pulsed phase potentials v,q, vpp, Vpe are in principle square waves with
an amplitude ug. which is some hundreds of volts. These signals with large
amplitude are scaled down using differential proves to a range between 0 and 5
V to be able to be feed into the fast DI modul of the cRIO.

A part of the program in the FPGA counts how long time, Atp;qgn, the pulsed
voltage is high under every switching period Atgy.

With this information the quasi instantaneous voltage potentials for each phase
Vg, Up, Ve are calculated according (eq 5.17). With quasi instantaneous it is meant
the average voltage within one switch period.

The voltage difference between the dc-link-voltage and the amplitude of the
pulse on the actual phase, i.e. voltage drop in the Power FElectronics Converter
(PEC) is not considered in this thesis. It can be up to ca. 0.7 V and depends
on the direction and magnitude of the current. Compared to the ca. 300 V
dc-link-voltage it is neglected in this thesis, but it should be included in the
calculations, if higher accuracy is required, as well as other remaining non ideal
converter characteristics.

Athigha

5.17
Aty ( )

v ~ Uge

and in a similar way for phases b and c.
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A similar method to measure the switched voltage is described in [48] where a
capacitor is used to integrate the phase voltage during every switching period.

In (figure 5.23) we can see for example the phase potential v, which is an oscilla-
tion curve with amplitude and frequency proportional to the electric frequency
of the EM.
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Figure 5.23: DC-link voltage 0

ug. and phase potential v, 0 1 2 3 4 5 6 7
during the sequence time [s]

The region marked with a black rectangle in (figure 5.23) is displayed in (figure
5.24) with the 3 voltage potentials. The characteristic curve for symmetric
modulation is clearly seen.

Figure 5.24: Close up show- 4 4,01 4.02 4.03 4.04 4.05
ing the 3 phase voltages time [s]

For these measurements, the voltage drop in the IGBT § Urgpr ~ 0.7 [V] have
not been considered in the calculations in the FPGA to simplify the implement-
ation.

When the voltage potentials are determined, the voltage vectors in the stator
and rotor coordinate systems are calculated using the Park Power Invariant
Transformation [5] (figure 5.25).:
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1
3 (Vg + vp + ve) (5.18)

Vo = —
Ugy 3 Vg — V0
=4/= (5.19)
2 1
ug 3 (vp — ve)
Usy | | cost -sinf Ug,
[ Usy } - [ sinf cosf ] [ ug ] (5.20)
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Figure 5.25: Voltage vec- / N
tor @, in the rotor coordinate | ! ! ! ! ! ! 200
system zy during the brake- 0 1 2 3 4 5 6 7
acceleration sequence time [s]

Often, for pure motor control, it is not necessary to measure the output voltage
to run the FM but this output voltage is required for characterizing the EM, to
determine the flux linkage 1/7 or to calculate the consumed electric power P,; or
the electric torque Ty;.

5.2.h Cogging

When the EFM is running, a series of oscillations in the voltage, current and
torque are present. And the most preponderant is the oscillation that repeats 6
times per electric turn.

In this project there is not any deep attempt to suppress the oscillations in
the current and voltage caused by the cogging but an attempt to measure the
effects of these oscillations without the need of a brake bench or a torque sensor
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in accordance to the Dynamic Measurement Technique, specially to quantify the
cogging torque.

As mentioned in (subsection 3.6.a) the variation of the flux linkage depending
on the rotor position 117(9) = const. caused by the irregularity of the stator in
the tangential direction, i.e. alternation of copper slots and iron teeth, induces
an oscillation in the voltage which in its turn causes an oscillation in the current
and in the torque.

Go) _ dde) do

teogs = o dt
(5.21)
0
- a0 Welec

At the same time the cogging torque is caused by the higher reluctance on the
iron teeth compared to the reluctance on the copper slots forcing the rotor to
stay at the positions where the magnets are closer to the iron teeth.

Another cause of oscillations specially in the voltage is the presence of blanking
time which creates a difference between the reference phase voltage and the
actual applied voltage depending on the sign of the phase current. It creates
a non smooth jump in the phase voltage every time the phase current, which
basically is a sinus with some harmonics, crosses the zero level. In the three
phase Electric Machine it also creates 6 oscillation per electric turn.

Other causes can be for example mechanical irregularities in the construction of
the EM or differences between the phases.

The behaviour of the oscillations in the current when running the deceleration-
acceleration sequence shown in (figure 5.19) using PI-control can be observed
in (figure 5.26) and a close up in (figure 5.27).

Figure 5.26: Oscillations

of the current during brake- 10
acceleration sequence with PI- B
currrent control 0

time [s]
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Figure 5.27: Oscillations of

the current, close up @
g 0 %@W@W
3

-5
10 1
<
& O
o
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At low speeds, the amplitude of the oscillations in the current is proportional
to the magnitude of the speed, while at higher speeds this amplitude remains
constant. According to (eq. 5.21) the induced cogging voltage increases with
speed, generating oscillations in the current. The PI-current-controller tries to
cancel this oscillation creating an oscillation in the reference voltage. At higher
speeds the period time is so short that the amplitude of the current oscillations
no longer continues to increase.

i:L/Mﬂw

In (figure 5.28 and 5.29) it is possible to observe that these oscillations are
phase locked to the rotor electric angular position # and that the predominant
harmonic is the one that repeats 6 times per turn.

Figure 5.28: The current vs
the electric rotor position 6

-1 -0.5 0 0.5 1
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Figure 5.29: The voltage vs
the electric rotor position 6

When running the EM using a PI current control the oscillations in the voltage,
current and speed affect each other in a complex way. In order to make more
precise observations it is appropriate to keep one of them constant.

5.2.i Calculation of the cogging from the oscillations

The approach of quantifying the cogging torque consist on analyzing the oscil-
lations in the rotor motion produced by it.

Here it is important to eliminate other factors that could create oscillations
specially any low frequency ripple on the current. This is better obtained by
letting the EM run at low speed in Open Loop Voltage Control, i.e. a constant
reference voltage is applied just high enough to overcome friction and the cogging
torque, see (figure 5.30).

Figure 5.30: Constant
. . 4t
voltage is applied. The os- I
cillations in the current are B2t Y
reduced by keeping the speed 13 o wuupovptorivsposrmitsrscimiopytaiorsiogs U
low. : : : : : :
2 -
S N i O WL
180 prat s RREAVPASEERY
-1 : : : : : ]
0 50 100 150 200 250 300
time[ms]

For further analysis the motion of the rotor is decomposed into 2 motions: the
motion at the average electric angular speed Wej mean and the oscillations O, (t),
see (eq. 5.22) and (figure 5.31).
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9(75) = Wel,mean * t + eosc(t) (5.22)

Figure 5.31: Electric angu- T
lar position 6 at low speed.
The speed in average is con-
stant. The oscillations only in
the lower part.

0 50 100 150 200 250 300
time[ms]

The constant electric angular speed Wey mean is obtained as the slope of the linear
fitting of 6 over time.

The curve containing only the oscillations, contains information about the ac-
celerations caused by the cogging torque but also measurement noise. In order
to remove the noise to make clean calculations of the time derivatives, here it
is considered most appropriate to fit the data to a sum of sinusoidal functions,
i.e. as the sum of its harmonics, see (eq. 5.23) and (fig. 5.33).

Oosc(t) = 0Le(t) = S ga; sin(bit + ;) (5.23)

To improve the process of fitting the data, a spectrum analysis is done (fig.
5.32). The Fast Fourier Transform returns the most important frequencies, i.e
values of b; in (eq 5.23).

Figure 5.32: Spectrum of the

— 01
oscillations of 8
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E 0.05
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relative frequency: w / w 1]

el,mean [

A number of 5 el. angular speeds b; corresponding to [1, 2, 4, 6, and 8] times the
rotation speed Wej mean are selected and the values of a; and ¢; in (eq 5.23) are
obtained using the fitting tool in Matlab with n = 5. The values are presented
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in (table 5.8) and the harmonics are shown in (fig. 5.33). An alternative method
to calculate the harmonics on real time is described in [49].

60 sc
o

Figure 5.33: The oscillations __ =~ 027
of 6 approximated as a sum of — - ‘ /'\ ’ ,\/\
harmonics 3 W[ /

||
w N -
harmonics

Table 5.8: Parameters of the harmonic fitting

a[rad] b rad/s] c[rad] | b/Weimean

-50 0 50 100 150

time|ms|

wel,mean [rad/s]

0.070170 128.50  -3.086
0.011050 171.30 -0.224

i
1 | 0.020690 21.42 2.769
2 | 0.126300 42.83  -3.389
3 | 0.019630 85.65 10.530
4
5

1.00
2.00
4.00
6.00
8.00

21.417

The first and second time derivative of each of the harmonics are calculated
analytically according to (eq. 5.24) and are displayed in (figure 5.34).

electric position: Oosc.i _
d eosc %
electric speed: S oscyt
Y dt
d? O,psc ;
electric acceleration: % _
dt

100

a; sin(b; t + ¢;)

a; b; COS(bi t+ Cz') (5,24)

—a; b? sin(b; t + ¢;)



Figure 5.34: The harmonics
of the oscillations of the elec-
tric angular position 6, and
the corresponding time deriv-
atives: speed and acceleration

The reconstructed oscillations as a sum of the harmonics and the corresponding
speed and acceleration are shown in (figure 5.34).

Figure 5.35: The reconstruc-
ted oscillations as a sum of its
harmonics and the correspond-
ing speed and acceleration

-150  -100 -50 0 50 100 150
time[ms]

In (figure 5.34, lowest), we can see that the harmonic component that experi-
ences larger acceleration ripple is the one that repeats 6 times per electric turn,
i.e. i = 4 in (table 5.8). This harmonic match the number of torque ripples
according to the design of the studied EM.

The torque ripple or cogging is here direct proportional to the acceleration ripple
and is calculated according (eq. 5.25) and shown in (figure 5.36). The value of
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the rotor inertia: Jyotor = 8.8076]g - m2] has been been calculated previously,
see (figure 5.16).

1 d?0,sc

Npole pairs dt?

Tcogging = J (525)

Figure 5.36: The cogging 3
torque and the contribution of S
the strongest harmonic. 3

~

AN O O

-150  -100 -50 0 50 100 150
time[ms]

5.2.j Calculation of the cogging torque from the current needed
to start the electric machine

One very important effect of the cogging torque is that a quite large current is
necessary to start the EM from standstill, i.e. to overcome the cogging torque
besides of the static friction, even if the EM is unloaded.

Tstart = Tfm'ction + Tcogging (526)

Once the EM is running the kinetic energy helps to overcome the cogging torque
and current is only needed to overcome the kinetic friction. In the case of this
EM with the rotor that has the largest cogging, the cogging torque is of a much
larger magnitude than both kinds of friction. Even if often the static friction is
slightly larger than the kinetic one, this difference is not further investigated in
this thesis. In this measurement the rotor with symmetric magnet placement
and the hot-side-out is mounted (see section 3.6.a).

The current necessary to start the EM is determined by slowly and smoothly
increasing the y-component of the current iy sor With isp set 1= 0, until the EM
starts to spin and immediately reducing the current back to zero.
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Figure 5.37: Current ne- 20
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An appropriate way to proceed with this measurement within a controlled speed
range, is to keep the control system in speed-control-mode, setting a moderate
high speed reference, f.ex. the nominal speed, setting a large proportional term
Kp and deactivating the integral term, i.e. K¢ = 0 in the PI-current-controller
and limiting the allowed current. Then slowly increasing the range of allowed
current.

The torque Tsqr¢ that corresponds to the current 744, is calculated using the
torque-current-map values (presented in fig 5.3), (see fig. 5.38)

Figure 5.38: Necessary
torque to start

0 [i_=0A;i_=115A; T=3.6 Nm]
sX sy |

0 50 100 150
isy [A]

The cogging Torque Ttogg start is calculated according to (eq. 5.26) subtracting
the friction torque from T+ The friction value used here is the one presented
in (table 5.6).

Tcogg,start = Tstart — Tfr'iction =320Nm —041Nm =279 Nm

5.2.k Comparison between the results of both methods to meas-
ure the cogging torque

In (fig. 5.38) we can see the results of both methods in the same graph. There
is a good match in the magnitude of the calculated cogging torque from both
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methods and also that the the angular position Og4¢, i.e. Where the rotor get
stuck at start, match a negative maximum in the oscillations of the rotor, i.e.
where the cogging is slowing down at most the motion of the rotor. The values
are displayed in the graph.

Figure 5.39: Compar- 3.51
ison between the start R 2.85
torque and the cogging = 0
torque : 5
_2'7_4 .. [esmrm 7Tcogg,b:ta7’t] | |
-1 -0.74 -05 0 0.5 1
O[r]
Table 5.9: Values for the cogging torque
Teogg,0sc tot = 3.51 Nm sum of harmonics
Teogg,oscharm = 2.55 Nm 1 harmonic: 6 X Wep mean
Teogg,start = 279 Nm from standstill

5.3 Validation

5.3.a The mechanic and the electromagnetic and torque

In (figure 5.40) we can see a comparison between the mechanic torque Tyec, and
the electromagnetic torque T¢;.,,q4 during the braking acceleration sequence with
low current.

104



Figure 5.40: Mechanic and
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The mechanic torque T;yeqp 18 calculated from the measurements of the electric
angular position # and the estimation of the inertia J.

2 d
Tmech: J . T < felec) (527)

Npole pairs dt

Then mechanic torque is affected by the friction as previously shown in (figure
5.19) and the Driving Torque can be estimated as the average of the mechanical
torque during deceleration and the one during acceleration. The driving torque
could be understood as the torque if there were no friction.

Tmech brake t+ Tmech acc
Tmech,driving - ’ 9 : (528)

On the other hand the electromagnetic torque T nq4 , created by the interaction
of the magnetic flux linkage and the current in the EM, is calculated from the
current and the voltage values besides the speed which is derivated from the
position 6. This Electromagnetic torque is not affected by the friction.

sT sz
Tel—mag = Npole pairs * |: zisy :| X |: isy :| (529)

As we can see, there is a good match between the mechanical driving torque
Tiriving and the electro magnetic torque Teipag, i-€. Teimag matches the average
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of Thnech prake and Tyyech ace Which indicates a good consistency and accuracy of
the Dynamic Measurement technique.

5.3.b Electric, electromagnetic and mechanical power

Figure 5.41: Electric, elec-
tromagnetic and mechanical

power
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In (figure 5.41) we can see the comparison between the three different kind of
power: the Active Electric Power supplied from the Inverter to the EM:

Peee =111 = Uspisy+ Usy isy

The Electromagnetic Power in the Stator:

Pel—mag = Wech Tel—mag

and the Mechanical Power

Pmech = Wech Tmech

For the calculation of the electric power here the first degree Taylor approx-
imations of the voltage vs time during deceleration resp. acceleration are used
instead of the instantaneous value of the voltage. In a similar way the averages
of the current are used. Multiplying the raw data of the voltage by the raw data
of the current gives too much noise. i.e:

-

Pelee = Ufit Imean
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As expected during the accelerating part of the sequence where the power flow
is from the Inverter to the Stator to the Rotor with losses in between:

‘Pelec‘ > ‘Pel-mag‘ > ’Pmech’

And in the deceleration or braking part of the sequence where the Electric
Machine is working as a generator, the source of energy is the kinetic one in the
rotor, the power flow is going in the opposite direction with losses in between:

‘Pelec‘ < ‘Pel—mag‘ < ’Pmech’

(Figure 5.42) shows a close up where the difference between the three kinds of
power is more visible.

Figure 5.42: close up of the
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elec

The difference between electric power and the electromagnetic power is mainly
caused by the resistive losses in the electric conductors.

In the measurements of this FM, as in the comparison of the torques, no clear
dependency of the losses as a function of speed are visible.

The logical results of the comparison between the three kinds of power is a
confirmation of the the accuracy of the voltage and current measurements and
of the calculations used in this method.

5.3.c Comparison and validation of the dynamic measurement
vs. finite element analysis

The results obtained using the Dynamic Measurement Method are compared
with the data obtained from the Finite Element Analysis. Both components of
the flux linkage 15, and 1), as well as the torque 7" are compared.
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Comparing the x-component of the flux linkage in (fig 5.43) we can see that:

e Both surfaces have the same slope, specially for low ig,, which is a good
match in the relation of how the magnetic field is affected by the current.

e The surface corresponding to the the FEA lies higher than the one from the
measurement. This means in general a weaker interaction of the magnet
with the winding in the stator. Either the magnets are stronger in the
model then in reality or there is more flux leakage in reality than in the
model.

The first option is not likely considering that the model is created using
accurate data from the magnets. The other option is more likely, specially
because of the high sensibility in the model to the size of the free space in
the magnet pockets. Around the magnets small variations within fractions

of a millimeter in the geometry have large effect in the amount of fluz
leakage (fig C.5).

e In general v, should depend mostly of iy, and not be affected by i, when
the iron core is not saturated. In the FFA there is curvature in the lines
sz VS igy which corresponds to cross saturation of the iron core in the
simulations which is not present in reality.

108



2 1 2
00 i;jz 00
150 LT T 1 150
o
100 [ | > 100
—1 1 é
b—1 >
50 20 50
0 0
-50 -50
-160-120 -80 -40 O 160 120 80 40 O
iy [A] ig, [A]
Figure 5.44: y-component of the flux link-
age, Yy [ dynmeas
[ 1 simulation

In (figure 5.44) we can see the values of 1, from both methods.

e There is a good match between them specially for low currents.

e The slope of the surface corresponding to the simulation begins to flatten
faster, i.e. for lower values of ig,. This implicates that the steel plates in
the real motor do not saturate as easily as in the simulation model.

e For high currents the surface corresponding to the Dynamic Test is less
smooth which can be caused by less data because of shorter acceleration
interval at high currents.
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There is a good match in the shape of the both torque surfaces (figure 5.45).
The torque surface from the numerical simulation lies overall higher, which is
a consequence of the higher 1, for the FEA mentioned above. To the torque
values obtained from the acceleration the friction has been added to make a
more appropriate comparison to the results from the numeric simulations.
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Figure 5.46: Difference between the measured and simulated torque Ty — Toneas

In (figure 5.46) the difference between the torque calculated with both methods
is displayed. An overall systematic error of 2[Nm| and a more random error of
+1[Nm] are observed. These are low error values considering that torques up
to 100[Nm| have been measured.

5.3.d Comparison between static and dynamic measurements

The EM named ”Fwvolution” which is the one designed and presented in this
thesis has not been mapped using the conventional static mapping method on
a brake bench. Another electric machine designed by PhD Student Rasmus
Anderson in the project EzSam [12] has been mapped using both methods, the
Dynamic Test Method and the static method in a Brake Bench.

In (fig. 5.47) we can see the torque maps of the electric machine EzSam-3Ph.
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machine)

The currents in these figure are the reference currents. The actual measured
current has been measured but this data is not available by the time of writing
this thesis. A variation of some Amps is expected to exist between the measured
and the reference currents.

In (fig. 5.48) we can see the difference between both torque maps, which for most
of the points is less than 6 [Nm]. The largest measured torque is ca 140 [Nm).
For some few points with large demagnetization current i, the difference is up
to ca 10 [Nm).

100 200 26C
iy [A]

Figure 5.48: Difference of the Torque measured with the dynamic and the static
methods (ExSam machine)

The project FxSam consists on developing a parallel hybrid drive train for a
heavy vehicle, specifically a hybrid buss. Therefore the applied currents are
larger as well as the obtained torque. Here currents up to a magnitude of
|t zy| = 260[A] are applied and a larger flywheel is needed.
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Chapter 6

Torque and speed control and
machine properties

In the previous chapter the EM has been accelerated keeping the current point
constant. Here it is desired to accelerate the EM from 0 to top speed of
15000pm (f7? = 1000[H2]) letting the control system to pick up the most
appropriate current points during the acceleration.

In order to be able to run above the nominal speed of 3000 rpm a Field Weaken-
ing Control system is implemented. The one here is based on the FWC descrived
by (Jonas Ottosson in [28], ch. 7).

The method consist in first creating Look Up Tables that contain the optimal
current point [is, is,] for a given expected torque 7" and for the actual available
flux |@Z7 |, this is explained in more detail in the following sections. The LUT's do
not need to be calculated in real time, for this thesis they have been calculated
using Matlab from the torque and flux maps from the EM.

The maps are fed then in the real time control system that runs the EM, which
calculates the flux from the actual speed w,; and the actual available dc-link
voltage ug. and then makes a 2D interpolations from the data in the LUTs to
abtain the values for the needed current. This is done in the FPGA at high
iteration rate at every 102.4 [us].

Later an acceleration sequence using this Field Weakening Control system is
shown.
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6.1 Calculation of the look-up-tables for field weak-
ening

6.1.a The iso-torque lines

In (fig. 6.1) we can see the Torque Map as contour or iso-torque lines, i.e. any
current point on each line produces the same torque. At low speeds the most
natural choice is to pick up the point that lies closest to the origin, i.e. the one
that requires less current and so produces the lowest resistive losses. At higher
speeds the flux is also considered.

In (fig. 6.1) the nominal current vector io is also plotted, which is the current
point that delivers the specified nominal torque with lowest resistive losses. g
plays an important roll in the creation of torque speed diagrams (table 6.1)

Table 6.1: Nominal current vector

Trom : 45 Nm  specification (table 3.1)
io: [-54.753  100.917] A optimal 7(45Nm)
lio| : 114.814 A

The torque map is symmetric along the i ,-axis. If a negative torque is required
for example for braking or for accelerating in the negative direction only the
sign of 44, need to be changed.

As an analogy to vehicles with combustion engines, the capability of selecting
torque would correspond to the gas pedal; and of course the brake and reverse
for negative torques.

Figure 6.1: Torque lines & & & &
[Nm], optimal points and the RO O

= - <\
nominal current point g //"/ ¥ 150
Selecting torque level is similar 39

to applying different pressure

100 —
on the gas pedal on a conven- //26 <
tional car; as well as the brake / 5
50
é

and reverse.
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6.1.b The flux linkage |J\

With increasing speed the required voltage |ug, usy| will increase. Specially the
last term in (eq. 5.5) which is the induced voltage |é]:

:wel|:(1) _g-):|1/_; :wel[_Zji]

o)

Considering that the induced voltage depends also on the flux and as explained
in (section 3.3.h), to be able to increase speed while keeping the voltage down,
current points with lower flux need to be chosen.

In figure (fig. 6.2) we can see contour ellipses with different magnitudes of the
flux linkage |1|. These ellipses are concentric around the demagnetization point.
For a given dc-link-voltage ug4., every ellipse corresponds to a certain speed. The
larger ellipses correspond to lower speeds and the smaller ones to high speeds.

This possibility of selecting regions with lower flux to be able to reach higher
speed can be consider similar to the function of a gear box in a vehicle with
combustion engine.

Figure 6.2: Flux [¢]| ellipses 2913
[mVs]. Max torque at the 192-7“\\ 150

dots. 164_1%
Selecting them is similar to us- '—ﬂ"u\
. 135.4¢

ing the gearbox on a conven- a
tional car. Smallest ellipse al- 1063& -
lows higher speeds but at lower 78.2

torque. /'/.'_\\

P 0
495 20.9
-150 © 1100 -50 0

iy [A]

SX

6.1.c The required dc-link voltage u,.

100

iy, [

The required de-link voltage is calculated as in (section 3.3.d). First the nominal
induced voltage |ep| according (eq. 3.9) or (eq. 6.1) is calculated, there wp efec
corresponds to the specified nominal speed and |150| is the flux at the nominal
current point ZO.

|€0| = wO,elec : |17Z}0| (61)
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The required dc-link voltage to handle the induced voltage, when Symmetric
PWM modulation is used, is according (eq. 3.10 or eq. 6.2):

Udc,min,e = \/§ ‘50| (62)
Of course, the recommended minimal dc-link voltage should have a safety mar-

ginal to handle resistive and inductive voltage drop as well as other voltage
variations as f.ex. the ones caused by the cogging.

Udc,min,rec = (1 + ksafe) \/§ ‘€0| (63)

The values are presented in (table 6.2)

Table 6.2: Induced and required dc-link voltage

Wo,elec * 1333.33 rad/s (table 3.3)
foelec 212207 Hz
io: [-54.753 100.917] A (table 6.1)
Yo : [30.846 146.629] mVs interpolation of ¢ at io
o] : 149.839 mV's
|€b] : 199.785 V (eq. 3.9)
Ude,min,e 282.538 V (eq. 3.10)
Ksafe 10 %
Ude,min,rec 311V (eq. 6.3)

Every flux line correspond to a certain speed for a given dc-link voltage. The
corresponding speeds for the dc-link voltage in (table 6.2) are presented in (table
6.3).

NOTE: While the relations between the torque and flux maps to the current
points are very strong for a given EM, the speed and then the power depend on
a external factor which is the dc-link voltage, i.e. the nominal speed and the
nominal power could be for ex. doubled by just doubling the dc-link voltage.
Of course consideration should be taken to the isolation in the windings. Even
if the nominal speed is increased, the top speed may remain unchanged due to
mechanical and control limitations. The torque and flux maps are not totally
unchangeable but are, for instance, temperature dependent.
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Table 6.3: f.; and speed for different |1}

(a1 2 b3 s s e b7 s
| [mV's] | 221.3 207.0 1927 1784 1641 149.8 1354 121.1

fer [HZ] 144 154 165 178 194 212 235 263
[rpm] | 2155 2304 2475 2674 2907 3185 3522 3938

g Y10 Y11 P12 Y13 Y14 Y15 Y16
|| [mV s] | 106.8 92.5 78.2 63.8 49.5 35.2 20.9 6.6

fer [HZ] 298 344 407 498 642 903 1523 4849
[rpm] | 4466 5158 6103 7472 9632 13551 22846 72740

6.1.d Selection of appropriate current points

The outcome is to create two tables, one for i, and one for i, as a function
of torque and flux values. In this case two 167 X 16\1;\ tables are created.
The table size of 16 x 16 = 256, which is quite low is chosen considering the
limited memory of the FPGA. The tables contain the optimal current point for
all combinations of torque and flux within the measured range.

A set of 16 torque levels are selected from 0[Nm] to the highest torque level
in the torque map, here it is 97.5[Nm], as well as a set of flux levels, from
221.3[mV s| to 6.6[mV s].

The process is explained in the following lines using the values in (fig. 6.3) as
an example.

Figure 6.3: Selection of op-
timal current points at for ex.
the 4:th torque line

(Al

sy

-150 -100 -50 0
Al

ISX [
One torque level is selected at a time. For ex. in (fig. 6.3) the 4th torque line

for T'=19.5[Nm] is shown.

The second step is to select a flux ellipse. Only the section of the actual torque
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line that lies inside the area delimited by the ellipse is considered.

The point on this section that lies closest to the origin is selected, i.e the one
with lowest current magnitude |i| and therefore also lowest resistive losses.

e Torque for less current: For large flux values, points 1 to 9 in (fig. 6.3)
the optimal point is the same, it is the point of the torque line that lies
closest to the origin at all.

e Sustained Torque: In the cases of points 10, 11 and 12, the ellipses have
become so small, that the selected current are touching the actual ellipse
border and must be moved to the left. Here the Torque is still kept but
the resistive losses begin to increase caused by the larger magnitude of the
current. i.e. points 10, 11 and 12 deliver the same torque as points 1 to 9
but with reduced efficiency, on the other hand at points 10, 11 and 12 it
is possible to reach higher speeds.

e Torque drop att high speeds: In case of points 13 to 16, the ellipses
are so small that the torque line is totally outside the them. Here the
selected points are the points on the respective ellipse curve that delivers
highest torque. For these points not only efficiency is sacrificed to reach
higher speed but also torque.

In this way for every desired torque level a path on the i, ;,-plane is selected.

The process is repeated for all selected torque levels.

In (fig. 6.4) we can see all selected optimal current points on the (is; isy)-plane
for all combinations of selected torque and flux. The paths corresponding to
different desired torque levels are drawn with different colors.

All the values are presented in (tables B.10 and B.11).
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Figure 6.4: Complete
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Considering that every point in (fig. 6.4) corresponds to a combination of torque
and flux, and that every flux corresponds to certain speed for a given dc-link
voltage. These points, and so the paths, are redrawn in a torque speed diagram
in (fig. 6.5). There we can see the obtained torque for every desired torque level
depending on speed.
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sible torque for different @’
flux ¢ values.
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In (fig. 6.6) we can see the current values of the ig, and isy in the LUT's as a
function of torque and flux.
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Figure 6.6: Optimal current for all combinations of torque and flux

6.1.e Implementation of look-up-tables in the control system

The Look Up tables (LUTs) are saved in a text file containing 16+16+256+256
values in a single long array and uploaded to the FPGA at start of the tests.

e 16 flux values in [V s, in descendant order [2.21-107%---6.65 - 1073]
e 16 torque values in [N m], in ascendant order [0---91]
e 16 x 16 values for ig,, with v iterating faster than T'

e 16 x 16 values for iy, with 1) iterating faster than T

The Field Programmable Gate Array (FPGA) has very limited memory and
flexibility. Therefore only a 16 x 16 resolution is used for input the data.

The flux is calculated in the FPGA from the instantaneous value of the dc-link-
voltage and speed with a safety marginal. The torque is the output of the speed
controller running also on the FPGA.

The flux and the torque have much higher resolution than those 16 different
values. To compensate for that a 2D-linear interpolation is performed in the
FPGA to determine the exact required current vector [isy isy).

This process is repeated for every switching period, in this case every Atg, =
102.4]s]
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6.1.f Acceleration using the look-up-tables for field weakening

In (fig. 6.7) we can see a real acceleration using the LUTs for Field Weakening
where we can see the speed and the applied current over time. The acceleration
goes from 0 to over the top speed fe1op = 1000[Hz] which corresponds to
15000 [rpm].

Figure 6.7: Acceleration
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In (fig. 6.8) the currents for the same acceleration are shown in the iy ,,-plane.

The Look Up Tables used in this acceleration (fig. 6.8) are slightly older than
the new LUTs in (fig. 6.4) but both are made from the same torque and flux
maps. The new one has upgraded methods for interpolation and finding optimal
points and the table becomes smoother.

As we can see, the sequence starts with a strong acceleration with constant
current at the selected torque, followed by a strong demagnetization, an finally
the currents goes towards the Demagnetization Point with reduced torque.
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Figure 6.8: Automatically
selected current points during
acceleration using LUT's
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In (fig. 6.9) we can see the voltage values during the acceleration: the compon-
ents of i, 4y, the calculated required dc-link voltage for this voltage

Udc,required = \/i |ﬁs,xy|

and the actual available measured dc-link voltage ugc gvaitabie- For this acceler-
ation the control system is set to limit the required dc link voltage around 300
V even if the available dc link voltage is above 400 V, to keep a good marginal

during the experiment.

As we can see, at the beginning, the voltage increases linearly with speed but
then the Field Weakening prevents the voltage from continue increasing.

Figure 6.9: voltage un-

der acceleration 400
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6.2 Properties of the electric machine: power, losses,
efficiency

In (figure 6.10) we can see the mechanical power for the EM, running in motor
mode, for different combinations of Torque and Speed, basically

Pmech = Tfeasible *Whnech

As seen in (figure 6.5) the reference torque can not be sustained for higher
speeds, this drop in the torque implies a limit in the maximal possible power.
In (figure 6.10) we can also see the maximal feasible power that the EM can
deliver for the dc-link voltage in (table 6.2).

Figure 6.10: Mecanical 90
Power produced by the °pow§r fkw]
75 ¢ nominalfand T
EM
__60
£
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, 15000
0 212 400 600 800 1000
f  [Hz]

elec

The nominal power, torque and speed and the corresponding dc-link voltage are
presented in (table 6.4)

Table 6.4: Nominal values for the Prototype

Prom : 15 kW  specification (table 3.1)
Trom : 45 Nm  specification (table 3.1)
speedy : 3180 rpm  (table 3.1)

fo,etec + 212.207  Hz (table 3.3)
Ude,min,e © 282.538 V (table 6.2)

The power losses are calculated from the resistance and the friction which are
considered the largest causes of power loss. The losses created by the magnetic
hysteresis or iron losses Py, (see table 3.13) could not be clearly measured (see
fig. 5.19) and no further investigation of other kind of losses is done in this
thesis.
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In general measuring the losses is not simple task, often certain kinds of losses
are very small compared to the nominal power, the accuracy is often affected by
the calibration of the measurement instruments and more long term methods
as for ex. calorimetry methods use to be recommended.

But the losses registered using the dynamic test method, which should cover the
largest sources of loss, are calculated as:

= 2
Pross =R - ‘Zs,a:y‘ + Tfm'ction “Wech

Table 6.5: Values uses for the loss calculation

R: 426 mQ (table 5.3)
Triction : 041 Nm  (table 5.6)

and presented in (figure 6.11)

Figure 6.11: Friction 90
and resistive losses

& losses [W]

. nominal f and T

, 15000
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f  [Hz]

Then the efficiency n of the FM in motor mode is calculated as:

Pmech

nN=——" 735
Pmech + P)loss

and displayed in (figure 6.12)
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Figure 6.12:

Efficiency 7 <> %]

. nominal f and T

The efficiency at the nominal working conditions is 95% and is 96% for a slightly
higher speed, this efficiency level is typical for inserted Permanent Magnet Syn-
chronous Machines (iPMSMs) and could be increased by increasing the dc-link-
voltage and running at higher speeds.

6.2.a The resistance, inductances, and the magnet flux linkage
2%

The resistance R, of the EM is calculated from dynamic measurements by ana-
lyzing the relation between the voltage and the current.

The Inductances Lg;, Lg, are calculated from the slope of the flux over the
current at the origin. For other current values it is better to use the very value
of flux for control or characterization of the EM than calculating the inductances.

The flux linkage 1, is calculated as the x-component of the flux at i5, = 0,45y =
0 i.e the flux linkage generated only by the magnets.

These values are presented in (Table 6.6)

Table 6.6: Resistance, inductances and flux linkage of the EM

Rs = 426 [mg] at 22 °C, (table 5.3)
Lo = 08314  [mH  at iy =0,iy =0
Ley = 15081  [mH]  at is = 0,isy =0
v, = 76784 [mV-s] at22°C
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6.3 Gear shift synchronization

As mentioned before, one of the main tasks of the customized Electric Machine
(EM) is to synchronize the gearbox input shaft during gearshift in a fraction of
a second (see eq. 2.1).

Atsync,maa: =100 [ms]

In a previous study [18] calculation of the synchronization time has been done
using theoretic nominal values of the torque and power of the EM. Here the
synchronization time is studied using actual measured data from the EM and
considering the extended power capability of the :PMSM.

The gearbox used for tests and as reference is a ” Xtrac 416’ Front Wheel Drive
Touring Car gearbox” which is a sequential manual gearbox. The gear ratios
are displayed in (table 6.7)

Table 6.7: Gear ratios of the sequential gearbox

gear 1st 2n,d 3th 4th 5th 6th

Yin 9875 6750 5.625 4.750 3.625 4.125

k/'gear,i -
Wout

Table 6.8: iPMSM-wheel transmission data

WEM [Win 2

Twheel 0.316  [mm]
Prom 15 [kW]
Trom 45 [N m)
Fetimom 212 [Hy

Considering the gear ratios and the speed ratio between the i{PMSM and the
input shaft, and assuming a typical car wheel radius, the relation between the
vehicle linear speed and the angular speed of the iPMSM is calculated (figure
6.13). The wheel radius is taken from a wheel with dimensions (205/55R16)
used in for ex. a small car (Volvo V40).
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The corresponding linear force that the FM can deliver to the wheels under
nominal conditions, at different angular speeds of the iPMSM , and for different
gear ratios is displayed in (figure 6.14). Friction is not considered.

Figure 6.14: linear force
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The linear force on the wheels that can be delivered by the {PMSM vs. the
vehicle speed if displayed in (figure 6.15). This show the force-speed character-
istic when driving for example in pure electric in city traffic, which is actual up
to for.ex 50km/h. For higher speeds where more power is needed the Internal
Combustion Engine (ICE) need to be main power source. But the iPMSM can
still contribute with the nominal power and be used for regenerative braking.
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As we can see in (figure 6.15), at very low speed only the first gear is to be
used, but as the speed increases, other gears will also deliver the same force and
power to the car, with overlapping speed regions.

The speed at which the gear shift will happen depend on the driving mode, if
it is pure electric drive, or to get the best efficiency of the ICFE, or to minimize
the gearshift synchronization time. these points will be studied in the following
lines.

6.3.a Calculation of the synchronization time

During gearshift the speed of the vehicle can be assumed to be constant because
of the short duration of the gear shift with respect to the vehicle dynamics [50].
Consequently the angular speed of the output shaft is considered to remain also
constant. On the other hand the angular speed of the input shaft, and then the
frequency of the EM need to adapt to the new gear ratio. For ex. when gear
shifting from from 1% gear to 27¢ gear, the electric frequency of the iPMSM
need to go down from

fel,l
to

k ear.

fel,2 = <kg 72) ' fel,l (64)
gear,l
with the values in (table 6.7)
6.750
fe2 = 9=75 fa1  =0.6835 fo 1

The time required for the iPMSM to go from one frequency to other is calculated
by solving the differential equation

d Wmech
T = .
= (6.5)

Here the torque T is constant at low speeds up to fhom and then decreasing
with increasing fe; at the Constant Power Speed Range (CPSR). For the inertia
J here it is considered only the inertia of the rotor. The reflected inertia of
the input shaft and the belt transmission are not considered at the beginning
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because of the different values it can have and that the synchronization time is
going to be affected linearly with the effect of the reflected inertia.

At constant torque 7™ the solution of the differential equation (eq. 6.5) is:

t2 J Wmech 2
/t dt — F dwmech

1 Wmech 1

J
Atsync = F (wmech,Z - wmech,l)

with (eq. 6.4)

J{ kgears
Atsync = ﬁ <kZZZ:1 - 1) wmech,l

i.e. at constant torque, the synchronization time Aty is proportional to the
rotor speed Wyech -

= Atgyne = const - Wyeen 1 (at constant torque)

At constant power, for ex at nominal power

Prom = Wineen - T
(eq. 6.5) becomes

Prom —J d Wiech
Wimech dt

T:

and its solution is

t2 J Wmech 2
/ dt = / Winech dwmech
t

Prom Wmech 1

J 2 2
Atsync = (wmech,2 - wmech,l)
2 Prom

J kgear2 )’
At gyne = 902 ) 1) e
sync 2P < <kgear,1 mech,1
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i.e, Atgync is proportional to the square of rotor angular speed.

For the more general cases, when the torque is given as a function of the speed,
T = T(Wmech), as for example, when the torque speed characteristics are ob-
tained from Finite Element Analysis (FEA) or measurements, the differential
equation

d Wmech
dt

T(wmech) =J

is solved by numerically integrating

/t2 J Wmech 2 1 d
t=J- / — aw
" T(wmech) mech

Wmech 1

with (eq. 6.4)

kgear,?
2 Wmech 1
gear,1
1

Ats nec — J - A
v T(wmech)

dwmech (66)

Wmech 1

In (figure 6.16) we can see the calculated synchronization time when shifting
from gear 1 to gear 2, in two cases, one using nominal torque and nominal
power and the other using the highest available peak power (see figure 6.5).

During gear shift from 1% gear to 2"? gear the iPMSM decelerates from fei1
to 0.6835 fe,1. For that the torque is applied with negative sign. For gear shift
from 27 gear to 1%t gear the iPMSM is accelerated instead and the time is in
principle the same, when neglecting the contribution of the friction.

Nominal torque and nominal power is the highest limit for long term continuous
operation to avoid overheating of the EM. Overrated peak power P,cq; can be
used under very short time intervals, like here during fractions of a second, only
to synchronize gears. This is a good example of the advantages of the overrating
capabilities of the iPMSM.
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Figure 6.16: Synchron-
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When shifting gears between 1%¢ gear <+ 2"¢ gear using peak power as in (6.16),
the required synchronization time according to the specifications in (eq. 6.7) of

maximal allowed Atgyn. = 100 [ms] (6.7)

is reached for speeds up to fo = 580[Hz| or speedgy = 8700[rpm|. This
speed of the iPMSM corresponds to an angular speed of the ICE speed;jcrp =
4350[rpm], which lies above the optimal speed of the ICE for optimal fuel effi-
ciency. L.e. under normal driving conditions the gear shift between 15 gear «
274 geqr will happen al lower speeds.

In (6.17) we can see the synchronization time for gear shifting between other
gears, using peak power. Due to the lower difference in gear ratio between the
other higher gears the synchronization time is much lower and the time limit of
100 [ms] can be achieved for even higher speeds. In this figure curves are not
drawn for very low speed, the reason for that is explained in the following lines.

Figure 6.17: Synchron-
ization time vs f.; at the

lower gear of each pair.

350 1
P=P
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6.3.b Speed limits for gearshifing

Shifting gears at too high speeds will not only extend the synchronization time
but when shifting gears down, considering that the iPMSM and the ICE go to
a higher speed, the highest speed at which the synchronization process can be
started should be accounted in order to avoid running the iPMSM and the ICE
over their top speed.

In (figure 6.18) we can see the speed of the iPMSM as a function of the vehicle
speed for diffrent gears. The polygons mark the speeds at which it is allowed to
shift gears between two consecutive ones.

There is also a lower limit at which up gear shifting is recommended. The speed
of the iPMSM after synchronization should be higher than the nominal speed
to be able to continue deliver the nominal power from the iPMSM (see figure
6.15). This is relevant specially if the nominal power will still be required after
up gear shifting, for example if the vehicle is running on pure electric mode. In
(figure 6.19) we can also see that the the lowest speed for recommended gear
shift have a synchronization time below the limit of

Atsynm maz = 100 [ms]

If for ex. after gear shifting the ICE will be the main power source instead of
the FM, it is less relevant that the EM has reached the Constant Power speed
Range. This lower speed limit is also marked in (figure 6.18).

Figure 6.18: Allowed
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The synchronization time as a function of the vehicle speed is shown in (figure
6.19). The curves are only drawn in the region where gearshift is recommended.
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6.3.c Suggested methods to improve the synchronization time

The synchronization time can be reduce by:

e using a sequential gear box with geometric distributed gear ratios, i.e

kgear2 = kgear,l, kgear,3 = kfgear’l, etc. There it would take the same time
to gear shift between 1% gear <+ 2"? gear as between 27¢ gear <+ 3t gear
and so on.

e increasing the number of gears to 7 or 8 gears instead of the 5 ones used
here. (the 6! gear is not used here)

e increasing the dc-link-voltage, which would increase the speed for any
torque level, increasing in this way the nominal and peak power. In this
case consideration should be taken to the isolation of the windings. Dur-
ing the experimentation with the iPMSM the dc-link-voltage has been
increased to 450V. For higher voltages consideration should also be taken
to the Electromagnetic Interference created by the PWM switching in
the Power Electronics Converter (PEC). During test with ca 750 V dc-
link, interference in the measurements signals were observed with not well

shielded EMs

But with the equipment used in this thesis the peak power of the :PMSM and the
low inertia of the rotor are good enough to synchronize the input shaft during
gear shift within the specified time limit, under normal driving conditions of
a vehicle. This is one of the main characteristics of this customized iPMSM
together with the speed, torque and power capabilities needed for a hybrid
vehicle.
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Chapter 7

Conclusions and suggestions
for future work

7.1 Conclusions

This thesis work spans over a wide range, from gearbox control in hybrid
vehicles, electric machine design, control system development and dynamic test-
ing of EMs. The results of all these steps are then integrated with each other
into a robust and well tested technical contribution to electric hybrid vehicles
technology:

e [t is possible to design a iPMSM for an electric hybrid vehicle using tools
that are accessible by students as FEMM, RF-Design and Matlab

e The prototype of the i{PMSM match very well the previous numerical
simulations and fulfill the torque specifications for powering the vehicle
and starting the ICE

e The Dynamic Test Method can be used to obtain the necessarily elec-
tromagnetic properties of the iPMSM with good precision and improved
accuracy without the need of a Brake Bench

e [t is possible to implement Field Weakening motor control on the iPMSM
to reach speeds many times the nominal speed, up to 15000 [rpm]. The
field weakening look up tables are created from torque and flux maps
obtained using the Dynamic Test Method

e The iPMSM has good enough dynamics, i.e. can change speed fast enough
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7.2

to synchronize gears under the specified time interval under normal con-
ditions of vehicle drive.

Suggestions for Future Work

Mapping the iPMSM using the other three rotors. Only the symmetric,
hot-side out has been mapped (sections 3.6.a and 3.6.b).

Perform thermal test on the prototype of the iPMSM to determine the
nominal current and heat generation caused by Cu-losses and Fe-losses .
Thermal tests without Brake Bench have been realized on other {PMSM
using the the control system developed for this thesis. [7] and ([51] pg
87).

Mapping the :PMSM at different temperatures.

Acceleration sequences of the large "vehicle’ flywheels through all gears in
the gearbox using the new customized iPMSM. Some gear shift sequence
tests were realized with the new i{PMSM at Division of Industrial Electrical
Engineering and Automation (IEA)’s lab and later more similar sequence
tests were performed within the project EzSam with another i{PMSM
specified for a heavy vehicle at Sibbhultsverken [52], [53] and [12].

Expand the Dynamic Test Method to other kinds of EMs, as EMSM and
Induction Machines

Expand the Dynamic Test Method to higher levels of power, torque and
speed. The levels reached until now are ca. 150 [Nm], 15000 [rpm] and
20[kW].

Further develop the AFE and integrate it to the Dynamic Test Method.

Create a real time models of EMs on the the FPGA to be able to run a
control and measurement sequence on a simulated EM before a real one
is connected

Further investigate the effect of speed on the the properties of the EFMs.
The iPMSM studied in this work has very low eddy current losses or
Fe-losses that its effects are nor clear noticeable in the measurements.
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Appendix A

Experimental setup

1.1 The equipment

The majority of experimental work has been done at the laboratory installations
(see figure A.1) at the division Division of Industrial Electrical Engineering and
Automation (IEA) at Lund University.

Figure A.1: The experimental setup with the parallel drive bench, the control unit
and he PC

The experimental set up consists of:
e laboratory installations with ca 20kW, 400V DC supply

e The inserted Permanent Magnet Synchronous Machine (iPMSM) to be
tested
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The parallel drive bench where the iPMSM is mounted
e motor control unit
e PC

software for control and measurements of electric machines

The laboratory with enough space for running several project at the same time
has access to a number of DC power supplies from rotating mechanical converters
in the basement. The one used in this project can supply up to 20kW, 400V
DC-power.

The iPMSM is mounted on the parallel drive bench used to simulate the drive
train of a parallel hybrid vehicle, (see figure A.2 and A.3). This bench contains:

the new Electric Machine (EM ) which is a iPMSM

the transmission belt

e a gearbox

robot to control the a gearbox

large flywheels to simulate the inertia of a vehicle

Bench Flywheels

P

New Electric Machine

Gearbox

Robot Arm Controller

Belt Transmission y ¢

Figure A.2: Top view of the parallel drive bench with the iPMSM and other compon-
ents
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Figure A.3: The parallel drive bench with the iPMSM

The parallel drive bench has been used in previous projects as for.ex. [17] to
test the dynamics of the whole drive train. But to be able to map only the
1PMSM using the Dynamic Test Method, a simple test bench can be used, just
to hold the EM in place. A safety cage is installed around the bench, to prevent
parts flying out, in case something brake inside and also to prevent persons
coming too close to moving parts and external objects accidentally coming into
the bench.

In (figure A.4) we can see the iPMSM inside the cage on the bench, here the
1PMSM, with a small flyweel on it, is not connected to the rest of the drive
train.

Figure A.4: Electric machine on the bench
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1.2 The hardware

The control unit consists of:

e An embedded control unit, CompactRIO from National Instruments

(figure A.5). It has an Field Programmable Gate Array (FPGA) used for
the very time-critical calculations for current and speed control and a Real
Time (RT) microprocessor for streaming measurement data to the PC
and handling slower processes as the user interface. The CompactRIO
contains also Digital and Analog modules to get and send the signals from
and to the Interface cards . The CompactRIO is connected to the PC via
ethernet

The Interface cards are a set of Printed Circuit Boards (PCB) used
to adapt signals between the sensors and the Power Electronics Converter
to the CompactRIO (figure A.5)

The Power Electronics Converter (figure A.6), contains the IGBT's
that are used to control the amount of current to the EM by opening
and closing the connection between the capacitor and the phases of the
EM according to the PWM signals calculated in the FPGA. A simplified
sketch of its functionality is shown in (figure 5.22).

Figure A.5: The control

unit

oscilloscope

compactRIO

interface cards
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Figure A.6: The Power
Electronics Converter

PE converter

In (figure A.7) we can se an updated portable version of the control unit , that
was delivered to SP Technical Research Institute of Sweden to test iPMSMs
with the Dynamic Test Method in their facilities in Boras, Sweden.

Figure A.7: Portable
control unit, with the
Interface cards and the
CompactRIO

and in (figure A.8) we can see the Power Electronics Converter (PEC) in the
lower part the Control Unit as well as the interface cards and the CompactRIO
on the upper part.

141



Figure A.8: Portable
control unit, with the
PEC shown in the lower
part

The PC is used as an interface with the user, to start and stop measurement
sequences, input parameters, see values and graphs during and after operation.
The PC is also used to save the large amounts of measurements data and for the
post processing of it. As said before the PC is connected to the CompactRIO
via ethernet.

1.3 The software

The Software for the control and measurement system running on the FPGA
and the Real Time microprocessor in the CompactRIO and the PC interaface
has been writen in Labview (figure A.9).

The post processing is programmed both in Labview and in Matlab.

Figure A.9: The PC
interface of the Labview
program
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In (figure A.10) we can see the front panel of the labview file for post processing,
showing the voltage, current and speed for a certain working point during the
Dynamic Test Method.

Figure A.10: The front
panel of the post pro-
cessing file in Labview

Research Engineer Getachew Darge at IFA is responsible for the hardware
design and implementation of the control units. The software in labview for
the FPGA, RT in and the PC interface is developed by the author of this thesis
Yury Loayza as well as the main idea of performing Dynamic Test Method the
way it is described in this thesis.

Previously the control system used at the division IEA was implemented in
DSpace, and the code was writen in C-language and is described in [54]. The
main structure of the algorithms for motor control in the Labview version are
based on the version writen for DSpace. The methods used for post processing
the data with the torque and flux maps as well as the ones for motor design are
based on the work of the advisors to this thesis, Avo Reinap and Mats Alakiila.
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Appendix B

Data

2.1 Data from finite element analysis

Symmetric, hot-side-out rotor:

Table B.1: Nominal and peak current, and flux at ig

T X y  magnitude

0 | 45 [Nm] | -51.320  97.310 110.014 [A]

ipeak | 90 [Nm] | -109.910  160.310 194.370  [A]
¥s(io) | 45 [Nm] | 41.155 141.301 147173 [mV - 3]

Table B.2: flux linkage in z

Ysz [mV - 3] isy [A]

-14.193 17.278  47.804 76.895 225

-16.905 15.879 47.973  78.705 200

-20.167 13.795 47.587 80.382 175

-23.872  10.960 46.462  81.552 150

-27.736 7.629  44.525  82.359 125

-31.405 4.361 42.314  81.899 100

-36.459 0.500 39.430 80.028 50

-37.926 -0.526 38.517 79.181 0

-36.455 0.503 39.435 80.035 -50

isw [A] 150 -100 50 0
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Table B.3: Flux linkage in y

ey [MV - s] sy [A]

229.644  233.223  233.952  231.531 225
217.675  222.463  224.297  222.650 200
202.650 208.732  212.021 211.328 175
183.817 190.914 195.871  196.383 150
160.718 168.032 173.866 175.939 125
133.798  140.263  145.261  148.306 100
69.465 72.094 74.093 75.833 50
0.032 0.033 0.077 0.004 0
-69.441  -72.078 -74.081 -75.826 -50

isx [A]  -150 -100 -50 0

2.2 Data from the dynamic test method

Machine data for the configuration using the rotor with symmetric placed mag-
nets and the hot-side out. Dynamic measurement performed using an external
5 K g flywheel with Je,y = 28.9[g m?]

Table B.4: Current is, [A]

-0.01 -20.01 -40.02 -60.02 -80.01 -100.02 -120.02 -140.03 -160.02
-0.01 -20.01 -40.02 -60.02 -80.01 -100.02 -120.02 -140.03 -160.02
0.00 -20.00 -40.02 -60.02 -80.02 -100.03 -120.04 -140.06 -160.07
0.01 -19.99 -40.03 -60.01 -80.03 -100.03 -120.05 -140.05 -160.08
-0.03 -19.99 -39.99 -60.04 -80.03 -100.04 -120.13 -140.07 -160.10
-0.01 -20.04 -40.03 -60.03 -80.08 -100.10 -120.12 -140.14 -160.19
-0.04 -20.10 -40.05 -60.16 -80.10 -100.17 -120.25 -140.34 -160.32
-0.18 -20.19 -40.14 -60.26 -80.40 -100.38 -120.45 -140.63 -160.60
-0.36 -20.33 -40.37 -60.71 -80.66 -100.81 -120.89 -140.84 -161.12

Table B.5: Current iy, [A]

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
19.99 19.99 19.99 19.98 19.98 19.99 19.98 19.99 19.98
39.99 39.99 39.99 39.99 39.99 39.99 39.97 39.96 39.96
60.00 59.99 59.99 60.00 59.97 59.98 59.97 59.97 59.97
79.99 80.02 80.01 80.03 79.99 79.98 79.98 79.94 79.86

100.00 100.00  100.03  100.02 99.97  100.00 99.97 99.84 99.92
120.01 120.00 120.02 119.98 119.99 119.90 119.91 119.84 119.87
140.01 139.99 140.00 139.96 139.89 139.90 139.81 139.79 139.69
160.08 160.03 160.04 159.99 159.96 159.77 159.94 159.73  159.50
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Table B.6: Electric acceleration df/dt [Hz/s]

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
98.5 114.1 130.5 146.6 161.2 174.5 186.8 195.5 204.1
204.4 237.6 271.2 304.4 336.1 365.1 393.1 417.7 438.9
311.1 361.8 411.9 460.9 508.5 554.0 596.9 635.4 670.7
419.5 487.4 552.9 618.3 681.2 741.4 797.0 849.2 894.4
529.9 613.8 694.4 774.1 851.9 926.2 992.2 1054.5 1111.5
638.8 738.7 832.9 926.7 1015.0 1097.8 11819 1243.5 1317.7
745.1 858.7 964.4 1066.5 1169.2 1261.6 1349.5 1431.3 1503.9
847.9 972.0 1088.3 1201.8 1311.1 1413.5 1503.1 1590.3 1672.7

Table B.7: Mechanic torque T' [N m], with J = Joo1 + J51, = (8.8 + 28.9) [gm?]

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

5.8 6.8 7.7 8.7 9.6 103 11.1 116 121
121 141 16.1 18.0 199 21.6 233 24.7 26.0
184 214 244 273 301 328 354 376 39.7
248 289 32.7 36.6 40.3 439 472 503 53.0
314 364 41.1 459 50.5 549 588 62.5 658
37.8 43.8 493 549 60.1 650 70.0 73.7 78.0
44.1 509 571 632 693 747 799 848 89.1
50.2  57.6 645 712 77.7 83.7 89.0 942 99.1

Table B.8: x-component of the flux linkage vector 1s, [mV - 5]

76.8 60.2 43.5 269 9.9 -6.6 -223 -378 -534
76.8 60.2 435 269 99 -6.6 -223 -378 -53.4
76.5 59.6 429 26.8 103 -6.5 -22.1 -379 -53.2
76.1 59.3  42.7 26.5 9.6 -6.1 -21.9 -37.6 -54.2
75.8 59.1 42.8 26.5 9.6 -6.4 -23.2 -378 -54.3
76.1 59.4 43.1 264 100 -6.6 -22.3 -36.7 -51.2
76.8 59.8 441 275 116 -44 -21.0 -357 -50.9
76.2 59.9 445 287 123 -43 -189 -355 -51.1
749 60.2 446 294 128 -14 -19.6 -32.3 -50.7

Table B.9: y-component flux linkage vector ¢, [mV - s

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
31.0 30.3 29.8 29.8 29.5 29.2 28.3 27.9 26.2
61.1 60.6 60.0 59.4 59.4 58.7 57.1 55.8 54.5
90.8 90.6 90.1 89.2 87.9 86.7 84.8 83.5 81.8

120.0 119.5 1189 117.7 116.3 1144 113.0 111.0 108.8
147.9 1474 146.6 145.1 143.2 141.5 140.7 1374 134.1
172.9 172.6 1725 170.3 168.7 166.7 163.8 162.5 159.5
192.9 192.2 1925 1914 189.2 187.3 184.4 180.8 176.9
208.3 208.4 208.1 207.7 2079 204.1 205.6 199.5 192.8
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2.3 Field Weakening look-up-tables

Table B.10: Field weakening Look up table: 1, [A] for |¢|[mV s] and T [N m)
|| : 221.3 207.0 192.7 178.4 164.1 149.8 135.4 121.1

1TO | g : -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0
6.5 -3.2 -3.2 -3.2 -3.2 -3.2 -3.2 -3.2 -3.2
13.0 -11.2 -11.2 -11.2 -11.2 -11.2 -11.2 -11.2 -11.2
19.5 -20.8 -20.8 -20.8 -20.8 -20.8 -20.8 -20.8 -20.8
26.0 -28.8 -28.8 -28.8 -28.8 -28.8 -28.8 -28.8 -28.8
32.5 -38.4 -38.4 -38.4 -38.4 -38.4 -38.4 -38.4 -46.4
39.0 -46.4 -46.4 -46.4 -46.4 -46.4 -46.4 -51.2 -68.8
45.5 -56.0 -56.0 -56.0 -56.0 -56.0 -57.6 -73.7 -96.1
52.0 -62.4 -62.4 -62.4 -62.4 -62.4 -77.8 -99.6 -138.4
58.5 -72.3 -72.3 -72.3 -72.3 -81.8 -102.5 -136.8 -155.5
65.0 -79.8 -79.8 -79.8 -83.3 -104.5 -134.1 -160.2 -155.5
71.5 -88.1 -88.1 -88.1  -103.9 -133.6 -160.2 -160.2 -155.5
78.0 -96.7 -96.7 -102.2 -127.3 -160.3 -160.2 -160.2 -155.5
84.5 -103.7 -103.7 -125.2 -155.9 -160.3 -160.2 -160.2 -155.5
91.0 -128.5 -128.5 -146.9 -160.5 -160.3 -160.2 -160.2 -155.5
97.5 -154.6  -154.6 -160.9 -160.5 -160.3 -160.2 -160.2 -155.5
|| : 106.8 92.5 78.2 63.8 49.5 35.2 20.9 6.6

1TO | g : -0.0 -0.0 -0.0 -16.0 -33.6 -51.2 -67.2 -84.8
6.5 -3.2 -3.2 -8.0 -24.0 -41.6 -60.8 -84.8 -91.4
13.0 -11.2 -11.2 -25.6 -43.2 -64.0 -100.6 -93.7 -91.4
19.5 -20.8 -30.4 -48.0 -70.4  -109.7  -100.6 -93.7 -91.4
26.0 -38.4 -56.0 -78.4 -1189 -109.7 -100.6 -93.7 -91.4
32.5 -62.4 -84.8 -125.8 -118.9 -109.7 -100.6 -93.7 -91.4
39.0 -91.2  -137.2 -125.8 -1189 -109.7 -100.6 -93.7 -91.4
45.5 -146.4 -137.2 -125.8 -118.9 -109.7 -100.6 -93.7 -91.4
52.0 -146.4 -137.2 -125.8 -118.9 -109.7 -100.6 -93.7 -91.4
58.5 -146.4 -137.2 -125.8 -118.9 -109.7 -100.6 -93.7 -91.4
65.0 -146.4 -137.2 -125.8 -118.9 -109.7 -100.6 -93.7 -91.4
71.5 -146.4 -137.2 -125.8 -118.9 -109.7 -100.6 -93.7 -91.4
78.0 -146.4 -137.2 -125.8 -118.9 -109.7 -100.6 -93.7 -91.4
84.5 -146.4 -137.2 -125.8 -118.9 -109.7 -100.6 -93.7 -91.4
91.0 -146.4 -137.2 -125.8 -118.9 -109.7 -100.6 -93.7 -91.4
97.5 -146.4 -137.2 -125.8 -118.9 -109.7 -100.6 -93.7 -91.4
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Table B.11: Field weakening Look up table: 1,5, [A] for [¢| [mV s] and T [N m]

|| 221.3 207.0 192.7 1784 164.1 149.8 1354 121.1

LTO | igy: 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6.5 21.6 21.6 21.6 21.6 21.6 21.6 21.6 21.6
13.0 39.4 39.4 39.4 39.4 39.4 39.4 39.4 39.4
19.5 54.5 54.5 54.5 54.5 54.5 54.5 54.5 54.5
26.0 68.3 68.3 68.3 68.3 68.3 68.3 68.3 68.3
32.5 80.2 80.2 80.2 80.2 80.2 80.2 80.2 76.6
39.0 91.6 91.6 91.6 91.6 91.6 91.6 89.2 81.5
45.5 101.4 1014 1014 1014 101.4 100.5 92.9 84.2
52.0 112.3 1123 1123 1123 1123 104.3 95.0 83.1
58.5 121.0 121.0 121.0 121.0 115.7 106.2 94.3 80.5
65.0 130.9 1309 1309 1288 117.8 106.3 92.6 80.5
71.5 140.2 140.2 140.2 131.3 118.2 105.1 92.6 80.5
78.0 149.6  149.6 146.1 1329 117.1 105.1 92.6 80.5
84.5 159.8 159.8 1473 133.1 117.1 105.1 92.6 80.5
91.0 159.9 1599 1499 1329 1171 105.1 92.6 80.5
97.5 159.6 159.6 1509 1329 117.1 105.1 92.6 80.5

|| ¢ 106.8 92.5 78.2 63.8 49.5 35.2 20.9 6.6

LTO0 | igy: 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6.5 21.6 21.6 20.9 18.7 16.6 14.9 13.3 4.5
13.0 39.4 39.4 35.7 32.0 28.7 23.6 14.2 4.5
19.5 54.5 51.2 46.1 41.0 32.8 23.6 14.2 4.5
26.0 64.4 58.4 52.3 42.1 32.8 23.6 14.2 4.5
32.5 70.3 63.3 52.1 42.1 32.8 23.6 14.2 4.5
39.0 73.7 61.2 52.1 42.1 32.8 23.6 14.2 4.5
45.5 70.8 61.2 52.1 42.1 32.8 23.6 14.2 4.5
52.0 70.8 61.2 52.1 42.1 32.8 23.6 14.2 4.5
58.5 70.8 61.2 52.1 42.1 32.8 23.6 14.2 4.5
65.0 70.8 61.2 52.1 42.1 32.8 23.6 14.2 4.5
71.5 70.8 61.2 52.1 42.1 32.8 23.6 14.2 4.5
78.0 70.8 61.2 52.1 42.1 32.8 23.6 14.2 4.5
84.5 70.8 61.2 52.1 42.1 32.8 23.6 14.2 4.5
91.0 70.8 61.2 52.1 42.1 32.8 23.6 14.2 4.5
97.5 70.8 61.2 52.1 42.1 32.8 23.6 14.2 4.5
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2.4 Curve fitting of the oscillations to determine the
cogging torque

Figure B.1: harmonics fitting (left)
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Figure B.2: harmonics fitting (right)
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Appendix C

Drawings of the electric

machine

18 1| WASHER-VB-7458-LESJIOFORS
17 2| O-RING-22500030D-INDOMA
16 2| O-RING-17900030D-INDOMA
15 1| O-RING-06100030D-INDOMA
14 1|O-RING-05100030D-INDOMA
13 1|CIRCLIP-SGA-34-$TEEL-BUFAB
12 1| BEARING-S-6206-ZZ-NOMO
11 1| BEARING-S-6205-ZZ-NOMO
10 2 |WASHER_ASYM
9 1|STATOR_PLATE_P
8| 1|sHAFT 2
7 1|ROTOR_PLATE_ASYM
6 1|RESOLVER_PLATE
5 1|RESOLVER_FIXTYRE
4 1|HOUSING
3 1|BEARING_PLATE
2 1|BAFFLE_FRONT_P
1 1|BAFFLE_BACK
— S
PerB 1:4 A3 1(1)
1EA ansm:SR 2 g 19-Feb-09
LTH MOTOR_2

Figure C.1: Components of the iPMSM
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Figure C.3: The asymmetric rotor
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Figure C.4: The symmetric rotor
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Figure C.5: Plastic pieces on the side of the magnets to fix them in place. The extra
space on the side of the magnets is to avoid magnetic short cut between the nord and
south side of the magnet
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Appendix D

Data sheets

T Whkg VAkg  A/m  Whkg  Whkg  Wkg Wy Wig
at 50 Hz at 50 Hz at50Hz  at100Hz ot200Hz ot400Hz ot 1000 Hz at 2500 Hz

0,1 0,02 0,06 268 0,04 0,08 0,21 0,98 4,09
02 0,06 015 357 0,14 033 090 3,65 148
03 0,13 0,27 418 0,31 0,73 1,93 7,58 30,6
0,4 0,21 0,40 47,5 0,51 1,23 3,24 127 517
05 0,31 0,56 53,4 075 1,82 481 18,8 788
06 0,41 074 60,0 1,01 2,49 6,69 26,3 3
07 0,52 095 67.9 131 326 8,82 352 155
08 0,66 1,21 77,5 1,64 4,12 1.2 457 208
09 0,81 1,52 90,0 2,00 5,07 14,0 58,1 273
1.0 0,98 1,92 107 2,41 6,14 17,1 72,6 352
il 115 2,46 133 2,67 7,33 206 89,6

12 137 3,30 179 3,40 8,69 246

1.3 1,65 497 284 4,03 10,3 29,2

1.4 2,00 10,3 642 4,83 12,4 35,1

.5 2,35 30,0 1810 572 147 41,6

1.6 2,65 757 4030

.7 2,87 153 7290

18 3,06 267 11700

lossat 1.5 T, 50 Hz, W/kg 2,35

lossaf 1.0 T, 50 Hz, W/kg 0,98

Anisotropy of loss, % 10

Magnefic polarization af 50 Hz

H=2500 A/m, T 1,58
H=5000A/m, T 1,64

H = 10000 A/m, T 1,76
Coercivity (DC), A/m 40
Relative permeability at 1.5 T 660
Resistivity, pQcm 55

Yield strength, N/mm? 455
Tensile strength, N/mm? 575
Young’s modulus, RD, N/mm? 185 000
Young's modulus, TD, N/mm2 200 000
Hardness HV5 (VPN) 215

T et o oo @ cogent

Values for the transverse direction are approximately 5% higher June 2008

Figure D.1: Data sheet for the laminated steal plates used in the iron core, source
’Surahammar’
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