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ABSTRACT

Due to higher demands on the electrical systems in the aviation industry, the generation and distribution
of electrical power, in aircrafts, needs to be researched and developed further. Key requirements include
increased power capacity to meet future demands, a transition from AC to DC supply and an increased
voltage level.

For power generation, a generator is coupled to the jet turbine which must endure a demanding
environment with high temperatures and limited cooling capability due to the available coolants. By
developing a simulation model of a PMSM operating as a generator, various machine designs, cooling
strategies, and materials can be evaluated to identify configurations that meet the system requirements.

The transition to a DC supply, when AC has historically been used, and an increased voltage level, is an
effect of the increasing power demand. But with the switch to DC supply, new onboard electronics is
needed in order to convert it to AC and back. In order to maximize the on-board power generation, a over-
modulation strategy is implemented. Electrical and thermal simulations are made in Simulink to evaluate
possible solutions, including the over-modulation technique and the use of different types of transistors
for the converter.

The PMSM model is developed in both Simulink, to ensure integration with the power electronics model,
and in Motor-CAD, to enable more accurate loss estimation and thermal analysis. Simulation results
indicate that, under the demanding environmental conditions and with the available cooling fluids of Jet
fuel and a water-glycol mixture, slot cooling with direct contact to the windings is essential, without it,
conventional materials are not suitable for the application. However, with materials such as samarium
cobalt magnets and winding insulation materials with higher thermal capabilities, the machine achieves a
significant thermal margin.

The over-modulation strategy developed is able to control the currents and voltages going from linear
modulation to six-step modulation. The transition from linear to six-step is controlled with an algorithm
in order to make it a smooth as possible. The over-modulation strategy works but the transition from
linear modulation to six-step is not as smooth as desired. The thermal simulation showed that SiC
transistors significantly reduces the cooling requirements compared to IGBTs. Partly due to its lower
losses, but also because SiC transistors can operate under higher temperatures than IGBTs can. Although
the performance differed a lot even between the two different SiC transistors used.
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1 INTRODUCTION

This chapter introduces the background of the thesis, outlines the premises and requirements on it is
based on and the goals. The chapter starts off with a general background on the electrification of the
aviation industry in Section 1.1. Section 1.2 gives a brief introduction of GKN Aerospace and Section 1.3
explains the more technical side of the background. The aims and objectives of the thesis are covered in
Section 1.4, followed by the validation and limitations in Section 1.5 and 1.6. Finally, Section 1.7 covers
the system requirements.

1.1 Background

In the field of aviation electrification, various approaches can be pursued to implement electrification.
Three main frameworks have been proposed within this research area: all-electric aircraft (AEA), hybrid
electric aircraft (HEA) and more electric aircraft (MEA). The AEA approach aims to fully electrify the
aircraft, with propulsion driven by electric motors powered by an energy storage system, such as
batteries.

In contrast the HEA approach also utilizes electric motors for propulsion but with the power generated by
a conventional engine. The MEA framework, which is the framework used in this thesis, focuses on
electrification of the secondary systems including hydraulic, pneumatic and actuation systems, by
generating the electrical power from a conventional jet turbine through an electric machine operating as
a generator.

The MEA electrification offers potential advantages in terms of redundancy, decrease in repair time,
weight reduction, and system control which also can lead to improved environmental effect since weight
reduction decreases the fuel consumption. By replacing pneumatic and hydraulic systems with fully
electric alternatives, it is anticipated that both the overall system size and the risk of leaks or damage to
surrounding components will be reduced [1].

1.2 GKN Aerospace

This thesis was conducted in a collaboration with GKN Aerospace, a global supplier of various aircraft
systems including engine structures and electrical systems. As the trend toward increased electrification
in future aircraft continues, there is a growing need to understand how this shift will impact the company’s
products. By exploring areas such as electrical machines and power electronics, GKN aims to build
knowledge on how to adapt and integrate electric drivetrains into its systems. The current focus is
primarily on learning and developing a deeper technical understanding.

1.3 Technical Background

In order to electrify the secondary systems, the aircraft’s electrical power must increase. This is achieved
by integrating a generator with higher power output than those previously used. Additionally, new power
electronics capable of handling those power levels are required. In aircrafts there is a DC bus voltage



standard of 270 VDC which could be increased to 540 VDC (£270 VDC) with a common ground potential
of OV [2].

The conventional electrical systems in aircrafts are typically based on a 115 VAC bus, with power supplied
by a constant-speed generator driven through a gearbox to maintain a fixed rotational speed.
Transitioning from AC to DC power, enabled by power electronics, eliminates the need for this gearbox
since the converter can output AC of the required frequency. Furthermore, increasing the system voltage
from 115 VAC to 540 VDC allows for a reduction in cable size, thereby an overall decrease in the weight
of the electrical system.

Since aircrafts are very sensitive to weight increase, the integration of new electric systems for
replacement of the conventional systems must be well designed in order to improve the performance of
the aircraft. The primary limitation of those systems are the thermal performance. Too high temperature
increases in system components, significantly elevate the risk of damage, making thermal management a
critical consideration in component design.

Since the weight of the system is of such importance, the system's size must be minimized which also
includes minimizing the weight of coolant fluids, further increasing the challenges associated with thermal
design. To reduce the weight of the coolant fluid, using jet fuel as a coolant is a desirable approach, as it
leverages an existing fluid on the aircraft, eliminating the need for additional coolant and thereby reducing
overall weight. Since jet fuel does not have as good heat transfer coefficients as water, it poses a challenge
to the system design.

By implementing over-modulation, a technique where the voltage is increased more than traditional
linear modulation, the power of the machine can be increased. Although over-modulation has a lot of
advantages, it also has a few drawbacks including a control algorithm that is very complex due to its wide
operation range, the fact that it should be able to control the currents in linear modulation, six-step
modulation and transition region between the two states with a minimal amount of voltage transients.
Six-step also introduces higher order harmonics, power losses, cooling demands which influences the
expected outcome of the power density into the system.

In addition to the weight limitations, the environmental impact on the electrical system particularly
concerning ambient temperature present a significant challenge. As the aircraft reaches high velocities,
the resulting ram pressure increases the temperature of the air up to 100-120 °C around the electrical
system while the temperature at launch operation can reach temperatures down to -40 °C. All these
parameters must be taken into account in the investigation of what design that is the most preferable.

1.4 Aims and Objectives

The main objective for this thesis is to develop electric drive simulation models to identify the functional
requirements and limitations of an electric drivetrain operating in a demanding environment. This
includes the performance and the thermal management system of the electrical machine, covered in
Section 1.4.1.

Development of a control strategy used to run the generator in linear modulation, over-modulation and
a smooth transition between the two is also to be developed. This is important in order to optimize the
use of the hardware. In addition to this, the power electronics to power the generator is also developed
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and the performance and thermal management simulated. The control and power electronics are covered
in Section 1.4.2.

1.4.1 Electric Machine

The main objective for the electric machine is to build a simulation model of a permanent magnet
synchronous machine (PMSM) using Simulink and Motor-CAD. The machine simulation parameters are
based on a compilation of system requirements including voltages, currents, coolant fluid specifications,
thermal environment and should be operating with given drive cycles corresponding to operation during
flight. Furthermore, the thermal behavior is modeled, where a simplified thermal model is constructed
using Simulink. In addition to the simplified thermal model a more advanced model in Motor-CAD is used
for testing different cooling topologies. Lastly, the developed PMSM models is validated towards a
reference machine and then the models are tested in an environment corresponding to the application.

1.4.2 Control & Power Electronics

For the control & Power Electronics, the goal is to build simulation-model with the performance
requirements and the parameters of a given reference machine into account. The primary objective is to
develop a control strategy for the generator to run in both linear modulation and over-modulation with a
smooth transition between the two states. Over-modulation is used to get more power out of the
electrical machine and does so by developing a modulation method that allows controlled operation a
higher voltages than can be reached by linear PWM modulation. A more complex control strategy is
implemented in order to be able to measure and control the current in this state. The secondary objective
is to implement a multi-level-converter, instead of commonly used 2-level-converter, into the simulation
model. The main advantage with a multi-level-converter is that by dividing U4 in to more levels the output
currents ripple decreases. Although this comes with the cost of more components and a more complex
switching sequence.

1.4.3 Research Questions
e What thermal management strategies are necessary to ensure reliable operation of a PMSM in
aircraft environments with limited access to effective cooling fluids?
e What can a current control algorithm, which can go from linear modulation to six-step modulation
and work in the transition region in between the two states, look like?
e What cooling capabilities are needed in order for the converter to operate without the transistors
exceeding their maximum operating temperature?

1.5 Validation

In order to validate the simulation environment, measurements of a reference electric machine, are
gathered and incorporated into the simulation model for comparison. This is used to check the validity of
the simulation model and measure the discrepancy, between it and the real machine, allowing for
necessary adjustments. The final simulation model and the existing machines are then tested using the
drive cycles from GKN Aerospace to evaluate the performance.

1.6 Limitations

This thesis aims to develop and test simulation models of the power electronics and the electric machine.
Hence, there will not be any development work on the physical construction such as modifications or
prototyping.



The development of the electric machine model is restricted to a single topology, specifically a radial flux
machine with internally mounted permanent magnets. It will be evaluated with different cooling
topologies limited to the configurations available in the software Motor-CAD.

In order to be able to conduct real tests with the same components that are used in the simulations, only
power electronics components used in consumer products are used both in specifying models and in
conducting tests.

1.7 System Requirements
Below are the requirements for the electric machine and power electronics that are developed in this
thesis.

1.7.1 Electric Machine
In order for the electric machine to function in the tough environment and produce enough power for the
subsystems in the aircraft, system requirement is listed below.

Table 1: System requirement for the PMSM under study

Parameter Value Unit
DC-Link Voltage 540 \Y
Line to Line Voltage 382 Vims
Output Power 100 kw
Peak Torque 150 Nm
Maximum Shaft Speed 17000 rpm
Ambient Temperature min | -40 °C
Ambient Temperature max = 120 °C

The reference machine used for validation of the simulation models is designed for the automotive
industry and has the following specifications.

Table 2: Magneti Marelli MGUO11 nameplate specifications

Parameter Value Unit
Line to Line Voltage | 350 Vv
Nominal current 380 A
Output Power 120 kw
Peak Torque 140 Nm

Maximum Speed 16000 rpm

1.7.2 Power Electronics
The requirements for the electronics are, just like the electrical machine, quite extreme due to the
environment the systems operates in (surrounding air temperature can be from -40 °C, e.g. before take-
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off in northern Sweden, to 120 °C, during flight due to RAM pressure). The power electronics needs to be
able to handle the system requirements of the PMSM which can be seen in Table 1. This, as well as the
thin atmosphere at high altitudes, which decreases the ability to cool down the equipment with the
surrounding air, and a jet engine, where some parts of the engine can reach over 1000 °C, makes it a
difficult problem to solve, even before the technical requirements has been introduced. The power
electronic converter is further described in Section 2.2.
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2 THEORY

This chapter presents the theoretical foundation underlying the development of the simulation models.
It includes the mathematical modeling of the electric machine, power electronics, and control strategies,
as well as the thermal models for both the electric machine and the power electronics. Furthermore, some
material properties for the electric machine is explained. Additionally, relevant material properties of the
electric machine are discussed to explain the thermal limitation.

2.1 Modelling of PMSM

The permanent magnet synchronous machine or PMSM, is assumed to consist of two main parts, a
rotating part called the rotor and a stationary part called the stator as depicted in.

WINDINGS

\ )
Q
S

Figure 1: PMSM Geometry

The fundamental operational principle of a PMSM is based on the interplay between the magnetic field
in the stator and rotor. By applying an electric current to the windings in the stator, a magnetic field is
generated. By controlling the direction of the currents, a rotating magnetic field can be established. In
contrast, the magnetic field in the rotor is produced by the permanent magnets which has a constant field.
As the rotor is free to rotate and the two magnetic fields strive to align while the stator’s magnetic field is
rotating, a mechanical torque is produced.

There are two main types of magnet configurations in a PMSM, one with surface mounted magnets which
has no saliency and one with internally mounted magnets which has a saliency. The main difference of
the two types of magnet configurations is that the internally mounted magnet machine has a variable
reluctance depending on the rotor position as seen from the stator windings, while the surface mounted
magnet machine has a fixed reluctance independent of the rotor position.

This reluctance difference contributes to the magnetizing inductances in the direct axis (Lq) and
quadrature axis (Lq) to have the relationship (Lq > Lq). This relationship can be utilized in order to
produce additional torque called reluctance torque. In the scope of this thesis the magnets are embedded
in the rotor which is taken into account in the mathematical model of the interior-mounted permanent
magnet synchronous machine (IPMSM). [3]
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In order investigate what the most suitable electric machine for a jet turbine application is, a suitable
model of a machine is necessary. In this section, the dynamical and thermal behavior of the machine is
mathematically described. The transformation from a three phase stationary reference frame to a two
phase rotating reference frame is adopted using the power invariant Clarke’s & Park’s transformation [4].

2.1.1 Mathematical Model of a IPMSM

Since the machines used for validation are interior-mounted synchronous machines, the mathematical
model is presented for this kind of machine. The model includes the influence from iron losses and
magnetic cross-coupling and saturation but is not calculated analytically. The influence from these effects
is instead added to the model through measurements on the real machine. Since the complexity of the
mathematical model must be at a reasonable level for this thesis, the mathematical model is derived from
the following assumptions:

- The magnets are interior-mounted.

- The stator windings are distributed and balanced.

- The stator windings are connected in a Y-configuration.

- The winding losses are only analytically calculated for resistive dc-losses.

2.1.1.1 Voltage equation

The voltage equation is crucial as it defines the voltage levels within the stator windings of the machine.
To generate torque, a current must flow through the windings, which requires a voltage difference
between the supply voltage and the machine. Additionally, it is essential to ensure that the machine
voltage does not exceed the supply voltage, as this could potentially damaging the electronics and
destabilizing the current control system. With a voltage supply of Uy, the voltage limitation of the of the
machine can be expressed as [5]:

Ug (2.1)
|qus| < —

V2

Where Ugqs is the voltage in stator windings expressed in the power-invariant dg domain where the
subscripts d and g denote the direct and quadrature axis and s refers to the stator. The voltage limitation
value is described in section 2.3.3. The stator voltage can be expressed as follows [3]:

dl;dqs (2.2)
dt

ﬁdqs =R, ?dqs +

Where R is the stator resistance, ;4 is the stator currents, 1/_))qu is the flux linkage between the stator
and rotor. The flux linkage which is the magnetic coupling between the stator and rotor field can be
expressed as follows [3]:

wdqs = qu?dqs + Ym (2.3)

Where lzm is the magnetizing flux from the permanent magnets which only contribute to the magnetic
flux in the d-axis. Ly, are the inductances in d- and g-axis and since the type of machine investigated in
this thesis is an IPMSM with salient poles, these inductances have the relationship [5]:

Ly > La (2.4)
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By including the saturation and magnetic cross-coupling effects of the iron core, the inductances are
dependent on the stator currents. This dependency on currents is complicated to calculate analytically
and is measured instead through experimental data and by finite element analysis. Therefore, the
mathematical model neglects these effects and uses fixed inductances in the following equations.

Equation (2.2) can be written in its expanded form where the voltage in the d- and g-axis are expressed
separately: [6] [7]

. dlpds

Ugs = Rsigs + 7 - wrellpqs (2.5)
o digs

Ugs = Rslqs + W + wrell/)ds

(2.6)

Where w,, is the electrical angular velocity. The flux linkage in d-axis 45 is primarily due to the
permanent magnets, while the flux linkage in the g-axis 14 is influenced by the stator currents and can
be expressed as follows:

Yas = Ym + Lg - igs (2.7)
lpqs = Lq : iqs (2.8)

By combining equation (2.5) and (2.6) with (2.7) and (2.8), the voltage equations can be expressed as:
dlpds

. . (2.9)
Ugs = Rgigs + T — Wr, (Lq . lqs)

dibgs
dt

(2.10)

Ugs = Rsigs + + &ry Pm + La - las)

By applying a negative d-axis current, counteracts the flux produced by the permanent magnets, a
technique known as field weakening which lowers the induced voltage and is used to keep the voltage
below the voltage limitation.

The inductances, winding resistance and permanent magnet flux are dependent on the physical geometry
of the machine and since the geometry is unknown these parameters must therefore be measured on the
existing machines. The voltages and currents are set by the power electronics control system, hence the
flux linkages are unknown values. In order to build the dynamic model, the flux linkage must be calculated
which is done by rearranging equation (2.5) and (2.6). By moving the resistive voltage drop and the
induced voltage to the left side of the equal sign, the change in magnetic flux can be derived which then
can be integrated into the magnetic flux linkage as shown in equation (2.11) and (2.12).

14



dwds _ .
at Uds - Rslds + wrellpqs -

(2.11)
Yas = f (Uds — Rgigs + wrellpqs )dt
dy .
dtqs = Uq - Rslqs - wrellpds -
(2.12)

qu = f (qu - Rsiqs - wrelwds)dt

Since the flux linkage in d- and g-axis also can be expressed as equation (2.7) and (2.8), the currents in d-
and g-axis can be derived as equation (2.13) and (2.14) which is how currents are calculated for the
simulation model.

o Ya—Yny (2.13)
lg = T
Yy (2.14)
I.q = L_

2.1.1.2 Torque Equation

The electrical torque is produced by the interplay between the field from one rotor pole and the stator
field and is divided in two components, the first being independent of the saliency of the rotor and is
called Lorentz torque which is the torque produced from the permanent magnetic field in interplay with
the stator field and is expressed as [5]:

TeLorentz = Iﬁbmiq (2-15)

The second component is independent of the permanent magnet field and is called reluctance torque.
The reluctance torque is generated not by the interaction between stator and rotor magnetic fields as in
Lorentz torque production, but instead through the rotor aligning itself in a position that minimizes the
magnetic reluctance in the magnetic flux path. The reluctance torque can be expressed with the
inductances in d- and g-axis shown in the following equation [5].

T‘—’Reluctance = (Ld - Lq)idsiqs (2.16)

The two torque components together creates the electrical torque which is expressed as [5]:

Te= TeLorentz + TeReluctance = lpmiq + (Ld - LQ)idSiqS (2.17)
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The total torque produced by the machine called the mechanical torque Tyech Which is combined
electrical torque from all the pole pairs and is defined as:

N, (2.18)
Tmech = 713 T,

Where N, is the number of poles.

2.1.1.3  Motor dynamics

The relation between the rotational speed and mechanical torque is given by equation (2.19) where the
load torque consists of two components. One is dependent on the viscous component and the second
component is the external torque input. In this model, the viscous component is neglected and thereby
the speed dynamics equation is formulated as [8]:

dWrmech _ (2.19)

/T = Tmech — T

Where | is the inertia of the motor and T}, is the load torque. By rearranging equation (2.19), the
mechanical rotor angular velocity ;. mech, €an be calculated through integration and is given by:

Tmech — T1, 2.20
Wrmech = f % ( )

The angular velocity and the position of the rotor has the relationship:

_ der,mech (2-21)
Wrmech = “dt

Hence, the position of the rotor can be expressed as:

er,mech = f(‘)r,mech (2.22)

The electrical rotor position which is used for control of the stator field is given by:

(2.23)
gr,el = 713 ' gr,mech

2.1.14 Winding Losses
Some of the input power is dissipated as heat in the stator windings due to the internal resistance in the
conductor. This resistance is known as the DC resistance and is defined as:

ly (2.24)

Where [,,is the length of the winding, A,, is the cross section area of the winding conductor and o,,is the
electrical conductivity of the conductor. The resistive losses are often referred to as Joule losses and is
expressed as [9]:
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P]oule = |ISZ|RS = (itzis + igs)Rs (2.25)

Since the resistance of the conductors increases with temperature due to the temperature dependent
conductivity, it’s essential to account for this dependency. The relationship between temperature and
resistance can be formulated as Equation (2.26),

Rs = Rypec(1 + a(T° — 20)) (2.26)

Where R, is the resistance of the conductor in 20 degrees Celsius, a is the temperature coefficient of
the conductor and T is the temperature of the conductor. [10]

2.1.1.5 Iron Losses

Iron losses in electrical machines primarily originate from two physical phenomena: eddy current losses
and hysteresis losses. These two mechanisms occur concurrently within the magnetic core material,
making it challenging to isolate and quantify them individually through experimental measurements.
Consequently, they are typically grouped together under the term iron losses. One approach for
estimating the iron losses in an electrical machine involves measuring the total power losses and
subtracting the components that are less complex to calculate, such as dc resistive losses. Assuming that
the remaining portion of the losses stems entirely from iron losses, a simplified loss model can be
established fitting the measured losses to the specific operating point of the machine.

An alternative approach explored in this thesis involves estimating the core losses using the Steinmetz
equation (2.27) , combined with approximations of the core geometry and flux density [10].

pre = (1 + kch)khystfelBa + 27TZkeddysz2 (2.27)

In this context, pg, denotes the iron loss density W/kg, while ky,ygt, keqay and @ are material-specific
coefficients associated with hysteresis and eddy current losses, respectively. k. is the minor hysteresis
loop coefficient which is 0.65 as default value in Motor-CAD. The parameter f, represents the electrical
frequency of the magnetic field, and B is the magnetic flux density within the iron core.

As the Steinmetz equation provides the iron loss density while the equation also includes the magnetic
flux density, which are both dependent on the geometry, an approximation of the core geometry is
essential. The majority of the varying magnetic field occurs within the stator, as the rotating magnetic
field is produced by the alternating currents flowing through the stator windings. Furthermore, this effect
is enhanced by the interaction with the rotor’s permanent magnetic field, which rotates relative to the
stator and contributes to the time-varying magnetic flux experienced by the stator core. Hence the
majority of the iron losses is produced in the stator and is thereby the only iron loss component of interest
in this thesis.

Since the stator consists of both teeth and a yoke (also referred to as back iron), the iron losses are
typically divided into tooth losses and yoke losses. To compute these losses accurately, both the geometry
and the magnetic flux density in the respective regions must be estimated.

The geometry of the stator teeth can be approximated in a simplified manner using three parameters:
tooth width wy;, tooth depth dg; and the stack length [ which together define a rectangular cuboid. In
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machines utilizing hairpin windings, the stator slots are parallel, resulting in a non-uniform tooth width
that differs between the tooth tip wg and the yoke connection wg- shown in Figure 2.

Figure 2: Stator tooth geometry.

To account for this, the effective tooth width can be approximated as three different cuboids with the
widths at the tooth tip and yoke but also the average of the two widths which is given by:

— Wstt + Wstr (2.28)

Using these widths, the cross-sectional area of the tooth in the radial direction, As; and the volume Vg,
can be calculated as:

Agt = Wt - L (2.29)

Vot = Ast " Lsex (2.30)

Likewise the stator yoke geometry can be parameterized into: yoke width wygy, stator outer diameter
Dgtator @and stack length L. The stator yoke cross section area Agy, and volume V5, can be expressed as:

Asy = Wsy * st (2.32)
I/"sy =T (Dstator - Wsy) : Asy stk (2.32)

In order to calculate the total iron losses in those parts, the Steinmetz loss density has to be multiplied
with the mass of the respective parts. The mass is dependent on the material’s specific mass density p¢ore
and is given by:

Meooth = Vst * Peore (2.33)

Myoke = Vsy * Pcore (2.34)
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The magnetic flux density in the stator tooth and stator yoke, denoted as Bg; and Bgy, is defined as the

magnetic flux ¢ passing through the radial cross-sectional area of the tooth and the tangential cross
section area of the yoke. It can be expressed as:

Pst (2.35)
Boe = 1
st 1

B — Osy (2.36)
¥ Asy : ki

The constant k; represents the stacking factor of the laminated steel sheets. It is defined as the ratio
between the effective height of the core and the total height of the laminated steel sheet, including both
steel and insulation layers. Since magnetic losses are generated exclusively within the steel, only the cross-
sectional area occupied by the steel is of interest. Consequently, the stacking factor must be accounted
for in the calculation of the magnetic flux density to ensure accurate representation of the effective
magnetic area.

Since the magnetic flux @ is not directly measurable, it is calculated from the flux linkage Y4,. The
relationship between the magnetic flux and the flux linkage is given by [11]:

Y= kthph(;b (2.37)

Here, Nipn denotes the number of turns per phase, and k,, is the winding factor that accounts for the
distribution and pitch of the stator windings. By rearranging the expression and transform it from the
power invariant domain to amplitude invariant domain which corresponds to the physical amplitude of
the flux, the magnetic flux from one pole ¢4} can be obtained:

(2.38)
2 gl |2 YAtV

Ppote = |3 Neph “kw 3 Niph K

The winding factor is defined as:

ky = kg -k, (2.39)

Where kg is the distribution factor and k,, is the pitch factor. The distribution factor is a measure of the

resultant electromotive force (emf) of a distributed winding compared to a concentrated winding and is
defined as: [10]
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(2.40)

Where, q is the number of slots per pole per phase and £ is the slot angle and are defined as:
(2.41)

(2.42)

3

F=w

k=2 ()

Where, N; is the number of slots and m is the number of phases.
The pitch factor kp is a measure of the resultant emf of a short pitched winding compared to a full pitched
winding and is defined as [12]:

_ a (2.43)
ky = cos (2)

Where a is the short pitch angle which is defined as:
(2.44)

_ (1 W-Np)
a=T1 N,

Here, W is the coil span which is the number of slots that the coil is distributed over shown in Figure 3.

Figure 3: Illustration of coil span [10].

By substituting equation (2.44) into (2.43) the pitch factor can be expressed as:

(2.45)

= (12515 =52
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In order to estimate the flux density in the stator tooth, the flux passing through the tooth can be
estimated as the maximum flux passing through the tooth which can be calculated given by: [10]

_ ¢pole T[Np (246)

Pt = 'Si"(NS)

Furthermore, the flux passing through the stator yoke is approximated as the maximum flux passing
through the yoke which is half the pole flux since the flux is flowing from one pole to the two adjacent
poles which divides the flux in two paths seen in Figure 4.

Figure 4: Flux path from one pole to the adjacent poles.

Hence the estimated stator yoke flux is given by:

ole 2.47
bey = ¢p21 (2.47)

2.1.2 Thermal Modeling
A thermal model of a PMSM is critical since the heat generated by the losses in the machine has a great
influence on the performance and lifetime of the machine.

The thermal model developed in this thesis is implemented in Simulink using the lumped parameter
modeling approach. This model is coupled with the mathematical electromagnetic model to estimate the
temperature rise within the machine. However, since the electromagnetic model relies on measured data
from a real machine and utilizes a rough estimation of iron losses, an additional lumped parameter
thermal model is employed using Motor-CAD. This complementary model is based on the machine's
approximated geometry and utilizes finite element analysis to provide higher accuracy in the loss
estimation while it is independent of experimental data.

2.1.2.1  Lumped Parameter Thermal Model
The Lumped Parameter Thermal Model (LPTM) is an analytical approach of calculating the temperature
rise at different nodes in the machine creating a lumped parameter network. By dividing the electric
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machine into several subdomains, the geometry can be simplified which reduces the complexity of the
parameter network. The geometry of these subdomains can be simplified to rectangular solids. The
thermal behavior of the subdomain can be described by an electrical circuit by using the analogy between
thermal and electrical conduction as depicted in Figure 5.

Each subdomain circuit consists of capacitors, resistors and sources connected in a network where the
potential is equivalent to the average temperature in that node. The losses which generate the heat flux
Q in the machine can be represented as a current source and the circuit resistance R describes the heat
transfer ability between two sub-elements. Lastly, the capacitor C is equivalent to the thermal mass which
stores the thermal energy [13].

Tl R 1 TZ RZ Tamb
Q ﬁ I I Tamp
— C1 — CZ

—_

Figure 5: Example of a thermal circuit.

2.1.2.2 Thermal Resistance

Thermal resistance is categorized into four distinct types: conductive resistance, convective resistance,
radiative resistance, and contact resistance. However, due to the limited timeframe and lack of detailed
geometry information of the machines used for validation, only conductive and convective resistance is
considered.

Conductive resistance characterizes heat transfer within a material, occurring in both solids and stationary
fluids. This phenomenon can be mathematically expressed as follows:

! (2.48)

Where [ is the length between the nodes, A is the heat transfer cross sectional area and A W/°C is the
thermal conductivity [14].

Convective thermal resistance characterizes heat transfer through a moving fluid, which is inherently
more complex due to its dependence on multiple factors, including motion of adjacent solids, surface
structure, geometry, and forced flow, etc. The thermal resistance between a solid surface and the
adjacent fluid can be expressed as [14]:
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1 (2.49)

Where A is the surface area subjected to convection and @ W/m?°C is the so-called heat transfer
coefficient. The heat transfer coefficient value depends on several factors, including the viscosity of the
coolant, its thermal conductivity, specific heat capacity, and flow velocity. Due to the heat transfer
coefficient's dependence on numerous factors, accurately determining its value requires computational
fluid dynamics (CFD) and finite element method (FEM) based approaches. Since this is very demanding
and requires expertise in those methods, it is more convenient to use a value based on formulas from
empirical studies [13] [14].

2.1.2.3  Thermal Capacitance
The thermal capacitor represents the heat capacity of respective parts in the nodal network. It is required
in order to simulate the transient behavior temperature. The thermal capacity can be expressed as [13]:

Cn = Vnvap (2.50)

Where V;, is the volume of the respective part, py is the density of the material and C,, J/kg°C is the
specific heat capacity of the material.

2.1.3 Temperature Limitations in PMSM

One of the key challenges in the design and operation of an electric machine is handling the thermal stress,
particularly in environments with high ambient temperatures and limited access to effective cooling. High
temperatures during operation can significantly affect the performance, reliability and lifetime due to
thermal limitations in critical components such as winding insulation and permanent magnets. In order to
manage this thermal stress, one approach is to the use high temperature materials.

2.1.3.1 Winding insulation

The insulation material around the conductors is applied in order to prevent a short circuit between the
conductors in the windings of the stator. A short circuit between the conductors would lead to a
significantly performance decrease. To prevent this, temperature limitations are used and where the
commonly used insulation materials are divided into different classes as seen in Figure 6. The specified
temperature limits correspond to an insulation lifetime of approximately 20 000 hours.
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Figure 6: Insulation temperature classes gathered from Welkon Limited [15].

By using standard insulation materials from class H, a maximum temperature of the windings can reach
up to 180 °C. This temperature is not recommended as nominal temperature and should be avoided. As
seen in Figure 6, the hot spot margin for class H is 15 °C meaning that the insulation temperature should
not exceed 165 °C. At reduced temperatures, the lifetime of the winding wire increases significantly,
approximately doubling for every 10 °C decrease below the maximum operating temperature [16].
Therefore, the system requirement to operate at subzero temperatures does not appear to pose a
significant limitation.

To enable operation at higher temperatures, alternative insulation materials must be employed. An
interesting example is the S-2 glass-fibre insulation which can operate up to 425 °C [17]. It consists of
numerous filaments, each with a diameter of approximately 0.005 mm, woven into a “knitted sock”
around the conductor. The S-2 glass-fibre sock has a total thickness of approximately 0.075 mm which is
comparable to conventional insulation coatings of roughly 0.1 mm which makes it possible to keep a
similar fill factor in the slot. Since it is woven as a sock it is also flexible, making it suitable for windings.

2.1.3.2  Magnets for High-Temperature Operation

The most commonly used magnets for permanent magnet synchronous machines (PMSM) are rare earth
magnets such as Neodymium-Iron-Boron (NdFeB) which has a high remanence B, around 1.1 to 1.4 Tesla
and a maximum operating temperature of around 150 °C [18]. An example of a grade 30UH NdFeB magnet
is shown in Figure 2, which illustrates its demagnetization behavior.
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Figure 7: N30OUH demagnetization curves from Motor-CAD. Intrinsic curve (blue) and normal curve (red).

The remanence is a measure of the magnetic polarization that remains in the magnet because of the
hysteresis after the magnet has been fully saturated. In Figure 7, the remanence is shown as the
intersection point of the demagnetization curves and the vertical axis. When the magnet is exposed to an
external magnetic field (H) in the opposite direction, the magnetic flux density (B) is reduced since the
fields are canceling each other out which can be seen as the red lines. The coercivity (H.) is the external
reverse field required to reduce the net flux density to zero.

If the magnet is being exposed to a too strong magnetic field in the opposite direction, there is a risk of
demagnetization meaning that the remaining flux density in the magnet is zero after the external field is
removed. The required field strength for this occurrence is called intrinsic coercivity (H.;) which can be
seen as the intrinsic curves intersect with the horizontal axis [19]. The magnet can also be partially
demagnetized. This happens when the external field is strong enough to exceed the knee point of the
intrinsic demagnetization curve.

The remanent flux density B, and coercivity H. & H; are all dependent on the temperature. With higher
temperature, the remanent flux decreases and so does the coercivity, meaning that the performance of
the magnet is reduced at higher temperatures. The risk for demagnetization is also increased since the
knee point of the intrinsic demagnetization curve is significantly shifted towards the right at higher
temperatures meaning that the external field is limited to a lower strength before exceeding the knee
point.

Additionally, the magnet material has a Curie temperature which is the temperature where the magnet
loses all its magnetic properties without any external field applied. In order to not risk the
demagnetization, it is important to monitor the temperature of the magnet while not exceeding the field
strength beyond the knee point.

For high temperature operation an alternative to decreasing the applied magnetic field is to use magnets
which has a higher coercivity. An example of this is the Samarium Cobalt magnet which can withstand
temperature up to 350 °C with a similar coercivity as the Neodymium magnets at 180 °C as seen in Figure
8. The Curie temperature of SmCo-magnets is approximately 700-850 °C compared to NeFeB-magnets
with a curie temperature of 310-350 °C [18].
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Figure 8: Demagnetization curve of SmCO26H [20].

One drawback of SmCo magnets is their lower remanence, typically in the range of 0.95-1.1 T, compared
to NdFeB magnets. Additionally, SmCo magnets have a higher mass density [20]. As a result, achieving the
same magnetic flux requires larger magnets with higher mass density which increases the weight of the
machine and therefore the power density decreases.

Another alternative for high temperature operating magnets is Aluminum Nickel magnets which have a
very high maximum operating temperature exceeding 500 °C [18]. The drawback of these types of
magnets are their low coercivity of around 50 kA/m which makes it unsuitable for this type of electric
machine operation since the applied magnetic field might exceed this limit.

As with winding insulation, subzero temperatures does not seem to have any negative effect on the
magnets and does instead increase the remanence flux density, hence improving its magnetic properties
[21].

2.1.4 Rough dimensioning of the electric machine

In order to build a geometry based model in Motor-CAD of the existing machine from Magneti Marelli,
some assumptions must be made since the inside geometry is unknown. By utilizing some commonly used
design approaches, the inside geometry can be estimated. The size of an electric machine is generally
characterized by the torque per rotor volume which is also related to the airgap shear stress, o. The shear
stress which is the tangential torque producing force per rotor surface area depicted in and is defined as
[11]:

g L 2T (2.51)
2V, mDElgy

Here, T is the peak torque, V. is the volume of the rotor, D, is the diameter of the rotor and I is the
axial length of the rotor. Typical values for the shear stress for a PMSM with rare earth magnets is
approximately 14-42 kN/m? [11].
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2.2 Power Electronic Motor Drive

Power electronics is used to control the currents and voltage that in turn are used to power the electrical
machine. Section 2.2.1 and 2.2.2 goes in depth on the converter and its components. Why this exact type
of converter is used, what materials are used, how it is controlled it and how its characteristics are
affecting the overall system. The whole system operates in a very demanding environment with
potentially very high temperatures. A model to handle these temperatures is presented in section 3.4.5
and section 2.2.3 includes the theory necessary for the calculations used.

2.2.1 Converter

The converter modelled in this thesis is used bidirectionally convert power between the AC and DC sides.
This is because the bus is DC and the machine uses AC. Since the machine operates both as a motor and
a generator the power goes both to and from the machine, and therefore both ways in the converter. As
the generator has three phases, the converter also has to be able to control all three phases. A simple way
to implement an AC/DC converter is to use diodes since they are cheap and reliable [22]. But to overcome
the drawbacks of these, such as low power factor as well as increased harmonic content on the AC side
and to provide bi-directionality, transistors are used instead [23]. A 3-phase converter has three half-
bridges with U4 on the DC side and the outputs (Phase A, B and C) of the half-bridges connected to the
AC side as seen in Figure 9.

O Udc/2

.

Phase /A Ot Y Y Y g
Phase B { Y

Phase C 4 !

0 o0—4———0 01
11
11

0 -Udc/ 2

Figure 9: 3-level 2-phase AC-DC converter

2.2.2 Component Selection

Historically, Insulated Gate Bipolar Transistors (IGBT) are used for high power applications, but lately,
Metal Oxide Semiconductor Field Effect Transistors (MOSFETs) based on Wide Bandgap (WBG)
semiconductor materials, like Silicon Carbide (SiC) and Gallium Nitride (GaN), are used instead. These new
materials allow transistors to reach higher heat tolerances, have shorter switching time and lower their
switching losses [24].

2.2.3 Thermal Modeling

This section describes the theory behind thermal modeling from a transistor to the heat sink and do so
only with regard to thermal resistance. For more advanced models, simulations can be made of the entire
thermal impedance of higher orders also with radiation taken into account.
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The losses in one transistor can in turn be split into two different parts: switching losses and conduction
losses. These two types of losses are covered in section 2.2.3.1 and 2.2.3.2 respectively. The switching
losses are calculated with energy lost, E,,, Eofr and E,., while in the conduction losses section the losses
are calculated with the power loss instead. This is due to the fact that the energy lost during a switching
of a transistor usually is given in the datasheet. For conduction losses, the easiest approach is to do the
calculation since the losses vary greatly on several different variables.

2.2.3.1  Switching losses
These two losses from the switching on and off a transistor are calculated with the following equations:

L 2.52
Eoandc'IO'% ( )
Loff 2.53
Eoff:Udc'IO'OT (253)

Where Iy is the current through the transistor, ton is the time, when the transistor switches on, from when
the transistor starts conducting current until the voltage drop has reached Us(on) and tos is the time, when
the transistor switches off, from when the voltage drop has started to increase until the current has gone
to zero.

For the losses associated with the reverse recovery current of the diode, which happens when a transistor
is turned on, the following equation calculates the power lost.

B =Ugc Qs fow (2.54)

But as stated in [5] Q has to be approximated and since E.. is given in datasheets that is the value that is
used in this thesis.

In a 2-level converter, in order to prevent a short-circuit, transistors always have to switch in pairs. This
means that the total energy loss per switching event per phase can be calculated with the following
equation:

Eswitch = Eon + Eoff + Err (2.55)

2.2.3.2  Conduction losses
The conduction losses for one phase of the converter are calculated by the following equation:

Peona = Vo - i + Ry - i (2.56)
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Vio is the voltage drop over the transistor when it is conducting but is not conducting any current, i is the
instantaneous current and Rs is the resistance of the transistor and is given in the datasheet but is often
temperature dependent [5].

2.3 Modulation and Control

The modulation of the phase potential reference, before it is sent to the converter, can be done in a
multitude of ways. In this thesis Space Vector Pulse Width Modulation is used (SVPWM) which is
introduced in Section 2.3.1. Section 2.3.2 covers linear modulation and Section 2.3.3 explains over-
modulation and sex-step modulation.

2.3.1 SVPWM

Space Vector Pulse Width Modulation (SVPWM) is a modulation technique used to achieve precise control
of the output voltage waveform [25]. It is especially superior to other simpler modulation techniques
when it comes to voltage quality, harmonic content reduction, and efficiency optimization. It does this by
representing the three-phase output voltage of the converter in a two-dimensional space vector plane,
see Figure 11 [26].

The three phases of the converter, with two transistor states per phase (high or low), gives rise to 23=8
combinations. These eight combinations can be represented as eight different vectors which can be used
in SYPWM to control the output voltage waveform, creating the current that in turn control the motor.
These eight states can be seen in Figure 10 and an important detail to note is that both the (0,0,0) and
the (1,1,1) states have all their phases short-circuited to one potential (high and low respectively). These
two states are called zero-states and does not create any currents since there is no potential difference
between any of the states.

(0,0,0) (1,0,0) (1.1,0) (0,1,0)

R %il k{ | } }
O] T A T T
l

Figure 10: Eight switching combinations determined by the state of the three phases [5].

In Figure 11 the vector created by each state and the two zero vectors in the middle. Even though both
vectors gives the same outcome, both are used. This is because any one of these two equations can be
switched two from the other six by only switching on state (one transistor pair) thus minimizing losses.
The magnitudes and angles of the eight vectors can be described by the following equations:
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(2.57)
- 2 -
%(1,0,0) = 3 Ve = -1(0,1,1)
5 o (2.58)
4(0,1,0) = §~Udc~e’ 3 =-1(1,0,1)
5 4 (2.59)
1(0,0,1) = §~Udc~e’ 3 =-1(1,1,0)
4(0,0,0) = 0 = u(1,1,1) (2.60)

Switching between all these vectors at a high frequency, creates an average vector with an angle and
magnitude of our choice.

1(0,1,0) 1(1,1,0)

i7(1,0,0
i7(0,11) < £9.9)

i7(0.0,1) i(1.0.1)

Figure 11: Voltage vector from a 3-phase 2-level converter [5].
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2.3.2 Linear Modulation

2.3.2.1  Sinusoidal modulation

The simplest way to modulate the currents after a given input signal is with a triangular carrier wave with
an amplitude of half of U4 and a frequency of half the switching frequency. By comparing the triangular
carrier wave with the voltage of a certain phase, this decides the output of that certain phase according
to the following equation:

U,
dC,Un > Uc (2.61)
U, =
out Udc

T'Un < Uew

Where U, is the output current from the modulator to the converter, U, is the voltage reference of phase
n and U,y is the voltage of the triangular carrier wave. A high switch position outputs a voltage of +270V
and a low switch position outputs a voltage of -270V, as can be seen in Figure 12 for phase A.

Three-Phase Sinusoidal References and Carrier Wave
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Figure 12: Three-Phase Sinusoidal References with the Carrier Wave and the output of Phase A.

2.3.2.2  Symmetrical Modulation

As can be seen in Figure 12, the entire available Uqc is not utilized. When any one of the three phases
reaches its peak, the other two phases are far from their peak value. This issue arises because of sinusoidal
modulation. If the zero potential, the neutral point for all three voltages, is modified with a so called zero-
sequence voltage injection, the available DC-link voltage can be utilized to a larger extent. One way of
doing this is called “Symmetrical Modulation” where the added zero-sequence voltage is calculated by:
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max(u}, ug, us) + min(ul, up, us) (2.62)
Vo =
2

Where vy is the zero potential, v, v{, and v¢ are the reference voltages for Phase A, B and C respectively.
Vo can be seen in Figure 13 as the orange wave. The three dashed lines in Figure 13 shows the phase
potential references for Phase A, B and C if the zero potential is subtracted from the phase voltage
references. The signals rise and fall faster and the maximum amplitude of all three phases decreases. A
consequence of this is that the amplitude of the three signals can be increased with an additional 15.4%
without the amplitude of the signal exceeding U4 [27]. The three solid lines show the result of adding 15.4
% to the dashed lines.

Three-Phase References with Zero Sequence Injection and Carrier Wave
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Figure 13: Three-Phase References with Zero Sequence Injection, the Carrier Wave and the output of Phase A.

2.3.3 Over-modulation and Six-step-modulation
Ug

The maximum phase voltage when using linear modulation, for a power invariant system, is Tzc but a

voltage space vector has a magnitude of \E Uqc as seen in Figure 14. When trying to push an electrical

machine to its absolute limit, six-step-modulation can be used. The reason that linear modulation clamps
Udc . . . .
the voltage at % is because any voltage vector with a magnitude exceeding that voltage would not be

able to reach the reference for every angle. To circumvent this, over-modulation can be used [28].

2.3.3.1 Over-modulation
Uqgq

The term over-modulation refers to when the voltage reference vector is larger than TZC which constrains

. . U . .
the use of linear modulation. Voltage references vector lengths above % can be put into two different
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: U 2 o . .
categories. The range between % and\/; - Uqc, in this thesis called over-modulation. As well as voltage

. . 2 . .
references with a magnitude of \/; - U4 and above, usually called six-step-modulation.
Six-step-modulation is a completely different way of controlling the currents going into the machine.
Although it is different, it is not that difficult to implement. The primary challenge lies in the so-called
over-modulation, the transition between linear modulation and six-step-operation. The reason for this is
that when the reference voltage vector (the red vector in Figure 14) is not constrained by the black

. . . 6
hexagon that represents the available voltage vectors, i.e. its angle is smaller than 7‘3, the modulator can

be operated in linear operation just like when the magnitude is smaller than or equal to %. But when the

. . . . . . )
magnitude is bigger than the side of the hexagon at that specific angle, i.e. its angle is greater than ;‘i,

regular linear modulation is not able to control the reference vector. The over-modulation strategy that
is used in this thesis is only one way of doing it, so bear that in mind.

The over-modulation strategy used in this thesis is a single-zone strategy where the voltage reference
vector magnitude is modified and the angle is not.

U :{ U U] < Upax (2.63)
om Umaxr |U*| 2 Umax

Uqc (2.64)
V2

cos (esector - %)

Umax -

T
Osector = Be1 mod (g) (2.65)
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Figure 14: Voltage space vector and the periphery that the space vector traverses [28].

2.3.3.2  Six-step-modulation
In six-step-modulation the voltage magnitude of each modulated phase voltage is the maximum phase to

phase voltage possible with SVPWM, \E Uqc- This means that zero vectors are not used at all, which

ensures maximum use of the available voltage [29]. Each phase doesn’t switch back and forth in six-step
operation compared to linear operation as can be seen in the lower graph of Figure 12 and Figure 13,
instead Phase A during six-step operation looks like the lower graph of Figure 15.
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Figure 15: Theoretical Three-Phase Six-step Reference with the Carrier Wave and the output of Phase A.
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3 SIMULATION MODEL DEVELOPMENT

The simulation model is developed using both Simulink and Motor-CAD, each serving complementary
roles. Simulink is employed to construct a complete system-level model, integrating the power electronics
and the PMSM. In contrast, Motor-CAD is utilized for detailed analysis of machine losses and thermal
behavior, leveraging its capabilities in finite element analysis (FEA).

The Simulink model is based on the mathematical representations of the PMSM and relies on
measurement data to represent an existing machine. However, with missing measurement data, the data
from the Motor-CAD model is used, approximating the parameters such as inductances of the reference
machine despite the limited access to experimental measurements.

This section outlines the data collection of the reference machine, followed by the Motor-CAD design
process, which is based on a combination of the measurements and geometrical assumptions.
Additionally, the development of a Simulink model representing both the power electronics and the
PMSM is explained. Finally, the model validation process is presented, where the performance of the
simulated PMSM is compared against measurement data.

3.1 Electric Machine Data Collection

To develop an accurate simulation model which can be validated with the reference machine geometrical
and electrical data is crucial. In this case, it is assumed that no detailed information is available about the
electric machine beyond its external dimensions. As a result, the model is built using estimations for
internal parameters, such as material properties and internal geometry. Where possible, these
assumptions are supported by available documentation or measurements. The materials employed in the
models are listed in Table 3.

Table 3: Materials of PMSM model

Machine Part Material

Stator Iron M350-50A

Rotor Iron M350-50A

Magnets N30OUH

Windings Copper

Winding Insulation | Motor-CAD default material
Liner Motor-CAD default material

3.1.1 Outer Dimension Measurements

Due to the inaccessibility of the internal geometry, only the external dimensions are measured. These
dimensions was measured using a caliper and measurement tape seen illustrated in Figure 16 and the
dimensions are listed in Table 4.
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Figure 16: Outer diameter and length measurement of MGUO11 using a caliper and measurement tape.

Table 4: Measurements of MGUO11 outer geometry.

Dimension Value Unit
Machine Outer diameter (D,,) 210 mm
Machine Length (l,;,) 240 mm

3.1.2 Determination of pole-number

The number of poles in the machine can be determined by measuring the frequency of the phase-to-
phase voltage waveform while spinning the shaft with a known constant speed due to the relationship
between electric and mechanical frequency which is expressed as:

_ Ny (3.1)
fel - fmech : 7

Where, N, is the number of poles. With a known rotational speed of the shaft and a measurement of the
voltage waveform, the number of poles were calculated to be 6 poles.

3.1.3 Determination of Permanent Magnet flux Linkage

To determine the flux linkage from the permanent magnets, a no-load test was conducted. During no-
load, no currents were applied to the machine, meaning that the induced voltage on the terminals are
only dependent on the magnetic flux given by equation (2.10). During this test, the rotor was manually
rotated at approximately 217 rpm while the line-to-line voltages were measured and recorded for post-
processing. The resulting voltage waveform is illustrated in Figure 17.
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Figure 17: Measured induced voltage between three phases at a rotational speed of 217rpm.

Table 5: Back-EMF peak and rms voltage.

Parameter Value Unit
Uy, 6.24 V
ULLrms 4.41 Vv

Two different methods were tested to calculate the flux linkage from the measured voltage data. The first
method assumed a constant rotor speed, which provided a rough estimation since the rotor was manually
turned, leading to speed variations. By rearranging equation (2.10) and assuming no currents the flux
linkage from the magnets can be calculated using the following expression:

T (3.2)

The electrical speed was not measured directly but instead determined from one period time of the
fundamental frequency component in the measured voltage waveform giving the following expression:

2
L 69.7 rad/s (3:3)

We =
tperiod

Under the assumption of constant speed, the flux linkage can be estimated using the expression:

u
In[)m,LL,rms = Lz;rms = 0.0631Vs (34)

e

2
wm,ph = \/; wLL,rms = 0.0515Vs

The second method is based on numerical integration of the measured voltage waveform. By integrating
the back electromotive force (EMF), the flux linkage waveform was obtained seen in Figure 18.
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Figure 18: Flux linkage between three phases at a rotational speed of 217 rpm calculated with numerical integration.

The rms value of this flux linkage waveform was then computed to estimate the overall flux linkage. This
approach provides a more direct calculation and is less sensitive to speed variations during the test.

YmLLrms = 0.0632 Vs (3.5)

2
wm,ph = \/; lpLL,rms =0.0516Vs

The two methods shows a similar result of roughly 52 mVs. Since the mathematical model in Simulink
utilizes a power invariant Clarke & Park transformation, the permanent magnet flux must be scaled with

\E which gives a value of Y, to 63 mVs.

3.1.4 Measurement of Winding Resistance

The resistance of the electric machine windings was measured using a four-point probe multimeter to

ensure accurate low-resistance measurements by minimizing the influence of lead and contact
resistances, depicted in Figure 19.
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Figure 19: Resistance measurement using a four-point probe multimeter.

The resistance was measured line-to-line across all three phase combinations: A to B, Bto C, and C to A.
The measured resistance in all three cases is measured to 10-11 m{), indicating a symmetrical winding
resistance across all phases.

Since the machine windings are assumed to be connected in a wye (star) configuration, the phase
resistance Rppase €an be derived from the line-to-line resistance R)jpe using the relationship:

Riine = 2Rphase (3.6)
Solving for Rppase:
Rphase = Rlizne . % =5mQ (3.7)

Thus, the calculated phase resistance is 5 mQ. This resistance value is a key parameter in determining the
machine's electrical losses and thermal behavior. This value is incorporated into the simulation model to
enhance accuracy and ensure the simulated results closely align with real-world performance.

3.1.5 Measurement of Water Flow and temperature in the Cooling System

To calibrate the cooling parameters of the electric machine to the simulation model, the water flow rate
through the cooling system was measured. A timer was set while allowing water to flow through the
cooling circuit, the water was then collected in the end of the cooling circuit in a 1-liter container depicted
in Figure 20.
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Figure 20: Water flow measurement of the MGUO11 cooling system.

The time taken to fill the container was recorded as 17 seconds and from this measurement, the flow rate
is calculated as:

1 liter . ) (3.8)
Flowrate = ————— x 60 seconds = 3.53 = 4 liter/min
17 seconds

Rounding this to a practical approximation, the measured flow rate is determined to be approximately 4
liters per minute. This flow rate is an important parameter in evaluating the cooling behavior of the
electric machine. The obtained value can be used to verify whether the cooling system in the simulated
model gives the same thermal result.

The temperature of the cooling water is approximated based on environmental conditions. Since tap
water is used in the cooling system, its temperature is not constant and is assumed to be slightly above
the local ground temperature. The typical ground temperature in the area is approximately 6 °C, and
considering the minor heating effects that occur in water pipes and distribution systems, the tap water
temperature is estimated to be around 10 °C.

3.2 Motor-CAD Model Development

In the absence of detailed test data from the MGUO11 machine, a reference model is constructed in
Motor-CAD. This model is approximated based on the external dimensions, nameplate specifications and
measurements of the induced back-EMF. Due to the lack of information regarding the internal geometry,
a combination of rough estimations based on a picture of a CAD-model depicting the stator and its
windings of the 60kW version MGU012, shown in Figure 21, and iterative tuning is employed to achieve
a realistic output behavior.
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Figure 21: Inside geometry of Magneti Marelli MGUO12 (Not verified) [30]

3.2.1 Main dimensions

The first step of the modeling in Motor-CAD consists of inserting the measured external dimensions from
section 3.1.1 which creates the limiting cylindrical space available for fitting the cooling sleeve, stator and
rotor. The stack length L of the machine is estimated based on the available space, taking the end
winding height into account. To accommodate a cooling sleeve, a 20 mm thick housing is assumed to be
reasonable.

In order to determine the diameter of the rotor, the shear stress equation (2.51) is rearranged giving the
expression seen in equation (3.9). Since the MGUO011 is supposed to be a relatively high performance
machine, the shear stress is assumed to be 35 kN/m? and the torque value is taken from the nameplate
of the machine at 140Nm which resultes in a rotor diameter of 119mm.

oo |2 2140 o (3:9)
' = folex 7 350000180 0"

With the rotor diameter determined and assuming an air gap length of 1 mm, the inner/bore stator
diameter is determined resulting in the main dimensions of the machine listed in Table 6 and the
geometry is shown in Figure 22.

Table 6: Main dimensions of MGU011 Motor-CAD model.

Dimension Value Unit
Machine Outer Diameter (D,,) | 210 mm
Machine Length (L,,,) 240 mm
Housing Thickness (Wpoysing) | 20 mm
Stator Outer Diameter (Dg,) 170 mm
Stator Bore Diameter (Dg;) 121 mm
Stack Length (Ig) 180  mm
Rotor Diameter (D,.) 119 mm
End Windings Length (lgy,) 23 mm
Air Gap Length (g) 1 mm
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Figure 22: Radial and axial cross section view of the MGUO11 Motor-CAD Model.

3.2.2 Winding configuration

With the number of poles determined from the measurements in section 3.1.2, the number of slots can
be estimated. The number of slots is not possible to measure, instead it can be based on commonly used
pole and slot configurations. For a machine with distributed windings, the number of slots per pole per
phase, g, is usually an integer value greater than 1 [11]. In this case, the non-verified CAD-model depicted
in Figure 21 shows a slot number of 36 slots which corresponds to a g equal to 2 which is a reasonable
number of slots based on the previous statement and is the chosen slot number for the model.

With the main dimensions and slot number determined, the winding pattern and number of turns is
added. By analyzing the CAD-model depicted in Figure 23, the number of conductors per slot is 4 with a
coil span of 6 slots.

Figure 23: Close up view of the windings of Magneti Marelli MGU012 (Not verified)

The number of turns per phase is determined by comparing the d-axis flux linkage with measurements
from the real machine described in Section 3.1.3. With all coils per phase connected in series, resulting in
24 turns per phase, the resulting flux linkage is approximately 100 mVs, twice the measured value. By
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instead connecting the windings in two parallel paths as shown in Figure 24, the flux linkage is halved,
bringing it closer to the measured value of 52 mVs.

Figure 24: Winding pattern of the Motor-CAD model.

3.2.3 Conductor sizing

With the winding configuration determined, the sizing of the conductors can be determined. Since the
winding is assumed to be a hairpin winding, the conductors has a rectangular shape which also is seen in
Figure 23. As explained in equation (2.24), the resistance is dependent on the length, conductivity and
cross sectional area of the conductor. Since the stack length, end windings and coil span is determined,
the length of the conductors is automatically calculated by Motor-CAD. With the assumption that the
conductors are made of copper with its corresponding conductivity, the sizing of the conductor consists
of determine the width and depth. From the resistance measurements in section 3.1.4, the resistance is
measured to 5m{) which is used as the reference value to get the correct cross sectional area. The
resulting dimensions are listed in Table 7 and the geometry depicted in Figure 25.

Table 7: Conductor dimensions.

Dimension Value Unit
Conductor Width (wg,,) 3.8 mm
Conductor Height (h.,) 3 mm
Insulation Thickness (ins) 0.1 mm
Liner Thickness (liner) 0.3 mm

Figure 25: Conductor dimensions.
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3.2.4 Magnet sizing

The permanent magnet flux linkage of 52 mVs is not only dependent on the winding configuration, but
also on the permanent magnet sizing and positioning. By iterating the width, thickness and v-shape angle,
the flux linkage is calibrated to match the measured value. The bridge between the rotor circumference
and the magnet pocket wyriqge is kept at Motor-CAD default thickness and likewise for the rib between
to magnet pockets wpost. The resulting dimensions are listed in Table 8 and the geometry is depicted in
Figure 26.

Table 8: Magnet dimensions.
Dimension Value Unit

Magnet Width (w,;;) 1 19.1  mm i‘
3.5

Magnet Height (h,,) mm

(Vangle) 160 dEg
(Whriage) 1 mm
(Wpost) 2 mm

Figure 26: Magnet dimensions.

3.2.5 Cooling sleeve sizing

Due to the lack of detailed information regarding the cooling sleeve geometry in the MGUO11, a
conventional spiral water jacket configuration is assumed as the basis for the model. The dimensions of
the cooling channel are estimated and summarized in Table 9 and shown in Figure 27.
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Table 9: Water jacket dimensions.
Dimension Value Unit
WIJ Channel Width mm
WIJ Channel Height | 5 mm
WIJ Channel Spacing | 5 mm
WJ Lamination 5 mm

(O]

Figure 27: Water jacket dimensions.

3.2.6 Efficiency Map Generation

In order to get an understanding of the overall performance of the machine an efficiency map of the
different torque speed combinations is crucial. To create an efficiency map in Motor-CAD, a maximum
current and the DC voltage is required. The DC-voltage is given from the system requirements at 540 V DC
while the maximum current is not given. However, the maximum current experimentally tested on the
MGUO11 machine corresponds to a current combination of 500 A along the g-axis and -300 A along the
d-axis, resulting in a total current magnitude of 583 A. Consequently, this value is set as the maximum
current limit in Motor-CAD. With the maximum speed defined according to the system requirements, the
resulting efficiency map generated by Motor-CAD is presented in Figure 28.

Efficiency (%)

Shaft Torque (Nm)

&

L L L L L
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Figure 28: Efficiency map of MGUO11 Motor-CAD model.
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3.3 Motor-CAD Thermal Model

To achieve a representation of the thermal behavior of the electric machine, the thermal model developed
in Motor-CAD is used. Motor-CAD offers a hybrid modeling approach that combines a detailed lumped
parameter thermal network with losses calculated through finite element analysis providing enhanced
prediction of temperature distributions within the machine components. The lumped parameter network
in Motor-CAD, depicted in Figure 29, provides a detailed representation of the thermal circuit including
ambient and magnet temperature, which are essential to get an accurate view of the thermal
performance.

Figure 29. Lumped parameter thermal network in Motor-CAD.

Motor-CAD enables a variety of cooling topologies where coolant flow and fluid properties can be
adjusted to evaluate the thermal performance. With Motor-CAD, the sensitivity analysis of different
cooling topologies and geometries simplifies, since the thermal model automatically updates as the design
changes.

3.4 Simulink Simulation Model
In this section the full Simulink simulation model, seen in Figure 30, is explained.

Controlling the power electronics is not just about the linear modulation zone where a common space
vector control scheme is implemented. It also concerns over-modulation, six-step operation and the
transition between linear and six-step modulation. Section 3.4.1 explains the look-up tables to set the
currents and how to simulate six-step for lower speeds. The induced voltage in the simulation model does

not exceeding the voltage limitation of % , until speeds of up to 50000 rpm, which results in the model

not entering six-step until it reaches very high speeds. The “Compensation of decreasing Udc” area in
Figure 31 compensates for the high rpm requirements to enter over-modulation, so that the machine
enters in to over-modulation at lower rpm. The current controller block that sets the voltage references
from the error between the reference currents and the actual currents is introduced in section 3.4.2
followed by an in depth explanation of how they work since one of the challenging aspects is combined
field weakening control and modulation transition.
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Section 3.4.3 describes the modulator and how symmetric modulation is implemented followed by an
explanation of the implementation of the converter block. The simulation model of the PMSM is
introduced in Section 3.4.6 and is developed based on the mathematical model in Section 2.1.1.
Additionally, the thermal model of the PMSM is explained in Section 3.4.7 where an approximation of the
thermal behavior is developed.

SCOPE &
SIGNAL
LOOK-UP TABLE & CURRENT CONTROL |MODULATOR CONVERTER PMSM MODEL OUTPUT
SET CURRENTS BLOCK

Figure 30: Full Simulink simulation model.

3.4.1 Current Reference Block
In order to control the torque of the machine, the reference currents corresponding to the desired torque
is set to the power electronics model through the current reference model illustrated in Figure 31.
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Figure 31: Simulink current reference model.

34.1.1 Torque & Speed Look-Up Tables

By providing a torque reference and the machine’s rotational speed as inputs to two look-up tables, the
corresponding current references i;; and i; are obtained and subsequently used in the current control
block explained in Section 3.4.2. These look-up tables contain the current combinations with lowest total
losses for each torque and speed operating point. The data in these tables can be acquired experimentally
by operating the machine at various fixed speeds while sweeping the current values to measure the
resulting torque and losses.
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In the absence of experimental data, the efficiency map generated from the Motor-CAD model is used as
an alternative source where the currents for each operating point can be extracted from the Motor-CAD
software. By then interpolating the currents for each operating point a torque speed map is generated for
iq and i, illustrated in Figure 32 and Figure 33.
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Figure 32: Look-up table for i; with torque and speed as Figure 33: Look-up table for i, with torque and speed as

inputs. inputs.

The implementation of overmodulation and six-step modulation in the control algorithm enables a higher
achievable phase voltage compared to linear modulation. However, since Motor-CAD only supports linear

. . . U
modulation, the generated look-up tables are limited by a maximum phase voltage of —%<. In contrast,

V2
Udcf: approximately 15 % higher than with linear

modulation. To ensure that the current references in the look-up tables remain valid even when the actual
system operates beyond the linear modulation range, the look-up tables are generated using a DC-link
voltage that is 15 % greater system requirements of 540 V. This approach compensates for Motor-CAD's
linear modulation constraint, allowing the resulting tables to better reflect the extended voltage
capabilities enabled by the control strategy.

six-step modulation allows the voltage to reach

The current reference model includes multiple options for defining the reference currents. It features both
a dynamic speed option and a fixed speed option, which can be utilized either for a single operating point
or across a drive cycle with four operating points. These options are set in the Simulink block mask.

3.4.1.2  Dynamic speed

The dynamic speed option activates the speed control of the PMSM model which includes the motor
dynamics explained in Section 2.1.1.3. As the inertia from the load is included, the dynamical behavior of
the machine can be evaluated. This is useful when running the machine as a motor, since the time it takes
to reach a certain speed can be evaluated.

The torque reference is calculated using a simple proportional (P) controller, where the speed error serves
as the control signal. By specifying a desired reference speed, the regulator computes the difference
between the reference speed and the actual machine speed, multiplies this error by a proportional gain
constant, and outputs the result as the torque reference and can be expressed as:
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T* =ky - (Speed” — Speed;crual) (3.10)

As the machine has a maximum torque the control signal has a limitation block which limits the torque
reference to the peak torque of the machine.

3.4.1.3  Fixed speed

Since the electric machine primarily operates as a generator connected to the turbine output shaft, its
rotational speed is dictated by the turbine’s output shaft speed. With the fixed speed option activated, a
fixed speed can be set to the PMSM shaft which neglects the motor dynamics. This approach is particularly
useful for simulating machine operation during testing with a braking machine, where the shaft speed is
externally controlled and maintained at a constant value.

3.4.1.4  Manual current references

For testing the different current combinations, a manual switch is implemented, connected to two
constant blocks where fixed current references can manually be specified. This option enables a
comparison between the output torque for the specified currents of the electric machine model and
experimental measurements from the physical machine.

3.4.1.5  DC-link voltage limitation block

With six-step modulation, the line to line voltage is limited to Uf/%ﬁ. This induced voltage limitation can
be expressed as:
UgeV2 (3.11)
<
Wey|s] NG

As the rotational speed increases the induced voltage increases until it reaches the voltage limitation. To
keep increasing the speed the look-up tables must output current references that field weakens the flux.
By reformulating Equation (3.12) the flux limitation can be expressed as:

UgcV2 (3.12)
a)el\/§

ls| <

Since the look-up tables are generated based on a fixed DC-link voltage, a decrease in the DC-link voltage
is not accounted for. As a result, the reference current does not adapt to the reduced voltage limit under
these conditions. To incorporate this compensation directly into the look-up tables, an additional
dimension representing the DC-link voltage would be required. However, this approach would necessitate
generating a separate look-up table for each DC-link voltage level. As an alternative, a practical
workaround is implemented. Instead of reducing the DC-link voltage, the reference speed is artificially
increased. This adjustment can be computed using the following expression:

Udc\/E _ Uclc,malx\/7 N —w Udcmax (3.13)
- 1, - 1"~ 5
wel\/§ wel,new\/§ eunew ¢ Udc

Here, Ugcmax represents the fixed DC-link voltage used during the generation of the look-up tables in
Motor-CAD, and we new denotes the modified electrical speed. As the actual DC-link voltage decreases,
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the reference speed input to the look-up tables is artificially increased. This adjustment makes the look-
up tables to increase the field weakening effect, thereby reducing the induced voltage and compensating
for the lower DC-link voltage.

3.4.2 Current Control Block

The current control block contains several different sections that together gives the model the control
necessary to not only work in linear modulation. They also allow it to control the current in over-
modaulation. The different areas of Figure 30 is covered in the following sub-sections, from the inputs, all
the way to the outputs of the current control block.

INPUTS Pl variables PIE-controller
@ H Te (ul 1))
Rs (u2))
. (I OUTPUTS

La (o)) —

sai ‘

I 2 o

———

Figure 34: Current control block.

3.4.2.1 Inputs and Outputs

The input and output blocks can be seen in Figure 35 and Figure 36 respectively. Before the phase
reference voltages are sent to the modulator in the outputs block, the pass through a saturation block.
This block limits the reference voltage vector in the alpha- beta-plane to always stay inside the hexagon.
It does this by making sure that the amplitude of the voltage reference never exceeds the maximum
voltage it does this by calculating the maximum voltage for a specific angle with Equation (2.64) and then
scaling the voltage equally in both d- and g-axis according to the following equation:

Upe (3.14)
Uref,scaled = U_ *Uref
max

It is this block that makes the transition from linear modulation to six-step modulation. The “Saturation
and Scaling” block also outputs a signal that represents the current over-modulation mode (om mode). In
om mode 1, the controller operates in linear modulation; in om mode 2, it operates in the transition region
between linear and six-step modulation; and in om mode 3, it uses six-step operation.
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Figure 35: Inputs to the current control block.
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Figure 36: Outputs from the current control block.

3.4.2.2  Field-weakening controller

The reference signals coming from the input have been decided with a look-up table. This look-up table
works great if the model is running in linear modulation but is no longer applicable if the machine goes
into six-step operation. This is where the Field-weakening controller steps in. The role of the flux-
weakening controller is to determine the current references satisfying voltage and current constraints
imposed by over-modulation. The controller is taken from an article on six-step operation [31] and can be
seen in detail in Figure 37. When asked to run at a speed and torque that it does not have enough current
to handle, the controller prioritizes the d-axis-current to have the same amount of field-weakening even
though the this means that the g-axis current might not be enough to reach the torque level that is asked
of it. It does this by restricting the g-axis current so that the total current never exceeds the maximum
current magnitude.
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Figure 37: Field-weakening controller [31].

3.4.2.3  Current-controller
After the field weakening controller, the reference currents are sent to the Current-controller, seen in

Figure 38, which has a Proportional part (P), and Integrating part (I) and a feed-forward part (E) that feed-
forwards the back-EMF.
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Figure 38: PIE Current-controller.

Proportional part
The proportional part of the PIE regulator calculates Ky, for the d- and g-current, by using the following

equations:
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Ly R (3.15)
Kygp==+—
p(iq) Ts 2

~

q

R (3.16)
W=, T7

Kp(

Where Ly and L, are the d and q inductances respectively, T is the sampling frequency and Ry is the
stator winding resistance for one phase. Ly and L, is implemented in two ways, either the values are
extracted from look-up tables or the are set to a constant value which in this case was set to the average
values for each look-up table.

Integral part
The integral part also calculates the relevant constants, K; and T, for both I; and I,. These are calculated
by the following four equations:

Kigy = %Id) (3.17)
Kig) = %I,,) (3.18)
Titg =%‘z+% (3.19)
Wm=%+% (320)

Feed-forward part

The feed-forward part, feed-forwards the calculated back-EMF. The back-EMF calculated consists of two
parts and originates from the rotor’'s permanent-magnet inductance equation (3.21) and the stator
winding’s inductance equation (3.22).
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jowe LT (3.21)

J - wer ¥ (3.22)

Where wg is the electrical angular frequency, L is the inductance, 7 is the current vector and ¥, is the
permanent-magnet flux linkage and was calculated to be 63 mVs as can be seen in Section 3.1.3. 63 mVs
was calculated by Equation (3.2).

3.4.2.4  Plvariables
When K, and K; are calculated, they use the sampling time (T5), winding resistance (Rs) and the d- and g-

axis inductances (L) and (L,) respectively. Tg and R are constant values but Ly and L, vary with the
current. To get accurate inductance values they are extracted from look-up tables as seen in Figure 39.
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Figure 39: Pl variables.

Even the look-up tables were implemented to get better values for K}, and K;, for unknown reasons the
reference voltage had a lower ripple at lower inductances, specifically with inductances with a gain of .
This was tested empirically by simulating different gains and why a gain of % performed the best is unclear
but is not investigated within this work. However, an important observation is that the theoretical values
should be reduced, at least for practical experimentation. With a gain of %, the reference voltages had
less ripple and the controller therefore performed better.

3.4.3 Modulator

Before the signal is sent into the modulator it passes through a switch block. As seen in Figure 40 the block
considers the current over-modulation mode. If “om mode” is 3 it means that it is running in six-step
operation and the modulator should be sent square waves instead Figure 41. Figure 42 shows a graph of
u_abc*, the output from the six-step block, the output from the switch block and the over-modulation
level. The modulator itself is in Figure 43 and can switch between sinusoidal and symmetric modulation,
it is a modification of the modulation block from a Simulink model from Mats Alakiila’s course in power
electronics [32].
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Figure 42: The resulting output to the modulator, the six-step blocks output, the voltage reference before the switch and the
Over-modulation level.
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Figure 43: Modulator block with either sinusoidal or symmetric modulation [32].

3.4.4 Converter
In order to compare different types of transistors and their performance, several converter models are
implemented, with ideal switches, multiple converters were built in the simulation model.

In Simulink, there are blocks that represents the entire 3-phase converter. These blocks are easy to
implement and fast to run, but does not allow for changes of the characteristics of the individual
transistors. Since one of the objectives is to compare the use of different transistors with different
characteristics, these blocks are not an option for the model. Instead, discrete components are used from
the Simscape-Electrical library. This make it possible to characterize the transistors after the specifications
from the datasheet. As can be seen in Figure 44, the different types of transistors have different delay
times. The fastest switching transistor is the SiC FF6, but even if the rising and falling time is fast there is
still a delay until the switching starts compared to the ideal switch.
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Figure 44: Rise- and fall times of different switches in the converter block in the full electrical Simulink simulation.

Altogether, four different converters are included in the simulation model and can easily be switched
between. The first of the four types of switches/transistors being used is an ideal logical switch with no
delay or rise/fall time (Figure 45). The second converter uses IGBTs of the model SEMiX303GB12E4s [33].
The reason for using this exact transistors is that they are used in the test-rig that was used to verify the
simulation model (Figure 46). The third and fourth converters, uses SiC transistors, that in theory should
have faster rise and fall times, as well as lower losses. The converters uses different types of SiC,
FF6MR12KM1H [34] and FFIMR12KM1HP [35] for the third (Figure 47) and fourth (Figure 48) respectively.
The difference between these two is mainly that FFIMR12KM1HP can handle higher currents but in turn
has slower rise and fall times which increases switching losses.
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Figure 47: Converter with SiC, FF6.
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Figure 48: Converter with SiC, FF1.

3.4.5 Power Electronics Thermal Modeling

Due to the slow processing time of the full simulation model the thermal circuit model is simulated in a
different file. In the power electronics simulation model, no simulation runs for longer than 1 second. This
is due to the long time it takes for the power electrical simulation model to run in Simulink. In order for a
component in the separate thermal simulation to reach its steady-state temperature the simulation time
needs to be a lot longer than that. To get around this issue the values (switching states, voltages, currents,
etc.) from the simulation done in the power electronics model are saved as vectors in Matlab. A script is
then run that splits all the vectors in two halves, the first and second half of the vectors. The first half of
the valuesis runin the beginning, the second half of the values, on a loop, for the remainder of the thermal
simulation time. This is done in order to represent the switching patterns as accurately as possible in both
the beginning and as time increases.

Figure 49 shows the entire thermal circuit Simulink document. What the different areas do and how they
relate to each other is explained later in this chapter. At a high level, it works by having the saved data
from a previous power electronics simulation imported in the “Inputs signals” area which is then
distributed to the “Switching losses” and “Conduction losses” areas. These two areas also get data from
the relevant transistor (which is chosen in the “Choose transistor” area) and uses all of this to calculate
the total losses. These losses are sent to the “Heat dissipation” area that calculates different local
temperatures with a thermal circuit using first degree thermal models.
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Figure 49: The full Simulink simulation for the thermal calculation.

3.4.5.1  Input signals

The “Input signals” area, which can be seen in Figure 50 imports the voltage and current of phase a, b and
c. The vectors, with the data describing the voltage and current, have been lengthened by repeating the
second half of the vector to make sure that the thermal simulation can run for as long as it needs. The
blocks between the voltage imports, u_a_simulink, u_b_simulink and u_c_simulink, and the goto blocks
called change_a, change_b and change_c, are detect-change blocks. Detect-change blocks outputs a 1 for
a sampling period when its input has changed and outputs a 0 if its inputs remains the same. This is used

in the “Switching losses” area to decide when the transistors on a given phase are switching. The voltage
U U . , . I .
from the converter changes from +% to —% when a certain phase’s transistors are switching which

makes the changes in voltages great indicators for the occurrence of switching losses.
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Figure 50: Input signals for the thermal calculation.

3.4.5.2 Choose transistor

In the “Choose transistor” area a choice between three different transistors can be made. The reason that
there are four blocks to choose between, as can be seen in Figure 51, is that the first transistor can be
used both with constant values taken from the datasheet or with more exact values interpolated from the
graphs of the datasheet and calculated with the instantaneous current.
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Figure 51: Transistors choice for the calculation.
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Figure 52 shows one of the transistor parameter calculation blocks. It uses a current to calculate E,p, Eofr
and E.. (which only exists for IGBTs) for each phase, since they are current dependent. The block also
holds values for the resistance (Rcg for IGBTs or Rpg for SiC) and forward voltage at zero current Vg
(which only exists for IGBTs). The “E_on calc” function blocks calculates the energy loss by linearizing the
graph from that components formula sheet (the graph can be seen in the top right of Figure 52).
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Figure 52: Transistor parameters calculation block.

3.4.5.3  Switching losses

In the “Switching losses” area, the output is a pulsed signal that represents the power losses. As can be
seen in Figure 53, it does this by first creating a signal representing the power lost if the transistors were
to switch once every sampling period (T5). This power is calculated from Equation (2.55) that
calculatesE; ;. Multiplying Eio: with the switching frequency (fs) results in the power if the transistors
were switching ones every T.

Pswitch = (Eon + Eofr + Err) “fow = Etot * fow (3.23)

This power is then pulsed by letting the power through of phase a,b or c if the corresponding change
variable (i.e. change_a, change_b or change_c) is equal to 1, otherwise the output is set to 0.
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Figure 53: Switching losses calculation.

3.4.5.4  Conduction losses

Conduction losses (P)4ss) are calculated with Equation (2.56) for each phase and are sent on to the “Heat
dissipation” area only when that specific phase is conducting current. V¢, and R are extracted from the
relevant transistors block. SiC transistors for example doesn’t have a Vg, which means that if one of those
blocks is chosen Vg, is equal to zero. To make sure that losses only are sent to the “Heat dissipation” area
when one transistor in each transistor pair actually is conducting, (so that there is no need to calculate
losses during the dead-time when no transistor is conducting) the condition that lets P}, through is that
the magnitude of the current in a given phase should be bigger than zero. Otherwise the output becomes
zero.
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Figure 54: Conduction losses.



3.4.5.5  Heat dissipation

Calculation of the steady-state temperature of the converter and its components is implemented in Figure
55 in order to determine if the components are able to handle the heat produced. A first order model of
each transistor pair, the module or casing, the thermal grease in between the converter and the heat sink
and of the heat sink itself, isimplemented, as can be seen in the Figure 56. This is also where the transistor
type for the thermal calculations can be chosen by connecting the relevant transistor pair to the input and
output.

The reason for using a first order RC-circuit to represent the heat sink and thermal grease is that the
cooling capabilities of both in general, and of the heat sink in particular, is dependent on a lot of different
factors. Therefore it is better to give the possibility to the modeler to have the investigation and simulation
result in requirements on the thermal resistance of the heat sink, than to present different types of
cooling. These results can then be used when looking at heat transfer options to study the cooling
requirements and possible solutions. T_ambient is set to 20 °C and 60 °C to simulate different
temperatures on the cooling fluid. The heat dissipation block outputs temperatures from four different
locations in the thermal simulation model. A plot showing how they are presented can be seen in Figure
57.
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Figure 55: Thermal circuit Simulink model.
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3.4.6 PMSM Electromagnetic Model

The electromagnetic model calculates the dynamics of the PMSM by utilizing the equations from the
mathematical model in section 2.1.1. It is divided into five main blocks: flux linkage equation, current
equation, torque equation, dynamics and machine losses as can be seen in Figure 58. In this model the
voltages from the power electronics simulation model are inputted and the physical parameters based on
the measurements of the MGUO11 consisting of winding resistance and permanent magnet flux are
applied. The inductances and stator geometry are based on the Motor-CAD model which serves as a
reference of the MGUO11 in absence of detailed measurement data.

Figure 58: Full Simulink electromagnetic model.
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3.4.6.1  Flux linkage calculation
The first block integrates the voltages in the machine into flux linkage using the rearranged voltage
equations (2.11) and (2.12) and is implemented in Simulink as depicted in Figure 59.

Figure 59: Simulink flux linkage calculation model.

As seen in Figure 59, the voltages u; and u, are input values from the power electronics model. These
voltages are then run through the voltage integration which outputs the flux linkages ¥; and ¥;. The flux
linkages are then routed back and multiplied with the electrical angular velocity we) to calculate the
induced voltage. The resistive voltage drop is calculated by multiplying the winding resistance Rg with the
currents iz and i,.

3.4.6.2  Resistance temperature dependancy

Since the resistance R is dependent on the temperature, equation (2.26) has been implemented to
include this dependency which is represented in the Simulink model as depicted in Figure 60. However,
the thermal model where the temperature is calculated is not bidirectional connected to the
electromagnetic model and therefore must the winding temperature be set manually in the
electromagnetic model.
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Figure 60: Resistance temperature dependence calculation.

3.4.6.3  Current Calculation
The currents iz and i, are calculated through equation (2.13) and (2.14) which is represented in Simulink
model depicted in Figure 61.

Figure 61: Simulink representation of current calculation.

Since the inductances are dependent on the current combination due to saturation effects in the core and
magnetic cross-coupling, two look-up tables for L and L, are implemented where measured values of
the inductances for different current combinations are added. While measurements of these inductances
are missing for the MGUO11 machine, the inductances from the approximated Motor-CAD model are used
as reference and are depicted in Figure 62 and Figure 63.
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Figure 62: L; look-up table from Motor-CAD model. Figure 63: L, look-up table from Motor-CAD model.

The way of calculating the currents is a bit problematic for the first time step in the simulation since both
the inductances and currents are dependent on each other. Hence, a time delay of one time step with
zero iy and i, is added before the look-up tables inputs which prevents the dependency loop. A sample
and hold block is also implemented after the look-up tables in order to decrease the fluctuating currents
due to too quick inductance changes.

If no look-up tables are available for the inductances, there is an option to use fixed inductances which is
implemented as a multiport switch with input condition called L_type. This condition is set to either fixed
inductances or saturation model in the mask of the PMSM simulation block.

3.4.6.4  Permanent magnet flux
The flux from the permanent magnets 1,;, named “Psim” in the Simulink model can either be set to a
constant value or set to a current dependent flux which Simulink representation is shown in Figure 64.

Figure 64: Simulink representation of the permanent magnet flux.
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The current dependent permanent magnetic flux linkage is a look-up table based on exported data from
Motor-CAD and is depicted in Figure 65. Although the Motor-CAD documentation does not explicitly
describe how the flux linkage depends on the current, the corresponding look-up table must be
implemented in the Simulink model when using the inductance values exported from Motor-CAD. This
ensures that the flux linkages in the Simulink simulation are consistent with those from Motor-CAD.
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Figure 65: Y, look-up table exported from Motor-CAD.

However, if the inductance values are derived from measurements of the reference machine rather than
from Motor-CAD, the flux linkage from the permanent magnets, ¥, should be treated as a constant
which in this particular case is in range of 63 mVs. This is because the measured inductances, which can
be calculated by rearranging the voltage equation seen in Equation (3.24) and (3.25), include the effect of
the permanent magnet flux.

L= Ugs — Rslgs — YmWel (3.24)
d C‘)elids
L = Rsigs — Ugs (3.25)
E Wellgs

By using a fixed value for the permanent magnet flux linkage, the inductances effectively capture the
variation in flux linkage, allowing the nonlinear behavior to be represented within the inductance values
themselves.
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3.4.6.5  Torque Calculation
The torque is calculated using equation (2.17) which is represented in the Simulink model depicted in
Figure 66.

Figure 66: Simulink representation of torque equation.

3.4.6.6  Dynamic model

The rotational speed of the machine is calculated by Equation (2.20). However, since the generator is
mechanically coupled to the jet turbine shaft, its rotational speed is dictated by the turbine speed during
generator operation. As a result, the machine speed can be treated as constant, and the motor dynamics
can be omitted. This behavior is controlled via the "Drive_Type" parameter in the PMSM model mask,
which allows the user to select between two operating modes: "Dynamic" or "Fixed Speed". In addition
to the rotational speed, the electrical rotor angle 6, is calculated by integrating the rotational speed as
can be seen in Figure 67.
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Figure 67: Simulink representation of the dynamical model

3.4.6.7  Loss estimation model
The Simulink loss model consists of resistive DC-losses and a rough estimation of iron losses which is
depicted in Figure 68.

Yoke Iron Losses (Steinmetz Equaion) [Total Iron Losses

Tooth Iron Losses (Steinmetz Equation)
P s (017 058 Mg % 2 )

Figure 68: Simulink loss estimation model of PMSM

In the mathematical model of the PMSM, estimating losses presents several challenges, particularly in the
absence of finite element analysis. The Simulink model is based on a system of differential equations that
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describe the electrical and mechanical behavior of the machine but complex phenomena such as magnetic
flux distribution within the iron core is hard to estimate which is crucial in order to accurately calculate
the iron losses. Hence, the iron losses in the Simulink model is a rough estimation.

The iron losses are based on the Steinmetz equation (2.27) which requires the flux density in the iron core
and the frequency of the varying magnetic field as explained in section 2.1.1.5. To determine the flux
density in the core, the flux linkage must first be converted into the pole flux. The implementation of this
conversion in the Simulink model is illustrated in Figure 69.
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Figure 69: Simulink representation of flux linkage to pole flux conversion.

Once the pole flux is determined, the magnetic flux density in the stator tooth can be estimated. Due to
the non-rectangular geometry of the tooth, three tooth widths are considered to calculate the
corresponding cross-sectional areas and flux densities. These individual flux densities, calculated with
equation (2.35), are then used in the Steinmetz equation (2.27) to compute the localized iron losses.
Finally, the losses are averaged, yielding the mean loss in the tooth as seen in Figure 70.
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Figure 70: Simulink representation of tooth iron loss estimation.



The yoke losses are estimated in a similar way, using the Steinmetz equation, in which the magnetic flux
density is determined according to Equation (2.36). The resulting Simulink representation is illustrated in
Figure 71.
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Figure 71: Simulink representation of yoke iron loss estimation.

The DC losses depend on both the winding resistance and the d- and g-axis currents shown in Equation
(2.25). The resistance is provided as an input parameter, based on the measurement described in Section
3.1.4. The currents are computed in the current calculation block explained in Section 3.4.6.3 and serve
as inputs to the DC loss calculation block, illustrated in Figure 72.

Poype = (i3 + 1) - Ry

(U1 2+u(2)*2)u(3)

Figure 72: Simulink representation of DC-loss calculation.

3.4.7 PMSM Thermal Model

The thermal model of the electric machine is crucial since it gives an indication of how the temperature
relates to the operation of the machine. In order to get an estimated thermal behavior connected to the
electromagnetic model, a thermal model is built in Simulink which inputs the losses from the
electromagnetic model and simulates the temperature rise in the machine. This is done by building a
lumped parameter network of thermal resistances and capacitances modelling the thermal path from one
slot to the cooling sleeve shown in Figure 73.

To accurately represent the real operating conditions of the machine in terms of operation time, the
thermal model is implemented in a separate file. This separation is necessary because the power
electronics model includes detailed switching behavior, which significantly slows down the simulation. In
contrast, the thermal model is computationally more efficient and can simulate extended operating
durations within a few seconds.
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Figure 73: Simulink thermal model

The MGUO011 has two temperature sensors attached at two different nodes. Since the position of these
sensors are unknown, a qualified guess is made and is based on commonly used positions. In this case the
nodes that are assumed as possible positions are the winding, the stator tooth and the stator yoke.
Therefore, the thermal model is built around these nodes. To estimate the temperature rise in these
regions of the machine, a simplified thermal model is developed depicted in Figure 74.
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Figure 74: Lumped parameter thermal network of half a stator slot (left) and the dimensions (right).
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Figure 74, illustrates a single stator slot, where the winding conductors have been simplified to a single
equivalent conductor for modeling purposes. To further reduce the complexity of the thermal network,
heat transfer is modeled from the center of the winding through half of a stator tooth, in series with the
stator yoke and the cooling sleeve. From the center of the conductor, the thermal network branches into
two parallel heat flow paths: one in the radial direction toward the stator yoke, and another in the
tangential direction through the stator tooth, which is represented horizontally in Figure 74.

The model includes three heat sources: winding losses and iron losses from both the stator tooth and
yoke which are inputs from the electromagnetic model or can be set manually. With a thermal model
representing one half of a slot and tooth, the input power must be modified to represent this fraction of
the machine given by:

Plossinput (3.26)
PIOSSmodel = Ns .2

To simplify the model, a constant temperature is assumed for the cooling fluid, neglecting the influence
of ambient temperature. To capture the transient thermal behavior, the model incorporates three
thermal capacitances associated with the thermal masses of the winding, tooth, and yoke.

Since the thermal resistance and capacitance values are dependent on the geometry of the machine
described in equation (2.48) and (2.50), an approximated geometry based on the Motor-CAD model is
used as a reference. The calculation of the resistances and capacitances are shown in the appendix section
9.1.

Since the winding resistance is dependent on the temperature, Equation (2.26) is modified and
implemented in the thermal model as seen in Figure 75. As an increase in resistance increases the DC-loss
linearly, the resistance in Equation (2.26) is swapped with the DC-loss giving the following expression.

PDC =5 PDCZO“C(l + a’T(T - 20)) (327)

Temperature Feedback for resistance temperature

dependancy.

Chooses between calculated losses from electromagnetic model or by
manually set the losses.

[DC_Losses] -0
“

4I_’ Temperature dependant Resistance

Manual DC Loss

u(2)*(1+alpha_T*(u(1)}-20NF

Figure 75: Simulink representation of winding DC-loss temperature dependency.
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4 MACHINE TESTING

To validate the simulation models, a comparison is carried out between the simulation models and the
reference machine, the MGUO011 from Magneti Marelli. The validation process includes comparing the
output torque for specified speed and current references, comparing the losses, and comparing the
thermal behavior. To perform this comparison, experimental data from the MGUO11 must be obtained.
This is accomplished using the test rig provided by GKN Aerospace, shown in Figure 76. The test setup
includes torque and speed sensors and allows for the connection of two machines on a shared axle,
enabling one machine to operate as a braking machine during testing.
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Figure 76: Test rig from GKN for electric machine testing.

4.1 Torque Measurements

The output torque is dependent on the different d- and g-axis current combinations due to the reluctance
difference within the machine. This reluctance difference is difficult to model without knowing the actual
internal geometry. Hence, the torque in the simulation models is compared to the torque from the actual
machine to give an indication of how close the models match the real machine.

The measurements were conducted while the machine was operating against the speed controlled
braking machine running at 1000 rpm. Fixed d- and g-axis currents references were set to the current
controller while the torque was measured with the torque sensor in the test rig giving the torque

measurements shown in Table 10.
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Table 10: Torque measurements of MGUO11.

Phase Angle [deg] Is [A] Id [A] Ig[A] Torque [Nm] Speed [rpm]

45 141.42 -100 100 30 1000
63.43 223.6 -200 100 37 1000
15.95 182 -50 175 45 1000
0 300 0 300 65 1000
45 424.26 -300 300 118 1000
26.57 447.21 -200 400 122 1000

4.2 Temperature & Machine Losses Measurements

In order to validate the thermal model of the MGUO011 and estimate the temperature sensor position, the
machine temperature was measured while the machine was running at different operation points. During
operation the machine was cooled with tap water.

The first measurement was conducted while having the machine running against a speed controlled
braking machine keeping a desired axle speed while the other machine was set to different torque values
by setting the d- and g-axis currents to the corresponding desired torque. While the machine was running
at the desired operating point, the temperature was measured using the two pt100 sensors which are
positioned within the machine at two unknown locations. The desired operating points for the
temperature measurements are defined in three drive cycles but are classified and cannot be shown in
the report. However, the measured temperatures from those experiments, along with the corresponding
simulated temperatures for the same drive cycles, are presented in the Section 9.2.

The second temperature measurement was conducted while the machine was operating with no braking
machine. This approach requires a speed-controlled current controller that modulates the g-axis current
to control the torque, while allowing manual adjustment of the d-axis current. The steady-state
temperature was then measured for different speed and current combinations and compared to the
simulation models.

By setting different speed references, the iron loss increase can be analyzed which is dependent on the
rotational frequency mentioned in Section 2.1.1.5. This measurement also includes a power analyzer in
order to measure the input power to the machine and since there is no braking machine, the output power
is close to zero since there is no output torque. Hence, the input power corresponds to the losses in the
machine which can be used for comparison with the losses in the simulation models. The different
operating points measured are listed in the table below.
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Table 11. Operating points during operation without braking machine.

Speed [rpm]
3150

5987

8975

11976
15050

3000

6000

9000

11970

Id [A]
-50
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Iq [A]
5.6
12
21
30.5
43
20
63
100
142



5 RESULTS & ANALYSIS

This chapter starts with the results and analysis of the PMSM model verification in Section 5.1. This is then
followed by Section 5.2 which covers the sensitivity analysis of the electric machine design and finally, in
Section 5.3, the results and analysis of the full Simulink model is presented.

5.1 PMSM Model Validation

In this section, the accuracy of the developed mathematical model implemented in Simulink and the
Motor-CAD model are evaluated. The validation consist of comparing the models against measurements
on the MGUO11 from Section 4, including output torque for different d- and g-axis current combinations,
losses in the machine and the thermal behavior.

5.1.1 Torgue Validation
With the torque measurements of the MGUO11 machine, the simulation models are compared, using the
same current references. Since the Simulink model uses a power invariant transformation all current

references used as inputs in the Simulink model are scaled Wlth\/;. The results are listed in Table 12 with
amplitude invariant current references.

Table 12: Torque comparison between MGUO11 and simulation models where the percentage inside the parentheses shows
the difference between the model and measurement.

Id* [A] Ig* [A] Speed [rpm] Torque [Nm] Torque [Nm] Torque [Nm]

MGUO11 Motor-CAD Simulink
-100 100 1000 30 33 (10%) 33 (10%)
-200 100 1000 37 43.86 (18.5%) 43.7 (18.1%)
-50 175 1000 45 45.38 (0.8%) 45.4 (0.9%)
0 300 1000 65 58.26 (-10.4%) 58.3 (-10.3%)
-300 300 1000 118 115.2 (-2.4%)  115.3 (-2.3%)
-200 400 1000 122 111 (-9.0%) 111.3 (-8.8%)

The torque measurements indicate that the Simulink model aligns well with the Motor-CAD model in
terms of torque output across various current combinations. However, both simulation models deviate
from the measured torque. The torque deviation increases as the proportion of d-axis current becomes
more dominant. This behavior is expected, as a negative d-axis current contributes to the reluctance
torque, which depends on the machine’s inductances. With an unknown internal machine geometry and
core material, it is difficult to accurately determine inductance values that closely match those of the
actual machine. Hence, the reluctance torque will deviate from the actual reluctance torque.

The deviation at the operating point where only g-axis current is applied indicates that the permanent
magnet flux is different in the models compared to the real machine. In theory, this operating point should
only generate Lorentz torque as explained in Section 2.1.1.2. Hence, the flux linkage is only dependent on
the permanent magnet flux linkage and the g-axis current. Since the flux linkage seem to be lower in the
simulation models it may be due to higher saturation effects in the core. By running a FEA simulation of

80



the corresponding operation point depicted in Figure 77 , the flux distribution in the yoke shows a high
flux density in some regions indicating there may be saturation effects in the yoke.

Figure 77: Flux density plot with 300A g-axis current & OA d-axis current @1000rpm.

Increasing the yoke width by 3 mm in the Motor-CAD model, reduces the saturation effects, resulting in
an overall increase in output torque, shown in Table 13.

Table 13: Torque comparison between MGUO011 and two different Motor-CAD models.

Id* [A] Ig* [A] Speed [rpm] Torque [Nm] Torque [Nm] Torque [Nm]

MGUO011 Motor-CAD Motor-CAD
Original Design Increased Yoke Width
-100 100 1000 30 33 (10%) 33.84 (12.7%)
-200 100 1000 37 43.86 (18.5%) 43.63(17.9%)
-50 175 1000 45 45.38 (0.8%) 48.95 (8.78%)
0 300 1000 65 58.26 (-10.4%)  65.94 (1.45%)
-300 300 1000 118 115.2 (-2.4%) 132.4(12.2%)
-200 400 1000 122 111 (-9.0%) 129.6 (6.23%)

Increasing the yoke width results in a model that more accurately matches the torque at the operating
point with only g-axis current. However, this modification also leads to greater deviations at other
operating points, highlighting the difficulty of achieving a model that consistently reflects the real
machine's behavior.

5.1.2 Losses validation

From the measurements using the power analyzer, only those conducted with low d-axis current
magnitude are considered valid. The reason for this is guessed to be the flux weakening effect which
reduces the voltage magnitude which the power analyzer is using as reference for calculating the power.
As a result, the power analyzer is unable to provide any power measurements under conditions of strong
flux weakening with higher d-axis current magnitude.

The measured input power of the fundamental frequency is compared to the total losses in the simulation
models. By calculating the DC losses based on the measured phase currents and winding resistance using
Equation (2.25), and subtracting these losses from the measured input power, an estimation of the
combined iron and AC losses can be obtained. The measured data is listed in Table 14.
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Table 14: Current and power measurements of MGUO11 with calculated DC-losses and estimated Iron & AC losses.

Speed Id* Ig* la Ib Ic Input DC-losses Iron & AC
[rpm] [A] [A] [Arms] [Arms] [Arms] Power [W] [W] losses [W]
3150 -50 5.6 32.9 32.6 33.2 183 16 167

5987 -50 12 33 32 33.5 385 16 369

8975 -50 21 35.2 34.5 37.2 702 19 682

11976 -50 30.5 382 41.3 39.6 1308 24 1284

15050 -50 43 46.7 47.7 46 3000 33 2967

The Motor-CAD and Simulink model can be compared to the measurements by running the simulation
with the same current and speed references. The results of those simulations are illustrated in Table 15
and Table 16.

Table 15: Simulated losses with the Motor-CAD model for given speed and current combinations.

Speed Id* Ig* Total Losses DC-Losses Iron + ACLosses Iron & AC Losses

[rpm] [A] [A] [w] [w] [w] Difference
With Measured Losses
(W]

3150 -50 5.6 166 19 144 +3 -20

5987 -50 12 415 20 385+ 10 26

8975 -50 21 799 22 754 + 22 93

11976 -50 30.5 1314 26 1254 + 34 4

15050 -50 43 2030 33 1941 + 54 -972

Table 16. Simulated losses with the Simulink model for given speed and current combinations.

Speed Id* Ig* Total Losses DC-Losses Iron + ACLosses Iron & AC Losses

[rpm] [A] [A] [W] [W] [W] Difference
With Measured Losses
(w]

3150 -50 5.6 154 19 135 -32

5987 -50 12 331 20 311 -58

8975 -50 21 586 22 564 -118

11976 -50 30.5 926 26 900 -384

15050 -50 43 1398 33 1365 -1602

By analyzing the simulation results, it is noticeable that the losses in the Motor-CAD model is closer to the
measured losses. At 15000 rpm, the iron- and AC-losses significantly deviates from the measured loss in
both simulation models. This discrepancy may be attributed either to inaccuracies in the power analyzer
measurements or that the simulation models cannot accurately represent the operation point. It is also
noticeable that the iron losses in the Simulink model deviates more with the increase in rotational speed
indicating that the iron loss model in Simulink is not that accurate. Hence, the Motor-CAD model seems
to be a better candidate for evaluating the losses of the machine.
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5.1.3 Thermal model validation

To validate the thermal models in both Motor-CAD and Simulink, temperature measurements from
Section 4.2 are compared with the corresponding simulation results obtained by running the same
operation points in each model with tap water as coolant. Due to significant deviations in the iron loss
estimations from the Simulink model compared to both the Motor-CAD model and the measured losses,
the input losses for the Simulink thermal model are instead taken from the Motor-CAD simulations and
inputted manually to the model. This approach allows for evaluating the accuracy of the Simulink thermal
model relative to the more advanced thermal modeling capabilities of Motor-CAD.

The results from the measurements and the simulations during the three drive cycles are illustrated in
Section 9.2 in the appendix. From the results, the thermal models aligns well with each other and relatively
well with the measurements. Both simulation models shows a slightly lower temperature than the
measurements which has to be taken into account when running further simulations. The assumption
that the temperature sensors are positioned at the winding and the tooth or yoke seems valid. The
simulations shows that the sensor at the winding and tooth agrees relatively well with the measurement.

The second validation of the thermal model involves comparing the steady-state temperatures obtained
while operating the machine without a braking machine, during which the speed and d-axis current are
varied. As the electromagnetic model in Simulink does not accurately represent the iron losses and
neglects the AC-losses, only the Motor-CAD model is validated against these measurements. The resulting
temperature values are presented in Table 17.

Table 17. Steady state temperature measurements and Motor-CAD simulation.

Speed Id* Iq* Temp- Temp- Winding Tooth Yoke
[rpm] [A] [A] Sensorl Sensor2 Motor-CAD Motor-CAD Motor-CAD
[C] [C] [C] [C] [C]
3150 -50 5.6 18.6 16.5 15.7 15.2 14.9
5987 -50 12 22.5 19.5 18.7 18 17.2
8975 -50 21 28.9 24.2 23.4 22.4 20.7
11976 -50 30.5 36.6 29.8 29.5 28 25.4
15050 -50 43 46.2 36.5 38.3 35.9 31.9
3000 -300 20 65 36.5 45.3 25.5 21.7
6000 -300 63 76.4 44.5 56 33.1 27.2
9000 -282 100 84.5 50.5 69.3 44.2 35.3
11970 -267 142 103 61.5 91.3 61.3 48.6

Similar to the transient simulations of the three drive cycles, the steady-state simulation results indicate
that the winding and tooth temperatures show the closest agreement with the two temperature sensors.
While the overall simulated temperatures remain slightly lower than the measured values, the results
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demonstrate reasonably good agreement with the measurements. Therefore, by taking the slightly lower
overall temperature into account, the thermal models can be considered reasonably reliable for
representing the machine's thermal behavior.

5.2 Sensitivity Analysis of Electric Machine

To evaluate the impact of key design parameters and cooling strategies on the thermal performance of
the electric machine, a sensitivity analysis is conducted. This analysis aims to identify how variations in
cooling fluids, cooling topology configurations, and machine geometry influence the temperature
distribution within the machine. The impact of using different magnet material is also evaluated. The
purpose of this comparison is to find a direction of machine design with an acceptable ability to dissipate
heat under the given operating conditions. As mentioned in Section 2.1.3, the temperature limits for the
windings using conventional insulation is around 165 °C and the maximum magnet working temperature
is 150 °C and are used as references for evaluating the thermal performance.

The simulations are conducted using two drive cycles that represent the system requirements of the
machine, illustrated in Table 18.

Table 18. System requirement Drive Cycles.

Drive Cycle Power [kW] Speed [rpm] Torque [Nm] Duration [sec]
Cruise 100 17000 56.2 2700
Idle 100 12750 74.9 1350

Since the application for the electric machine is within an aircraft, there is a certain limitation of available
cooling fluids. Two available fluids are water glycol mixture (EGW 60/40) and Jet A1 fuel listed in Table 19.

Table 19. Cooling fluid properties.

Cooling Fluid Thermal Density Cp Kinematic Dynamic Prandtl Temp Temp
Conductivity Viscosity Viscosity Number Min Max
[W/m(] [kg/m3] [J/kgCl [m?/s] [kg/ms] [C] [C]

EGW 60/40 0.3678 1068 3358 1.8e-6 0.001996 | 18.23 | 20 60

Avtur Jet Al Fuel | 0.1116 795 2039 | 1.22e-6 | 0.0009699 K 17.72 | 80 100

The different coolants has a certain estimated temperature span. However, the machine must be able to
operate in the worst case scenario and therefore the max temperature of the fluids are used under the
simulations.

5.2.1 Cooling Topologies

To evaluate what cooling strategy is suitable to fulfill the system requirements of the electric machine.
Different cooling topologies in Motor-CAD are evaluated and simulated with the given drive cycles and
cooling fluids from GKN Aerospace.
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521.1

Spiral Water Jacket (Original Design)

The MGUO11 is assumed to use a conventional spiral water jacket. By running a transient thermal
simulation using Motor-CAD with the given cooling fluids from GKN, the heat transfer capability can be
evaluated. The resulting thermal behavior is illustrated in Figure 78 and Figure 79.
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Figure 78: Transient thermal simulation of spiral water jacket using EGW60/40 as coolant.
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Figure 79: Transient thermal simulation of spiral water jacket using Jet Al Fuel as coolant.

Slot Cooling

To increase the heat transfer capability, two different type of slot cooling is evaluated using built in slot
cooling topologies in Motor-CAD. The first slot cooling topology is using a cooling channel close to the
tooth tip as shown in Figure 80.
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Figure 80: Slot cooling at tooth tip.

In addition to the slot cooling, the spiral water jacket is kept. Given that the total cooling fluid flow is
measured at 4 liters per minute, it is assumed to be evenly divided between the two parallel cooling paths,
resulting in a flow rate of 2 liters per minute in each system. As the cooling channel is added the geometry
of the stator slot is adjusted to fit the channel as well as the rotor diameter is decreased. Hence, the
magnets have to increase in size for the flux linkage to remain the same, resulting in the new internal
geometry listed in Table 20.

Table 20: New dimensions with slot cooling at tooth tip.

Dimension Value Unit
Rotor Diameter (D,.) 113 mm
Stator Slot Depth (dgg)  19.5 = mm
Magnet Width (w,,) 19.1 mm
Magnet Height (h,,) 4.2 mm

The second slot cooling method is similar to the previous but instead of using a cooling channel at the
tooth tip, the coolant is flowing between the conductors without any channel. For this topology the
geometry from the first slot cooling topology is kept to give space for the coolant to flow between the
conductors. Motor-CAD has no detailed visual representation of this cooling topology and is visualized as
Figure 81. This cooling method is representing direct contact between the coolant and the conductors
which increase the heat transfer capability.
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Figure 81: Slot cooling between conductors.

The resulting transient temperature simulations of the two slot cooling topologies are presented in Figure
82, Figure 83 and Figure 84. As the slot cooling at the tooth tip, does not show any improvement, it is not
simulated with jet fuel as coolant.
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Figure 82: Transient thermal simulation of slot cooling at tooth tip using EGW60/40 as coolant.
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Figure 83: Transient thermal simulation of slot cooling between conductors using EGW60/40 as coolant.
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Figure 84: Transient thermal simulation of slot cooling between conductors using Jet Al Fuel as coolant.

5.2.2 Increase of Cooling Surface Area

In the case of a cooling sleeve outside the stator, which is assumed as the cooling topology for the
MGUO11 machine, the cooling surface area plays a crucial role in heat transfer performance. By increasing
the surface area the cooling performance should theoretically increase which is simulated in Motor-CAD
with the given drive cycles from GKN.

The effective cooling surface area can be estimated as:

Asurface = TDsolsek (5.1)

Where D, is the outer diameter of the stator. By varying the so called aspect ratio of the machine which
Lstk

is defined as the length to diameter ratio ( >
SO

), the impact on increasing surface area can be evaluated.

Since the output torque of the machine can be estimated rearranging the shear stress expression given in
Equation (2.51), which indicates that torque is proportional to D21y, seen in:

_onDElgy (5.2)

2

An increase in diameter would mean a quadratic increase in torque. To maintain the same output torque
as the original design, the stack length must therefore decrease quadratically with an increasing diameter.
Since the surface area is linearly proportional to the stack length, an increase in machine diameter results
in a decrease in outer surface area if the torque should remain unchanged. Therefore, in order to increase
the cooling surface area, the stack length is increased, meaning an increase in aspect ratio. By selecting
an arbitrary value of 250 mm for the stack length, the rotor diameter has to decrease in order to keep the
same output torque and is calculated by:

2-140 (53)

2T
Dr = \/mstk - \jn 735000 0.250 _ 101
With a new rotor diameter of 101 mm (18 mm smaller than in the original design) and a stack length
extended by 70 mm, other dimensions of the machine must be adjusted accordingly. By keeping the same
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winding dimensions, the slot dimensions remains unchanged. However, the reduced rotor diameter limits
the available space for the permanent magnets. Therefore the dimensions of the magnets has to decrease
in width and depth while the magnet length is increased due to the stack length increase.

To ensure that the magnetic flux linkage remains comparable to that of the original design, a no-load
simulation is performed. The magnet dimensions are iteratively calibrated during this simulation until the
resulting flux linkage matches that of the reference of 52 mVs. The resulting dimensions of the machine
are listed in Table 21 and the geometry is illustrated in Figure 85.

Table 21. Dimensions of the stack length modified machine.

Dimension Value Unit
Machine Outer Diameter (D,,) = 192 mm
Machine Length (L,,,) 310 mm
Housing Thickness (Wpoysing) | 20 mm
Stator Outer Diameter (Dg,) | 152 | mm
Stator Bore Diameter (Ds;) 103  mm
Stack Length (Ig) 250 | mm
Rotor Diameter (D,.) 101 mm
End Windings Length (lgy/) 23 mm
Air Gap Length (g) 1 mm
Slot Depth (ds) 15,5 | mm
Slot Width (wgs) 4.8 mm
Magnet Depth (d,;) 3 mm
Magnet Width (w,,) 15 mm

mG

Figure 85: Radial and axial cross section view of the MGUO11 Motor-CAD Model with increased aspect ratio.
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This dimension modification results in an increase of surface area given by:

Aoriginal =7-170-180 ~ 96133 mm? (5.4)

Apew =1 - 152 - 250 ~ 119381 mm? (5.5)

Which is an area increase of 24.2 %.

The thermal simulation result is presented in Figure 86.
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Figure 86: Transient thermal simulation of the model with increased aspect ratio using EGW60/40 Fuel as coolant.

This modification of the machine results in a slightly better cooling performance, especially for the
windings which temperature decrease approximately with 10 °C. A drawback with the increased stack
length is the winding resistance which increases. Due to the increased machine length, the winding length
also increases, resulting in a phase resistance of 6.2 m(), approximately 24 % greater than in the original
design of 5 mQ which increases the DC losses and therefore the heat generation. However, since the
cooling surface area is increased, it seems to transfer the heat enough to compensate for the increased
DC-losses.

5.2.3 Samarium Cobolt Magnets

In order to withstand the thermal stress from operating at high temperatures without demagnetizing the
magnets, one option is to change the magnetic material. As mentioned in the Section 2.1.3.2, one
alternative is the use of Samarium Cobalt magnets which has a higher coercivity and Curie temperature.

Using the approximated geometry of the Magneti Marelli machine in Motor-CAD and only change the
magnets from NeFeB30H to SmCo26H reduces the permanent magnetic flux since the remanet flux of
SmCo26H is lower than NeFeB30H. By performing a no-load operation simulation and measuring the
resulting flux linkage, the d-axis flux linkage, corresponding to the permanent magnet flux, was observed
to decrease from 52 mVs to 45 mVs.
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As an effect of the decrease in flux linkage the output torque will decrease and in order to compensate
for this loss, the magnet size has to increase. The magnet dimensions to keep a flux linkage of 52 mVs are
listed in Table 22 and are based on experimental iterations running no-load simulations in the Motor-CAD.

Table 22. Magnet dimensions to achieve a d-axis flux linkage of 52 mVs.

Magnet Width Depth Length Volume Density Weight Weight “All

Material [mm] [mm] [mm] [m3] [kg/m3] ”Single Magnets” [kg]
Magnet” [kg]

N30UH 19.1 3.5 180 1.2033e-5 | 7500 0.09 1.08

SmCo26H 21 4,2 180 1.5876e-5 | 8400 0.133 1.60

Increasing the magnet size to compensate for the lower remanence of SmCo compared to NdFeB results
in an approximate volume increase of 45 %. Since the magnets are embedded within the rotor core, this
increase in magnet volume has a corresponding reduction effect in the volume of rotor core material.
Assuming the rotor core is made of M350-50A electrical steel with a density of 7650 kg/m3, the effective
magnet weight increase is roughly 15 % instead of 45 %. Since the magnets is relatively small compared
to the rest of the components in the machine, the overall weight increase of the electric machine is only
0.3 % going from 38.84 kg to 38.97 kg.

5.3 Full Simulink Simulation Model

This section presents the results from the full Simulink simulation model. Section 5.3.1 shows the
simulation results of the two reference drive-cycles. Section 5.3.2 presents the simulation results of two
different tests to verify the over-modulation strategy. Finally the results of the thermal simulation model
is presented in Section 5.3.3.

5.3.1 Drive-cycle test

Two different drive-cycles examples (or flight missions as they are called in the aviation industry), that
represents the cruise phase of a flight and machine running in idle, were used. These drive-cycle examples,
which can be seen in Table 18, consists of cruise, which runs at a speed of 17000 rpm and a torque of 56.2
Nm and, idle, which has a speed of 12750 rpm with a torque of 74.9 Nm.

Both drive-cycles examples are simulated with the machine running in linear modulation and six-step
modulation. The simulated machine and power electronics can handle both drive-cycles without having
to enter over-modulation. In order to force the model to run in six-step operation at the same speed Uy,
was lowered to 270 V as explained in 3.4.1.
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5.3.2 Linear to Six-step test

To test if the model can go from linear modulation to six-step modulation, two different drive-cycles were
used. Since the point of the tests is to go into six-step Uy, is decreased to 270 V. The first drive-cycle
ramped up the speed from 0 rpm to 17000 rpm over a period of 0.01 s, held it at 17000 rpm for another
0.01 s and then ramped it down again with a constant torque of 70 Nm. The drive-cycle can be seen in
Table 23 and the Figure 91 shows the reference voltage, over-modulation level (where 1 is linear, 2 is the
transition between linear and six-step and 3 is six-step), mechanical torque, mechanical speed, d- and g-
axis current and back-EMF is plotted through the drive-cycle.

The second drive cycle jumped from 7000 rpm to 16000 rpm, back down to 7000 rpm and then back up
to 16000 rpm, all while holding 0 Nm of torque. The drive-cycle can be seen in Table 24 and the plot that
shows the reference voltage, over-modulation level, mechanical torque, mechanical speed, d- and g-axis
current and back-EMF is shown in Figure 93. There are also plots for the second drive-cycle that show the
a- and B-axis voltages and the a-, B-, d- and g-axis currents at different parts of the drive-cycle, which can
be seen in Figure 94 to Figure 97.

Finally, Figure 98 shows a plot of how the reference and actual voltage in the transition from linear
modulation to six-step modulation.

Table 23: Drive-cycle 1 for the over-modulation test.

Duration [s] Torque [Nm] Torque [Nm] Speed [rpm] Speed [rpm]

[start] [end] [start] [end]
0.01 70 70 0 17000
0.01 70 70 17000 17000
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Table 24: Drive-cycle 2 for the over-modulation test.

Duration [s] Torque [Nm] Torque [Nm] Speed [rpm] Speed [rpm]

[start] [end] [start] [end]
0.01 0 0 7000 7000
0.01 0 0 16000 16000
0.01 0 0 7000 7000
0.01 0 0 16000 16000
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Figure 93: Plot of drive-cycle 2 for the over-modulation test.
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Figure 98: Reference voltage (u_abc*) and actual voltage (u_abc) during transition from linear modulation to six-step
modulation.

5.3.3 Thermal model

In Table 25 to Table 28 the maximum thermal resistance is presented for each transistor type. For IGBT
the highest thermal resistance was simulated without the temperature exceeding that specific transistors
limit during switching conditions (Ty; o in formula sheets). This temperature limit is 125 °C for IGBTs and
175 °C for SiC. After the thermal resistances are presented, they will be compared to different commercial
heat-sinks to see how the results compare to real heat-sinks.

Table 25: Maximum simulated thermal resistance for drive-cycle: cruise with linear modulation.

Cooling fluid IGBT SiC (FF6) SiC  (FF1)
temperature [°C] [°C/W] [°C/W] [°C/W]

20 0.0875 0.0825 0.4

60 0.0425 0.05 0.29

Table 26: Maximum simulated thermal resistance for drive-cycle: cruise with six-step modulation.

Cooling fluid IGBT SiC (FF6) SiC (FF1)
temperature [°C] [°C/W] [°C/W] [°C/W]

20 0.05 0.025 0.235

60 0.019 0.007 0.165
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Table 27: Maximum simulated thermal resistance for drive-cycle: idle with linear modulation.

Cooling fluid
temperature [°C]
20

60

IGBT
[°C/w]
0.0875
0.0425

Sic
[°C/w]
0.0825
0.05

(FF6) SiC  (FF1)

[°C/w]
0.4
0.29

Table 28: Maximum simulated thermal resistance for drive-cycle: idle with six-step modulation.

Cooling fluid
temperature [°C]
20

60

IGBT
[°C/w]
0.0425
0.015

100

SiC  (FF6) SiC  (FF1)

[°C/w]
0.019
0.002

[°C/w]
0.21
0.15



6 DISCUSSION

This section reflects on the results of the simulations of both the PMSM and the power electronics. It is
divided in a discussion about the PMSM model alignment with the measurements as well as how the
modified PMSM models performs. Furthermore, the component of the power electronics are compared
and discussed as well as the performance of the control strategy. Lastly, the key sources of uncertainties
during the project are discussed.

6.1 PMSM Model Validation
The model validation of the Motor-CAD and Simulink model of the PMSM in Section 5.1 shows that the
models align relatively well with the measurements conducted on the MGUO11.

In Table 12, there are some minor deviations in the output torque between the models and the
measurements. However, the desired output torque from the system requirements is still achievable, but
with other current combinations due to the different inductances in the model. With losses and thermal
behavior in the Motor-CAD model being relatively close to the measured machine, it serves as a relatively
good representation of the real machine. To get an even more accurate model in Motor-CAD of the
machine, the internal geometry and materials are required.

However, the Simulink model should have the possibility to represent the real machine with relatively
high accuracy in absence of internal geometry and material specification since it is based on the
mathematical model which does not take geometry and materials into account. By measuring the voltages
at different operating points with constant currents, the inductances of the machine can be calculated by
Equation (3.25) and (3.26). With these inductances, look-up tables for the real machine can be built which
would give a more accurate model in terms of output torque for given current combinations.

The most significant deviation between the simulation models and real measurements is the estimation
of iron losses in the Simulink model. The iron losses are difficult to analytically calculate since it is
dependent on saturation effects and varying flux densities within the stator core. Therefore, the Simulink
model does not represent the iron losses very well.

The other approach of estimating the iron losses based on measurements at different operational points
may be more convenient for achieving more accurate iron loss estimations. This could be done creating a
look-up table with iron losses for different torque and speed combinations. Since the iron losses measured
was measured during no load, no torque could be applied which makes it hard to map the iron losses to
different operating points.

The thermal models, Simulink and Motor-CAD based, align well with each other but has an overall lower
temperature compared to the measurements of the reference machine as seen in Table 17 and in the
figures in the Section 9.2. It is possible to experimentally modify the cooling sleeve in Motor-CAD and from
that get an even more accurate thermal behavior but since the model is based on many assumptions, the
thermal results seem to be good enough for analyzing different cooling strategies.
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6.2 Electric Machine Sensitivity Analysis Insights and Desigh Recommendations

The sensitivity analysis of the electric machine reveals significant differences in thermal performance
between the two cooling fluids, jet Al fuel and EGW 60/40, as seen in Section 5.2.1. Jet Al fuel, due to its
relatively low thermal conductivity and specific heat capacity, is less effective as a cooling medium,
particularly at an operating temperature of 100 °C. As a result, maintaining the temperature below the
thermal limits with Jet A-1 alone is challenging.

To enable the use of jet fuel as a coolant, it would be necessary to replace some temperature sensitive
materials within the machine. For instance, samarium cobalt (SmCo) magnets present a viable alternative
to neodymium based magnets, as they offer a substantially higher maximum operating temperature,
approximately 350 °C, which exceeds the maximum magnet temperatures observed in all simulations.
Additionally, S2 fiberglass is a promising candidate for winding insulation in this context, given its ability
to withstand temperatures up to 425 °C. However, S2 fiberglass is not currently available as a
commercially established winding insulation material and may present challenges in terms of
manufacturability and implementation.

If more conventional solutions are used, the use of the water glycol mixture becomes necessary to ensure
that operating temperatures remain within thermal limits. With the water-glycol mixture as coolant, all
evaluated cooling topologies, except for slot cooling at the tooth tip, were able to maintain temperatures
below the critical thresholds. However, given that the thermal models tend to overestimate the machine’s
heat dissipation compared to measurement data, the only cooling strategy that can be expected, with a
reasonable degree of confidence, to keep the machine within thermal constraints is slot cooling
implemented between the conductors seen in Figure 82.

In Section 5.2 the cooling performance of different cooling topologies and cooling fluids are shown. By
utilizing temperature tolerant materials in combination with the water-glycol mixture as coolant, a
thermal margin between approximately 160-180 °C for the magnets and 265-325 °C for the winding
insulation can be achieved, depending on the cooling topologies employed. This thermal headroom
enables the possibility of increasing the current density which, although it leads to higher thermal losses
due to increased DC losses, increases the torque density due to the higher current. By maintaining the
same output torque, this increased torque density is expected to allow for a reduction in machine volume,
thereby effectively reducing the overall mass of the machine. By keeping the thermal headroom may lead
to an increased redundancy since the material are not operating at its maximum working temperature.

6.3 Component Selection

Simulation models of power electronics heat-sinks, as mentioned in section 3.4.5, do exist. However their
properties, especially the thermal resistance, depends on a number of different factors. The resistance
and capacitance can be characterized from the shape and size of the heat-sink, not taking convection into
account. But the air-flow as well as the cooling fluid has a huge effect on the resulting cooling capabilities
of the heat-sink. In order to present a result that can be used for future development of the model the
maximum thermal resistance of the heat-sink is presented is simulated, to handle a given drive-cycle with
a certain transistor with either linear modulation or six-step modulation. This can be used to test the
model with other drive-cycles, transistors or modulation schemes, but also when modeling heat-sink. A
discrete thermal resistive value can be used when researching this topic in the future. Table 25, Table 26,
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Table 27 and Table 28 shows the results of these simulations and the values vary greatly depending on
the transistor used.

The SiC transistor FFIMR12KM1HP outperform all others in all drive-cycles for both linear modulation and
six-step. The maximum thermal resistance allow for the heat-sink in order to keep the temperature at the
requirements ranged from 0.15 °C/W to 0.4 °C/W.

In linear operation the IGBT and the SiC FF6BMR12KM1H model gives pretty similar results. But in over-
modulation the IGBT outperformed. With the IGBT the heat-sink would have to have a maximum thermal
resistance of 0.0875 °C/W to 0.015 °C/W depending on drive-cycle and modulation.

The worst performer is the SiC FF6 MR12KM1H. It gives, as previously mentioned, similar results to the
IGBT in linear modulation but in six-step modulation it performs so poorly that it is unfeasible to cool it.
The maximum thermal resistance of 0.0825 °C/W to 0.002 °C/W, with the latter coming from a simulation
in the idle drive-cycle with six-step modulation and 60 °C of cooling fluid temperature. A thermal
resistance of 0.002 °C/W is unrealistic when looking at available heat-sinks from suppliers, even when
looking at forced cooling [36].

The big difference in cooling requirements for the SiC FF6 compared to the IGBT is partly due to the
characteristics of the SiC transistor, a lower switching time decreases the power lost and thereby heat
created, but also due the fact that SiC transistors can operate under higher temperature than IGBTs can.
The maximum temperature under switching conditions for the SiC transistors is 175 °C but the IGBT can
only operate at 125 °C. SiC FF6 outperforms SiC FF1 in due to its faster switching, which decreases
switching losses, and its lower internal resistance, which decreases conduction losses.

6.4 Control Strategy

The control strategy to transition from linear to six-step worked and the simulation model can run in both
linear and six-step modulation as shown in section 5.3. However, a comparison of different control
strategies is suggested in order to improve the control algorithm. The initial idea was to try to come up
with a control strategy that contributes to the existing solution given in [31]. Developing a strategy without
inspiration from published literature turned out to be an ambitious goal and the final design contains a
combination of new ideas that were developed by testing and designs from already published literature
in [31], where the saturation and scaling in the current controller, seen in Figure 36, as well as the linear
to six-step block in the modulation block, seen in Figure 40, was the our idea. Article [31] contributed with
the field weakening controller.

Even though the model can transition between the two types of modulation, it has to be further
developed in order to call the transition “smooth”. Looking at the reference voltage in Figure 98, the
transition from sinusoidal to square wave gives rise to transient (as can be seen between 0.03 s and 0.031
s of Figure 98). This does not make the transition between linear modulation and over-modulation as
smooth as anticipated. An early idea was to alter both the magnitude and angle of the voltage reference
signal and by doing that decreasing the transients when switching to six-step. Unfortunately, this was
unsuccessfully developed for this thesis which is why only the magnitude is controlled. Angle alteration is
used widely in over-modulation strategies [31] and should be investigated further before ruling it out.
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Another problem that was found was how the look-up tables, which output reference currents in d- and
g-axis from reference torque and reference speed, should be handled in six-step operation. When
entering six-step the look-up tables could no longer be used since they were made under linear
modulation conditions. The solution to this was the field-weakening block in the current control sub-
system. This field-weakening, explained in Section 3.4.2.2, only limited the current when the total current
exceeded what is allowed by the converter and when it did, it prioritized the d-current in order to counter
the back-EMF and then redirected the rest of the available current to the g-axis. This gave the current
controller the control it needed to regulate the voltage and current, even in six-step. In Figure 88 and
Figure 90 a static error can be seen between the reverence current and the actual current in both the d-
and the g-axis. This is because, in six-step modulation, the model tries to push the machine to its absolute
limits and the reference currents don’t know the limits of the actual currents. What is important is that
the model still should be able run the drive-cycle without losing control of the currents.

6.5 Sources of Uncertainty

Throughout this thesis, several sources of uncertainty have been identified that may influence the
accuracy of the results. These uncertainties are primarily due to limited access to detailed documentation
and experimental measurements such as machine dimensions, voltage and loss measurements during
different operational points. As a result, a number of assumptions were required in the development and
validation of the simulation models. The following section outlines and discusses the most significant
uncertainties encountered during the project.

6.5.1 MGUO11 Internal Geometry

As the MGUO11 machine from Magneti Marelli was used as the reference, the simulation models were
developed based on this machine. However, due to the lack of verified documentation regarding its
internal geometry and the lack of possibility to measure the dimensions of the machine, the model
development relied heavily on a series of assumptions. The picture of the inside geometry of the MGUO012,
shown in Figure 21, was found on the web [30]. While the source of this model provides limited
documentation and cannot be fully verified, it served as a valuable initial approximation.

Access to detailed drawings or verified design data would likely enhance the accuracy of the modeled
machine characteristics, resulting in closer alignment with the actual machine performance.

6.5.2 Simulink Simulation Models

When trying to represent the real world in a simulation, there will always be factors that cannot be
determined. Many uncertainties must be taken into account when analyzing the results, especially since
the simulation results could not be verified. One component of a converter that is hard to parameterize
is the transistors themselves. Just like any other component, they have tolerances. The characteristics
that describe them, taken from a formula sheet, only represent the specific transistors that were tested
to create the formula sheet under the specific conditions when the tests were made. Components also
age as they are heated up and cooled down again, which makes their values drift. For example, for SiC,
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the body diode can get an increased forward voltage and on-resistance [37]. For IGBTs the biggest concern
is a decrease in breakdown voltage [38].

Another uncertainty concerns the thermal model. Making a first order equivalent circuit model thermal
conduction each for three transistors pairs, the thermal grease and the heat-sink is substantial
simplification. In order to create an accurate model of a heat-sink, material properties, geometric details,
convective heat transfer, radiative heat transfer and fluid properties of the cooling fluid is needed. Since
this cooling system is part of a bigger cooling system integrated with other sub-system in the aircraft the
whole cooling system and the other subsystems need to be parameterized in order to make a model of
this.

6.5.3 Measurement Data

As one of the reference machines were unavailable during most of the project, it was not possible to
gather all measurements needed to actually validate the models towards the real machine as accurate as
planned. Without a braking machine acting as a load on the shaft, it was not possible to test different
operational points since no output torque can be held constant. Therefore it was hard to characterize the
machine.

However, there were some measurements conducted at different operational points before one of the
machines became unavailable. Those measurements included torque and speed for different current
references shown in Table 10 but did not include any measurements with the power analyzer. Hence it
was hard to use for characterization due to the missing voltage measurements. With measurements of
the voltages during certain operational points, more accurate look-up tables of the inductances would be
possible to achieve, hence the model would alignh more with the reference machine.

The measurements conducted with the power analyzer shown in Table 14 was a bit uncertain since it was
struggling finding a voltage reference due to the strong flux weakening effect with high negative d-axis
current. Hence, it displayed unrealistic values from time to time and therefore, only a few measurements
were chosen as valid. When the machine operated at 15050 rpm a significant increase in total losses was
observed. This deviation from the expected trend of loss increase with speed may be due to a
measurement error.

The position of the temperature sensors inside the MGUO11 are unknown. This uncertainty makes it
difficult to be certain on the validation between the model temperature and the actual measurements
since the measured temperatures could be at a different location.

When measuring the coolant flow in the test rig, a very simple method was conducted which gave a very
rough estimation of flow. Since the water used for cooling was from the tap and the flow was manually
set. It may vary between the different tests. For more accurate measurements a flow sensor would be
convenient during test.

The coolant temperature was also estimated to be 10 degrees since it varies from day to day depending
on the temperature in the water pipes and the outside temperature. For a better result, temperature
sensors at the inlet and outlet of the machine would increase the accuracy of the thermal measurements.
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/7 CONCLUSION

This thesis presents the model development and simulation of a PMSM and the power electronics with
its control algorithm driving the PMSM between linear and six-step modulation. In addition, two thermal
models are developed to simulate the heat generation and transfer within the PMSM and transistor
modules. The models are using Simulink in order to connect the PMSM model with the power electronics
and analyze the synergy between those models. However, to get a more accurate representation of the
PMSM, Motor-CAD is used to develop a geometry based model of the machine which could be analyzed
utilizing finite element analysis to estimate the core losses with higher accuracy. The Motor-CAD model
also enables evaluation of different cooling topologies with its thermal models.

In the Simulink model for the electrical drive system, it is found that the chosen approach for the over-
modulation strategy is successful in being able to go from linear modulation to six-step. Even though the
approach works, there is room for improvements and further research in this area has the possibility for
a smoother transition between the two modulation modes. The PMSM model in Simulink is showing a
good alignment with the Motor-CAD model but requires an improved iron loss estimation in order to get
an accurate machine representation. With more extensive measurement data from the real machine, the
PMSM model has the possibility to align with greater accuracy to the physical machine since the
inductances can be calculated and the iron losses can be fitted to the measured losses.

In the thermal simulation model of the transistor module it is found that switching to SiC transistors
significantly decreases the need for cooling compared to IGBTs. This is partly due to the faster switching
time that of the SiC but also the fact that SiC can operate under higher temperature 175 °C instead of 125
°C.

The thermal simulations of the PMSM conducted in Motor-CAD shows that the use of Jet Al fuel as coolant
is not feasable if conventional magnet and insulation materials are used. However, by incorporating more
temperature resistant materials, such as Samarium Cobalt magnets and S2 glassfiber, it seems achievable
to use Jet Fuel as coolant. Nevertheless, by instead using the water glycol mixture as coolant a significantly
improved heat transfer performance is achieved, resulting in a greater thermal margin. This additional
margin can be exploited to either keep the materials far from their maximum operating temperature,
leading to longer lifetime and thereby increasing the redundancy of the machine. The thermal headroom
also allows the machine to operate at higher temperatures, which can be utilized to redesign the machine
to allow for higher current density or reducing the needed cooling, thereby decreasing the size of the
machine or cooling system.

Therefore, to answer the research question about what thermal management strategies are necessary to
ensure a reliable operation of a PMSM in aircraft environments with the limited access to effective cooling
fluids. The combination of a water-glycol mixture and temperature-tolerant materials is concluded to be
the most suitable solution for this application. By using direct contact cooling through the slots shows the
most effective thermal performance but may be difficult to implement. By instead using a more
conventional spiral sleeve together with an increased aspect ratio shows a thermal performance still
under the temperature limitations and is simpler to implement.

The current control algorithm, which can go from linear modulation to six-step modulation and work in
the transition region in between the two states, can be implemented by limiting the voltage reference
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amplitude until the voltage reference magnitude becomes high enough for the algorithm to enter six-step
modaulation. In order to be able to control the currents when the reference voltage cannot be increased
further, a field weakening controller (which can be seen in Figure 37) is used. The field weakening
controller makes sure that, when the voltage magnitude has reached its limit, the d-current is prioritized
in order weaken the back-EMF and thereby remain in control of the currents.

The cooling capabilities needed in order for the converter to operate without the transistors exceeding
their maximum operating temperature, depends a lot on the transistor used. Where a converter with the
best performing transistor (SiC FF1) only requires a small heat sink, even at very high currents. However,
a converter using the worst performing transistor (SiC FF6) requires a heat sink with a very low thermal
resistance, when used in linear modulation. A converter with Si CFF6 is unfeasible to cool when used in
over-modulation.
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8 FUTURE WORK

This chapter outlines possible directions for future research and development building on the insight
gathered while doing this thesis. Section 8.1 covers the electric machine and what can be improved and
further investigated in that area. Section 8.2 goes into the possibilities of the power electronics and what
potentially can be improved. What can be done when it comes to the control strategy is covered in Section
8.3.

8.1 Electric Machine

To improve the PMSM Simulink model, the loss estimation method should be further developed in order
to get more accurate loss estimation. This requires more measurement data of the MGUOQ11 to fit the loss
model to the actual machine. Furthermore, if the Simulink model is the simulation environment to be
used for future research in this topic, the thermal model needs to be further developed. In its current
state, the model does not take the ambient or magnet temperature into account, which are important to
evaluate the machine’s thermal performance and limitation.

The primary objective of the PMSM model development was to create a simulation model that replicates
the performance of the MGUO11. In aiming to mirror the characteristics of the MGUOQ11, certain design
parameters, such as permanent magnet flux, pole-slot combinations, and winding configurations, were
held constant and not included in the sensitivity analyses. However, to identify an optimal machine design
for the intended generator application, these parameters requires further investigation and analysis.

Additionally, a topic initially considered in the project planning, but later omitted due to time constraints,
involved investigating a PMSM configuration with dual three-phase stator windings. Incorporating such a
design into the Simulink model enables evaluating operation with two independent control systems,
thereby enhancing system redundancy in the event of a failure. However, this configuration introduces
additional complexity, and the electromagnetic cross-coupling between the windings must be thoroughly
evaluated to understand the machine’s behavior under fault conditions.

8.2 Electrical System

In order to reach higher currents, voltages and thereby more power in electrical systems in the aviation
industry, it is essential to use new components that can handle the higher demands. As the field of
semiconductors evolves, so will the electrical power generation of aircrafts. In this thesis the only
comparison made is between IGBTs and two different types of SiC transistors. There are of course a wide
range of transistor models, including GaN and other SiC models than those used in this thesis, to evaluate
for the future electrical systems of aviation.

A topic that was not researched in this thesis is the use of multilevel converters. The converters of the
electrical system used in this thesis has two levels, made up of 2 transistors per phase. Using 4 transistors
per phase instead of two halves the current ripple and lowers the losses, since they partly depend on the
voltage difference over the transistor being opened or closed. There are also cascade-coupled converters
where there is a built-in redundancy in each phase. If one transistor were to brake, the only thing that
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would happen is that that specific phase becomes level is reduced by one (e.g. that one phase of a 3-level
converter becomes a 2-level).

8.3 Control Strategy

Even though the final control strategy was harder to develop than first expected which meant that there
was not enough time to follow through with the original plan and evaluate different control strategies
compare them to each other, the results still show the value in conducting that comparison in the future.
The final results show that the control works, but leaves something to be desired. With the full simulation
model as a foundation, there are a lot of possibilities to develop and evaluate other ways of controlling
the current in advanced modulation schemes.
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9 APPENDIX

9.1 Thermal Network Parameters

Table 29: Estimated internal dimensions of MGU011

Parameter name

Wst_ave

ins
liner
slot_airgap
W]_airgap
W] _lam

Value
7.4
9
4.8
15.5
12
3.8
0.1
0.3
0.1
0.01

Table 30: Material properties used for thermal modelling.

Parameter
/1cu
Acore
Aalu
Ains
Aliner

Aair

Table 31. Thermal resistances.

Thermal Resistances

R

iNStangential

linereangential

R

windingeangential

Value
401
30
168
0.21
0.21
0.032

Calculation

WC u

2
Acu ’ hcumt : lstk

lins

airgapiangential

Ains : (dss - liner) : lstk

lliner
Aliner . dss . lstk
lairgap

Aliner : dss : lstk

Unit  Description
mm | Stator average tooth width
mm | Stator yoke width
mm | Stator slot width
mm Stator slot depth
mm | Winding depth (including all conductors)
mm Winding width
mm Insulaion thickness
mm Liner thickness
mm | Airgap between liner and stator core
mm | Airgap between yoke and cooling sleeve
mm Water jacket thickness
Unit Description
W/ °C Copper thermal conductivity
W/ °C M350-50A thermal conductivity
W/ °C Aluminium thermal conductivity
W/ °C Insulation thermal conductivity
W/ °C Liner thermal conductivity
W/ °C Air thermal conductivity
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Riootn tangential

RtOOthradial

RWindingradial

R

iNSrqdial
R”nerradial
Ryoke

RCoolingSleeve

2
d
Acore : % . lstk
dss
2
w
/lcore : TSt : lstk
hcutot
2
W,
Acu . % . lstk
lins
W,
Ains : % : lstk
lliner
%%
Aliner : 2c : lstk
WSy
Wgt + W,
Acore - =St 2 = lstk
W]lam
Wst + W,
Aalu - —St 2 S lstk

Table 32. Thermal Capacitances.

Thermal Masses Calculation

Cwinding @ Lo + EWV; C
Cuot * 5 (Ustx MLT) * Peu * Peu
Ctooth Wet * dss ’ lstk . C
2 Pcore Pcore
Cyoke Wst + Wss
Y 2 *Wsy * lstk * Pcore Cp,:ore
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9.2 Drive Cycle Temperature Measurements and Simulations
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Figure 99: Temperature measurement of MGUO11 during Drive Cycle 1.
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Figure 100: Motor-CAD thermal simulation of Drive Cycle 1.
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Figure 101: Simulink thermal simulation of
Drive Cycle 1.
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Figure 102: Temperature measurement of MGUO11 during Drive Cycle 2.
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Figure 103: Motor-CAD thermal simulation of Drive Cycle 2.
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Figure 104: Simulink thermal simulation of

Drive Cycle 2.
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Figure 105: Temperature measurement of MGUO11 during Drive Cycle 3.
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Figure 106: Motor-CAD thermal simulation of Drive Cycle 3.
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