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Abstract

The design of electrical machines is complicated due to the number of variables involved and due to
competing objectives like efficiency, weight and cost. Another important aspect is the involvement of
different physical phenomena such as torque production, electromagnetic fields and thermal heat flow,
Thus designs need to satisfy multiple constraints and fulfill competing objectives making the design
process tedious. Multi-Objective Optimisation algorithms provide a set of designs that are Pareto opti-
mal i.e. any improvement in one objective comes at the cost of performance in another objective. This
gives the designer a set of designs with different trade-offs between objectives and they can choose
the design that satisfies the objectives and constraints the best.

There are numerous commercial software available that provide these functionalities. However the
methods used to model machines within these packages are not available or cannot be changed.
They are also usually expensive. This makes the exploration of new limits and new topologies difficult.
Using open source packages allows us to modify these methods according to our application and gives
greater control over the process.

This thesis uses PYLEECAN python library that is based on FEMM software to perform the analysis of
the machine. A six time-step magnetostatic analysis method to calculate the average torque and iron
losses in the stator and rotor core is presented along with methods to calculate the copper losses and
windage losses. A steady state Lumped Parameter Thermal Network (LPTN) is developed to calculate
the temperatures of various parts of the machine. The LPTN is capable of estimating the temperatures
under natural convection and forced air cooling conditions.

Finally a MOO framework was developed using the models developed and the PYMOO python library.
This thesis uses NSGA-II to perform the MOO. The MOO framework was used to optimise the design of
amachine for a drone application and explore the specific power density limit of themachine. The power
density limit was found to 5 − 7 kW/kg based on different slot pole combinations, winding temperature
limits and core material used. Further, insights into how different machine parameters affect the specific
power density are presented.
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1
Introduction

1.1. Background
The design of electrical machines is complicated due to the number of variables involved and due to
competing objectives including efficiency, weight and cost. Another important aspect is the involvement
of different physical phenomena such as torque production, electromagnetic fields and thermal heat
flow, which makes it important to have multiple models to predict these behaviours. Currently, there are
various commercial packages available that provide these functionalities. However, these packages
have expensive licensesmaking dedicating these resources to exploring newer boundaries and designs
difficult. Furthermore, since these software packages are proprietary, the methods used to perform the
calculations for various models are either unknown or cannot be changed. Having an open-source
software package with a free license can help us overcome these problems and allow us to have
greater control over the models.

Electrical machines are the movers of our world. With applications ranging from small drone motors
to large wind turbine generators, electrical machines have increasing penetration in the industries of
the world. This has been possible mainly due to the development in power electronics in recent years
allowing us to design machines that can operate at higher frequencies and torque. One of these appli-
cations is in the aerospace domain. The development of electric aircraft as well as drones has led to
tighter requirements for specific torque density as well as higher efficiencies to increase the flight time
from the same battery size [1]–[4].

To fulfil this demand traditional methods of machine design are not enough [5], [6]. Current machine
design methods rely on the experience of the designer to reduce the design space to manageable
levels and use insights developed with experience to decide the flow of the optimisation. However,
this makes the entry of new individuals as well as the development of new topologies difficult. A better
method of analysing the design space to reduce choices is required. This makes use of Multi-Objective
Optimisation (MOO) an attractive option. MOO techniques can be used to explore the design space
systematically and derive insight into what parameter choices lead to better machines.

There have been many projects that use MOO to achieve various objectives for different machine
topologies [7]–[9]. [10] provides an overview of various developments where MOO has been used for
electrical machine designs. These developments use analytical or numerical calculations to model the
machines. Numerical analysis especially for the magnetic field distribution is preferred over analytical
equations due to the non-linear nature of magnetic field distribution as well as lower accuracy due to
simplifying assumptions made in analytical equations [11]. However numerical methods have high time
complexity and could lead to large evaluation times for each generation of MOO which is undesirable.
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2 1. Introduction

Completing one MOO of electrical machines using numerical methods to solve for electromagnetic
fields can take 1-2 days [8] or even up to a week [10] using high end computers. Another method used
is the computationally efficient modelling method where the two techniques are combined by utilizing
inherent symmetries in the machine and using space-time transformations to extract total information
from a small part of the machine that is simulated [12]. This method, however, is problem specific
and cannot be extended to the evaluation of different designs for example for different slot pole com-
binations and is hence not useful for developing a generic framework. However, it could lead to large
improvements in time complexity for problems where it can be used. Thus numerical methods are used
in this thesis specifically 2D Finite Element Analysis for its good compromise between time complexity
and accuracy of results.

There are many MOO algorithms available that can be used based on the optimisation that has to
be run. Population-based MOO algorithms have been gaining popularity for the design of electrical
machines as they do not need to calculate gradients and can handle a large variety of objective func-
tions [10]. These algorithms instead of providing a single result provide a set of results that are non-
dominated and Pareto optimal. Pareto optimal solutions are solutions for which any improvement in
one objective comes at the cost of loss of performance in another objective.

The flowchart shown in figure 1.1 gives a general idea of how population-based MOO algorithms work.
A new generation of solutions is created by using the surviving population of the previous generation.
For the first iteration, a random parent population is chosen. We then evaluate these solutions on
the objective criteria and check the constraint conditions. This is followed by implementing survival
criteria that choose better performing solutions while maintaining diversity in the population to avoid
local convergence. The surviving population is then used to create a new generation and this process
is continued till the exit condition of the algorithm is reached.

Figure 1.1: Flow chart of MOO Routine

Since the algorithm choice is dependent on the application it is being used for, no particular algorithm is
chosen. Non-Dominated Sorting Genetic Algorithm (NSGA-II) is used to demonstrate how the frame-
work works but this can be easily changed based on requirements or preferences.

1.2. Research Focus
This thesis focuses on the development of a MOO framework for electrical machines based on multi-
physical models. This framework developed is then used to gain insights towards design trade-offs of
electrical machines for drones. The models developed are applicable for Surface Mounted Permanent
Magnet Synchronous Machines to limit the scope of the thesis. However, efforts have been made
to write the code in a modular way such that snippets can be reused to develop models for other
topologies. Furthermore, the development of the power electronics drives as well as the mechanical
design and structural analysis is beyond the scope of this thesis.
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1.3. Thesis Objective
This thesis originates from a desire to develop a MOO framework that can be used to explore the limits
of performance of existing topologies as well as new machine topologies. This framework is based
on open-source software packages to make it accessible for all. The framework needs to accurately
analyse hundreds of machine designs in a short time. To achieve this goal three objectives have to be
fulfilled:

• Develop multi-physical models of electrical machines with low time complexity;

• Design a multi-objective optimisation framework based on the multi-physical models;

• Explore the specific power density(kW/kg) for an aerospace application using the developed
framework.

1.4. Research Approach and Thesis Layout
The thesis is divided into six chapters:

• Chapter 1 covers the Introduction which provides the motivation and objectives of the thesis.

• Chapter 2 deals with the development of the multi-physical models and the calculations per-
formed to deliver the torque, losses and thermal distribution of the machine.

• Chapter 3 verifies the multi-physical models using previous studies and also checks the viability
of the thermal model.

• Chapter 4 deals with the MOO and its implementation.

• Chapter 5 presents the results obtained from the MOO and presents insights into the design of
drone machines.

• Chapter 6 provides a conclusion of the work performed and recommends future developments
that can be performed.



2
Multi-Physical Modelling of an Electrical

Machine

This chapter introduces the methods used to evaluate machine designs by considering multi-physical
performance indicators. We begin by performing electromagnetic analysis of the magnetic field dis-
tribution in the machine using 2D Finite Element Analysis. This is then used to calculate the losses
in the machine which can be used to calculate the efficiency of the machine as well as the thermal
performance. Then we perform thermal calculations to complete our evaluation.

In the coming sections, the analysis of the machine is performed in the synchronous reference frame
using park transformation [13]. Using the park transformation is advantageous as it simplifies the
analysis by converting sinusoidal variables in the stationary reference frame to DC variables in the
synchronous reference frame which is rotating at synchronous speed. The amplitude invariant form of
park transformation is used in this analysis.

2.1. Magnetic Model
Estimating the magnetic field distribution inside an electrical machine is a complex task due to the non-
linear BH curve for the core iron as well as a large number of design variables. There are analytical
methods that use simplifications and iterative calculations to calculate themagnetic field usingmagnetic
circuit theory [14]. However, this method does not yield any information about the MMF harmonics and
leakage flux. It is usually used at the beginning of the design process to get an estimate of themachine’s
dimensions.

With increasingly powerful computers being available numerical methods have become preferable com-
pared to analytical calculations for detailed machine analysis. The geometry of the machine is defined
and broken into smaller cells (often triangular) called a mesh as shown in the example of figure 2.1.
We then solve Poisson’s equation numerically to get the magnetic field distribution [15]. However nu-
merical analysis methods are time-consuming and therefore a trade-off between performance and time
complexity has to be considered especially when performing optimisation. A 3D Finite Element Analy-
sis (3D-FEA) provides accurate information about the machine and a complete model of the machine
can be created. 2D-FEA ignores the end effects on the magnetic field as well as the end windings
cannot be modelled in 2D but the time complexity is significantly lower. This makes 2D-FEA much
more attractive for MOO. This thesis uses 2D-FEA to perform electromagnetic analysis.

There are numerous finite element solvers available commercially as well as open source software
which can fulfil our requirements. The next section discusses the choice of solver in detail.
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2.1. Magnetic Model 5

Figure 2.1: 2D FEA model of an external rotor PMSM showing the geometry and meshing created using PYLEECAN

2.1.1. Choice of Solver
Since one of the aims of this thesis is to develop an open-source optimising platform for researchers it is
important that the software packages used are free and open-source. Commercial packages are often
robust and require little to no coding knowledge and thus are easy to use. But commercial packages
are often restrictive in their use as the calculation methods for various features are either not available
or cannot be changed [16]. By using an open source package we have the source code of the software
available which provides us with greater control over the execution and opens up the possibility of per-
forming parallel computations which may end up saving computation time [16]. Moreover, for research
purposes, it is often required to implement new models or methods, which is impossible to do in closed
commercial packages.

FEMM is one of the most commonly used open source FE solvers available [17]. FEMM also supports
use through MATLAB which can be used to perform MOO using existing libraries available in MAT-
LAB and utilize MATLAB for post-processing and visualisation [16], [18]. There are some open source
software packages available that provide support for creating the geometries of specific machine types
[17], [19]. However, this still leaves the complex task of generating the geometries and assigning ma-
terials to the different parts of the machine to the user which might be time-consuming when comparing
across machine types.

Smeklib is a MATLAB toolbox that provides 2D Finite Element Analysis ability [20]. However, the
problem of generating machine geometry is not solved and is only available on a subscription basis.
PYLEECAN is a python library which also uses FEMM as its FE solver but easily generates the machine
geometry from the design variables [21]. The library is currently under development and provides online
support as well. There are some other libraries which can be used but their support is found to be lacking
[22], [23]. This makes it the ideal choice for this project as we can directly focus on the optimisation
without having to worry about geometry generation. The library further has post-processing scripts
which are open source making it easy for the user to customise them to their particular use case.
Table 2.1 provides a further comparison of PYLEECAN with some other options available.

Table 2.1: Comparison of PYLEECAN with some other open source software

Criteria PYLEECAN xfemm SMEKlib
Geometry Generation from machine parameters Yes No No

Object-oriented programming for pick and plug application Yes No No

Although PYLEECAN supports the evaluation of different kinds of machines such as InductionMachine,
Synchronous ReluctanceMachines, Interior Permanent Magnet Machines and so on and even provides
a way to define new topologies [21], the developments in this thesis have been limited to Surface
Mounted Permanent Magnet Synchronous Machines (SPMSM) since it is the most promising topology
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used in drones [2], [4], [24], [25]. However, these multi-physical models can be easily extended to other
topologies either directly or with small modifications.

The code used for generating the machine design is presented in appendix A. This is used in further
sections to generate the models that are being discussed and processed for various calculations.

2.1.2. Flux Linkage Calculation
The flux linkage of any contour is defined as the total magnetic flux passing the contour.

Ψ = ∫
𝑆
𝐵⃗ ⋅ 𝑑𝑆 (2.1)

For the context of coils, the flux linkage is defined as

Ψ = 𝑇𝑐∫
𝑆
𝐵⃗ ⋅ 𝑑𝑆 (2.2)

Where Ψ is the flux linkage of the winding, 𝑇𝑐 is the number of turns in series per coil, 𝐵⃗ is the magnetic
flux density and 𝑆 is the total surface area enclosed by the windings. PYLEECAN directly provides a
function to calculate this for each static FEA performed.

The flux linkage of a winding depends on the permeance seen by the magnetic field and the turns
distribution of the winding. Ideally, we assume that the turns are placed in the air gap directly and the
winding turns are sinusoidally distributed. This gives us a sinusoidal flux linkage. However in reality
the turns are placed in slots cut in the stator instead of the air gap to keep the air gap reluctance low
[26]. This means that the air gap permeance is a function of rotor position. Also, the turns cannot be
realistically placed sinusoidally are placed in bunches in the slots. This leads to the flux linkage having
higher harmonics as well. These higher harmonics do not contribute to torque production as their
torque output averages to zero over one electrical cycle. They increase the losses and vibrations in the
machine as well as the torque ripple. In [27], the authors discuss that the most significant harmonics
present in the flux linkage are of the 6𝑡ℎ order and its multiples in the synchronous reference frame.
Figure 2.2 shows the d axis flux linkage in the synchronous reference frame for an Outer Rotor Surface
Mounted Permanent Magnet Synchronous Motor described in section 3.1 over one electrical cycle. It
can be seen that the flux linkage has 6𝑡ℎ order harmonics and its multiples. Since our goal is to analyse
hundreds if not thousands of designs, the addition of even one more time step could lead to an increase
of many minutes of evaluation time in the MOO routine. Thus we must perform sufficient analysis to
get accurate enough results and not more than that.

If we sample the flux linkage such that the harmonics present are antiperiodic they will be eliminated
when we average the flux linkage across the samples. For example let us consider that the d-axis flux
linkage has zeroth harmonic Ψ𝑑0 and 6𝑡ℎ and 12𝑡ℎ harmonics have peaks Ψ𝑑6 and Ψ𝑑12 and phase
angle 𝜙𝑑6 and 𝜙𝑑12 respectively. The d-axis flux linkage as a function of rotor position (in electrical
radians) 𝜃𝑒 is then given by

Ψ𝑑(𝜃𝑒) = Ψ𝑑0 +Ψ𝑑6𝑒𝑗(6𝜃
𝑒+𝜙𝑑6) +Ψ𝑑12𝑒𝑗(12𝜃

𝑒+𝜙𝑑12) (2.3)

If we sample at rotor positions (in electrical radians) 𝜃𝑒 = [0, 𝜋12 ,
𝜋
6 ,
𝜋
4 ]

Ψ𝑑(0) = Ψ𝑑0 +Ψ𝑑6𝑒𝑗𝜙𝑑6 +Ψ𝑑12𝑒𝑗𝜙𝑑12 (2.4)

Ψ𝑑(
𝜋
12) = Ψ𝑑0 +Ψ𝑑6𝑒

𝑗(𝜋2+𝜙𝑑6) +Ψ𝑑12𝑒𝑗(𝜋+𝜙𝑑12) (2.5)

Ψ𝑑(
𝜋
6 ) = Ψ𝑑0 +Ψ𝑑6𝑒

𝑗(𝜋+𝜙𝑑6) +Ψ𝑑12𝑒𝑗(2𝜋+𝜙𝑑12) (2.6)

Ψ𝑑(
𝜋
4 ) = Ψ𝑑0 +Ψ𝑑6𝑒

𝑗( 3𝜋2 +𝜙𝑑6) +Ψ𝑑12𝑒𝑗(3𝜋+𝜙𝑑12) (2.7)
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Figure 2.2: D-axis flux linkage in the synchronous reference frame for an outer rotor SPMSM

Adding the four equations we get

Ψ𝑑(0)+Ψ𝑑(
𝜋
12)+Ψ𝑑(

𝜋
6 )+Ψ𝑑(

𝜋
4 ) = 4Ψ𝑑0+Ψ𝑑6𝑒

𝑗𝜙𝑑6(1+𝑗−1−𝑗)+Ψ𝑑12𝑒𝑗𝜙𝑑12(1+−1+1−1) (2.8)

Ψ𝑑0 = [Ψ𝑑(0) + Ψ𝑑(
𝜋
12) + Ψ𝑑(

𝜋
6 ) + Ψ𝑑(

𝜋
4 )]/4 (2.9)

Similarly, we can calculate for q-axis flux linkage

Ψ𝑞0 = [Ψ𝑞(0) + Ψ𝑞(
𝜋
12) + Ψ𝑞(

𝜋
6 ) + Ψ𝑞(

𝜋
4 )]/4 (2.10)

We can see that the 6𝑡ℎ and 12𝑡ℎ harmonics are eliminated from the average for the chosen rotor
positions. An example of this sampling is shown in figure 2.3.

In electrical machines, only the zeroth flux linkage components in the synchronous reference frame
lead to useful torque, so it is important to extract them from all harmonics. This derivation can also be
extended to torque calculations as shown in the next section.

2.1.3. Torque Calculation
The torque production in a PMSM is due to the interaction of themagnetic field produced by themagnets
and the copper coils. The relation between torque and input current is given by

𝑇𝑒𝑚 =
3
2𝑝Ψ⃗ × 𝐼 (2.11)

where 𝑇𝑒𝑚 is the electromagnetic torque, 𝑝 is the number of pole pairs,Ψ⃗ is the flux linkage space vector
and 𝐼 is the current space vector. For SPMSM with maximum torque per ampere control, this equation
simplifies to

𝑇𝑒𝑚 =
3
2𝑝Ψ𝑀𝐼𝑞 (2.12)

Where Ψ𝑀 is the flux linkage due to permanent magnets and 𝐼𝑞 is the q axis current both in the syn-
chronous reference frame.
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Figure 2.3: D-axis flux linkage higher harmonics with specified sampling points

Another method for calculating the torque is to use Maxwell’s stress tensor [28]. Since we know the
airgap flux density in the radial and tangential direction from the 2D-FEA this is an easy way to calculate
the torque.

𝑇𝑒𝑚 =
𝑙
𝜇𝑔 ∫𝑆

𝑟𝐵𝑟𝐵𝑡𝑎𝑛𝑑𝑆 (2.13)

Where 𝑙 is the effective stack length, 𝑔 is air gap thickness, 𝑟 is the average bore radius, 𝐵𝑟 and 𝐵𝑡𝑎𝑛
are radial and tangential magnetic field density and S is the area composed of the air gap in the plane
of the machine.

If we consider that the input current is purely sinusoidal we can then see that the harmonics of torque
will follow the harmonics of the flux linkage. The assumption of input current being sinusoidal is not
always true since power electronics will introduce time harmonics, however, in the design process, we
only consider the average torque hence higher harmonics are neglected. Thus we can calculate the
average torque delivered as

𝑇𝑒𝑚,𝑎𝑣 = [𝑇𝑒𝑚(0) + 𝑇𝑒𝑚(
𝜋
12) + 𝑇𝑒𝑚(

𝜋
6 ) + 𝑇𝑒𝑚(

𝜋
4 )]/4 (2.14)

Where 𝑇𝑒𝑚(𝜃𝑒) is the torque calculated from 2D-FEA simulation results using Maxwell’s stress tensor
shown in equation (2.13).

2.1.4. Back EMF Calculation
The back EMF in an electrical machine is present due to the varying magnetic field and is defined as

𝐸 =
𝑑Ψ𝑝
𝑑𝑡 (2.15)

Where Ψ𝑝 is the flux linkage of one phase. We have already calculated the zeroth harmonic of the flux
linkage, since the flux linkage is sinusoidal the equation can be simplified as

Ψ𝑝 = √Ψ2𝑑0 +Ψ2𝑞0

𝐸 = 𝜔0Ψ𝑝 (2.16)
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𝜔0 = 2𝜋𝑓𝑒𝑙𝑒𝑐 = 𝜋𝑝
𝑛
30

where 𝑓𝑒𝑙𝑒𝑐 is the electrical frequency, 𝑝 is the number of pole pairs and 𝑛 is rotor speed in RPM.

2.2. Loss Calculations
Loss calculations is one of the most important evaluation performed when designing electrical ma-
chines, not only because they help us estimate the efficiency of the machine but also because they
help us determine where the heat is being generated so that a powerful enough cooling system can
be added. Major sources of losses in electrical machines include iron losses, copper losses, magnet
losses, windage losses and bearing losses [28]. Iron losses, copper losses and windage losses cal-
culations are discussed in the coming sections. Magnet losses are ignored as they are usually small
in magnitude [29]. If the magnet losses are significant we can reduce them either by segmenting the
magnets or reducing the spatial harmonics [30], [31]. Bearing losses are dependent on the diameter of
the bearing and the forces applied to it [28]. These values are difficult to calculate but will not change for
a constant operating point and are thus ignored when calculating the losses for the machine. However,
the actual efficiency will be lower than that used for the MOO. A sufficient margin should be assumed
when selecting designs from the Pareto optimal solution set.

2.2.1. Iron Loss Modelling
Twomethods for iron lossmodelling are explored. The first method uses a static 2D-FEA to estimate the
losses and the second method uses the time step simulation with two more rotor positions evaluated.

For the static method, a relation between the stator teeth and stator yoke magnetic field density and
air gap magnetic field density is derived. We use magnetic circuit theory for this [14]. Let the rotor be
positioned such that the magnetic field is maximum in the stator teeth and yoke. We assume that the
relative permeability of the stator iron is high and all the magnetic flux is travelling through the stator
iron. Then the magnetic flux passing through the teeth is equal to the total magnetic flux entering the
slot pitch for that teeth. For the yoke, there are two paths which the flux can travel and thus the magnetic
flux in the yoke is half that entering the slot pitch. Typical flux lines for stator teeth and back iron are
shown in figure 2.4.

Figure 2.4: Typical Flux lines in stator teeth and back iron

This leads to the following relations.

𝐵𝑡,𝑝𝑘 =
𝜏𝑠
𝑤𝑡
𝐵𝑎𝑔,𝑝𝑘 (2.17)

𝐵𝑦,𝑝𝑘 =
1
2
𝜏𝑠
𝑤𝑦
𝐵𝑎𝑔,𝑝𝑘 (2.18)

Where 𝐵𝑎𝑔,𝑝𝑘 is the peak airgapmagnetic flux density, 𝐵𝑡,𝑝𝑘 and 𝐵𝑦,𝑝𝑘 are the peakmagnetic flux density
in the teeth and yoke respectively, 𝜏𝑠 is the slot pitch in meters and 𝑤𝑡 and 𝑤𝑦 are the thickness of the
teeth and the yoke respectively.
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The magnetic field in the air gap rotates with the rotor. Thus the spatial distribution of the magnetic field
density in the air gap will be seen by each teeth and yoke as a function of time. We can thus use the
calculated peak magnetic flux density to estimate the losses assuming that it oscillates at the operating
frequency because of the air gap relation. Thus we can calculate the iron loss density using the Bertotti
Loss model [32] for the yoke and teeth and finally the total loss can be calculated.

𝑝𝑑𝑒𝑛 = 𝐾ℎ𝑦𝑠𝑓|𝐵|2 + 𝐾𝑒𝑑𝑑𝑓2|𝐵|2 + 𝐾𝑒𝑥𝑐𝑓1.5|𝐵|1.5 (2.19)

𝑃𝐼 = 𝑝𝑑𝑒𝑛𝑣𝑜𝑙𝜌𝑑 (2.20)

Where 𝐾ℎ𝑦𝑠,𝐾𝑒𝑑𝑑 and 𝐾𝑒𝑥𝑐 are the loss hysteresis, eddy current and excess loss coefficients which are
dependent on the material properties. 𝑣𝑜𝑙 is the volume of the part whose losses are being determined
and 𝜌𝑑 is the mass density of the material. It is important to note here that the loss coefficient should
match the calculation whether it is mass-based or volume-based.

It should be noted that we assume that all the flux from the air travels through the stator teeth and stator
yoke and thus the calculation can be inaccurate when a large amount of flux returns from the teeth tip
or through the slot (especially in machines with an almost equal number of slots and poles) as shown
in figure 2.5.

This method cannot be extended to the rotor iron loss calculations as the air gap flux density rotates
with the rotor and is thus stationary if seen from the rotor. The rotor losses are due to higher harmonics
and these cannot be extracted using a static 2D-FEA.

Figure 2.5: Flux returning through stator teeth tip and slot instead of going through the teeth and yoke

The static 2D-FEA method fails to provide any information about the harmonics as well as averages
the flux density across the whole stator this is not correct as there are some parts of the stator that get
significantly higher flux densities like near the teeth and yoke junction and some parts where the flux
density is lower. Thus a time-step FEA which can measure the waveform of the magnetic flux density
per cell in the mesh is needed.

Sincewe already have the time-step FEA solutions for 𝜃𝑒 = [0, 𝜋12 ,
𝜋
6 ,
𝜋
4 ]we can extract more information

by adding two more time steps for rotor positions 𝜃𝑒 = [𝜋2 ,
3𝜋
4 ] and extract the peak of 1𝑠𝑡 and 3𝑟𝑑

harmonic of the x and y component of the magnetic field density per cell in the mesh solution generated
using Discrete Fourier Transforms. These peaks can then be used to calculate the loss density due to
both changes in the x and y directions which can be summed to get the loss density per cell for all the
cells within the stator or the rotor [33].
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Since this method uses the FEA solutions directly there is no assumption regarding the permeability
of the material and the results are more accurate. The reason for only computing the 1𝑠𝑡 and 3𝑟𝑑
harmonic is to keep the computation time at a minimum as extracting more harmonics will require more
time steps. To sufficiently measure a harmonic of 𝑓 frequency we need to sample the wave at least 2𝑓
frequency according to Nyquist’s theorem.

We use the four time-step samples at 𝜃𝑒 = [0, 𝜋4 ,
𝜋
2 ,
3𝜋
4 ] to generate 8 samples by using the anti peri-

odicity condition for the other four samples at 𝜃𝑒 = [𝜋, 5𝜋4 ,
3𝜋
2 ,

7𝜋
4 ]. Figure 2.6 shows the magnetic field

density in the x and y direction for a cell from the 2D FEA of the motor in section 3.1 with the sampling
points marked.

Figure 2.6: Magnetic Field Density at an example cell with sampling points marked

Now by using Discrete Fourier Transform on the 𝑖𝑡ℎ cell in the mesh

𝐵𝑥,𝑖,𝑘 =
7

∑
𝑛=0

𝐵𝑛𝑒−𝑗(
𝜋
4 𝑘𝑛) (2.21)

𝐵𝑦,𝑖,𝑘 =
7

∑
𝑛=0

𝐵𝑛𝑒−𝑗(
𝜋
4 𝑘𝑛) (2.22)

𝐵̂𝑥,𝑖,𝑘 = 2
|𝐵𝑥,𝑖,𝑘|
8 𝐵̂𝑦,𝑖,𝑘 = 2

|𝐵𝑦,𝑖,𝑘|
8 (2.23)

We multiply by 2 to account for the two-sided spectrum. We can use 𝐵̂𝑥,𝑖,𝑘 and 𝐵̂𝑦,𝑖,𝑘 to calculate the
loss density using the Bertotti model as shown before. The calculated 𝐵̂𝑥,𝑖,𝑘 and 𝐵̂𝑦,𝑖,𝑘 for the example
cell are shown in figure 2.7.

The loss density is calculated per cell and we know the weight or volume of each cell to calculate the
loss per cell. We can sum over all cells to get the total loss.
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Figure 2.7: Calculated Magnetic Field Harmonics in x and y direction

𝑝𝑑𝑒𝑛,𝑖 =
3

∑
𝑘=0
[𝐾ℎ𝑦𝑠𝑓𝑘|𝐵̂𝑥,𝑖,𝑘|2 + 𝐾𝑒𝑑𝑑𝑓2𝑘 |𝐵̂𝑥,𝑖,𝑘|2 + 𝐾𝑒𝑥𝑐𝑓1.5𝑘 |𝐵̂𝑥,𝑖,𝑘|1.5+

𝐾ℎ𝑦𝑠𝑓𝑘|𝐵̂𝑦,𝑖,𝑘|2 + 𝐾𝑒𝑑𝑑𝑓2𝑘 |𝐵̂𝑦,𝑖,𝑘|2 + 𝐾𝑒𝑥𝑐𝑓1.5𝑘 |𝐵̂𝑦,𝑖,𝑘|1.5]

𝑃𝐼 =
𝑛𝑐𝑒𝑙𝑙
∑
𝑖=0

𝑝𝑑𝑒𝑛,𝑖𝑣𝑜𝑙𝑖𝜌𝑑 (2.24)

The code for both static iron loss calculation and six time-step iron loss calculation are shown in ap-
pendix B.

2.2.2. Copper Loss Modelling
Copper loss calculation for electrical machines gets complicated at higher frequencies due to the skin
effect and proximity effect. Skin effect is a phenomenon where the current density is concentrated at
the surface of the conductor and the effective resistance of the conductor increases. This effect occurs
due to the presence of opposing eddy currents present in the conductor generated by the changing
magnetic field. Proximity effect is similar but occurs in parallel conductors. The current distribution
again moves to the outer surface of the conductors and away from the other wires as well.

[28] provides a derivation of the skin effect and proximity effect factor. The resulting equations are given
below

𝛼 = √12𝜔𝜇0𝜎𝑐
𝑏𝑐0
𝑏 (2.25)

𝜉 = 𝛼ℎ𝑐0 = ℎ𝑐0√
1
2𝜔𝜇0𝜎𝑐

𝑏𝑐0
𝑏 (2.26)

𝑘𝑅 = 1 + 0.59
𝑧2𝑡 − 0.2
9 𝜉4 (2.27)
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𝑃𝐶𝑢 = 3𝑘𝑅𝐼2𝑟𝑚𝑠
𝑙

𝜎𝑐𝐴𝑤𝑖𝑟𝑒
(2.28)

Where 𝑏𝑐0 is the wire thickness, ℎ𝑐0 is the wire height, 𝜔 is the angular frequency of the current,𝜎𝑐 is
the conductivity of copper, 𝑏 is the slot width, 𝑧𝑡 is the number of layers of winding, 𝑙 is the length of
one turn per phase and 𝐴𝑤𝑖𝑟𝑒 is the equivalent area of one turn per phase.

Figure 2.8: Parameters of the winding for skin effect and proximity effect calculation

The code for copper loss calculation are shown in appendix C and appendix D. The copper loss calcu-
lation is modified for MOO as the full specification of the winding is not known. This is further explained
in chapter 4.

2.2.3. Windage Loss Modelling
Windage losses are losses that occur due to the friction between air and the rotor. Windage losses
depend on the speed of the rotor as well as the surface area of the rotor. The equation for calculating
windage losses is given by [34] and [35]

𝑅𝑒𝑔 =
𝜌𝑓Ω𝐷𝑟𝑔
2𝜇 (2.29)

Where 𝑅𝑒𝑔 is Couette Reynolds number 𝜌𝑓 is the density of air, Ω is the angular velocity, 𝐷𝑟 is the rotor
bore diameter, 𝑔 is the air gap length and 𝜇 is the dynamic viscosity of air. We can now calculate the
torque coefficient using the Couette Reynolds number.

𝐶𝑀 = 10
(2𝑔/𝐷𝑟)0.3

𝑅𝑒𝑔
, 𝑅𝑒𝑔 < 64 (2.30)

𝐶𝑀 = 2
(2𝑔/𝐷𝑟)0.3
𝑅𝑒0.6𝑔

, 64 < 𝑅𝑒𝑔 < 500 (2.31)

𝐶𝑀 = 1.03
(2𝑔/𝐷𝑟)0.3
𝑅𝑒0.5𝑔

, 500 < 𝑅𝑒𝑔 < 104 (2.32)

𝐶𝑀 = 0.065
(2𝑔/𝐷𝑟)0.3
𝑅𝑒0.2𝑔

, 104 < 𝑅𝑒𝑔 (2.33)
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The windage power loss is given by

𝑃𝑓𝑟 =
𝑘1𝐶𝑀𝜌𝜋𝜔3𝐷4𝑟 𝑙

32 (2.34)

Where 𝑘1 is the smoothness factor of the rotor surface.

2.3. Thermal Model
We must consider the flow of heat within the machine to ensure that the machine does not suffer from
thermal runaway and the insulation is within its thermal limits. The problem of thermal runaway exists
because as the temperature of the windings increases, the copper losses increase which in turn again
increases the temperature and this cycle continues. To stop thermal runaway the cooling of themachine
should be sufficient to ensure that the temperatures can stabilise.

There are various ways of making thermal models of electrical machines. The most simple method is
the Lumped Parameter Thermal Network (LPTN). This method makes an analogy between the flow
of heat and the flow of current with various parts in the machine being modelled as resistances. The
power losses in various parts are modelled as current sources and the temperatures of these parts
are equivalent to voltages of nodes [36]. This method is less accurate as it relies on simplifications in
geometry and averaging over the whole body to calculate the temperature as opposed to calculating
the temperature at each point in the body. This method also fails to identify hot spots that can occur
within the body as the modelling precision is low. A more accurate method would be the use of 2D-
FEA and 3D-FEA to solve for the temperature using Poisson’s equation. 2D-FEA can provide accurate
temperatures for a finemesh and this feature is available in FEMMas well. However often themain path
of flow of heat is in the axial direction, especially for the windings but this information is not available in
2D-FEA. 3D-FEA are time-consuming and are not adopted in this thesis for analysing machines quickly.

Steady State Lumped Parameter Network is used as including the transient calculations will increase
the complexity of the model. Also if the system performs well at the steady state we can verify the
transient behaviour in the latter part of the design process andmake changes to the design if necessary.

Another important part of the thermal model is the interaction of the machine with the cooling fluid.
This part of the modelling is usually done by performing experiments and deriving empirical equations
which can be used in various cases. [37] and [38] provide many such empirical derivations which
have been used in this thesis. The alternative to using empirical equations is to perform Computational
Fluid Dynamics (CFD) analysis to estimate the fluid flow which then gives us an idea about the heat
exchanged. This however again has a large time complexity as well as requires prior knowledge of
fluid dynamics and is not considered suitable for our case.

The following sections will discuss how various thermal resistances have been calculated to create the
LPTN.

2.3.1. Thermal Conduction in Solid Parts
The thermal resistance of any part can be calculated in the same way that we calculate electrical
resistance:

𝑅 = 𝑙
Λ𝑡𝐴

(2.35)

where 𝑙 is the length of the part, 𝐴 is the area of cross-section and Λ𝑡 is the thermal conductivity of the
material. However, most of these parts also generate heat and thus behave as heat sources as well.
The obvious thing to do would be to add the total loss of the part and add it in series to the thermal
resistance. However, the average temperature calculated using this method is incorrect as this method
assumes that the total loss is generated outside the body which is not true. To counter this problem
”T-networks” were introduced [39]. This method has shown to produce accurate enough results [34],
[35].

The T-network method represents different parts of the machine using three thermal resistances as
shown in figure 2.9 where the middle point of the three resistances is the average temperature of the
part. 𝑅1 and 𝑅2 are the resistances from the midpoint of the body to the two extremes and 𝑅3 is the
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Figure 2.9: A T network representation of a machine part with 𝑃𝑖𝑛 losses being generated within the body

correction resistance to get the actual average temperature of the body. The T-network represents the
flow of heat in one direction but for electrical machines, this is not always true as the heat flows in radial
as well as axial directions and we assume that the body is isothermal in the tangential direction. If we
assume that the two direction flows are independent we can represent the part by connecting two T
networks in parallel to the same source [36].

The three resistances of the T network for axial flow are given by [34]

𝑅1 = 𝑅2 =
𝑑
Λ𝑧𝐴

= 𝐿
2Λ𝑧𝐴

(2.36)

𝑅3 = −
𝑅1
3 = − 𝐿

6Λ𝑧𝐴
(2.37)

where Λ𝑧 is the thermal conductivity of the material in the axial direction, 𝐿 is the length of the body in
the axial direction (often half of the stack length) and 𝐴 is the area of cross-section.

For the radial flow of heat, the shape of the part is of importance. For a hollow cylinder the three thermal
resistances are given by [34], [35]. The dimensions of the cylinder as used in the following equation
are shown in figure 2.10.

𝑅1 =
1

4𝜋Λ𝑟𝐿
[1 −

2𝑟22 𝑙𝑛(
𝑟1
𝑟2
)

𝑟21 − 𝑟22
] (2.38)

𝑅2 =
1

4𝜋Λ𝑟𝐿
[
2𝑟21 𝑙𝑛(

𝑟1
𝑟2
)

𝑟21 − 𝑟22
− 1] (2.39)

𝑅3 = −
1

8𝜋Λ𝑟𝐿(𝑟21 − 𝑟22 )
[𝑟21 + 𝑟22 −

4𝑟21 𝑟22 𝑙𝑛(
𝑟1
𝑟2
)

𝑟21 − 𝑟22
] (2.40)

For modelling the teeth we approximate it as a cuboid and the equations for heat flow in the radial
direction are given as below [35].

𝑅1 = 𝑅2 =
ℎ𝑠
Λ𝑟𝑡𝑡𝐿

(2.41)

𝑅3 = −
𝑅1
3 = ℎ𝑠

3Λ𝑟𝑡𝑡𝐿
(2.42)

where 𝑡𝑡 is the thickness of the teeth and ℎ𝑠 is the slot height. The thermal resistance between the
teeth and the windings is covered with the winding calculation.
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Figure 2.10: Hollow cylinder parameters for T-network thermal resistance calculation

The magnets are modelled as partial hollow cylinders by multiplying the resistances by 2𝜋
𝛼𝑝
. In addition,

we divide this by 2𝑝 to account for the parallel paths.
Another important thing to remember is that the materials used in electrical machines are not isotropic
especially when it comes to thermal properties. The iron core has a higher thermal conductivity in the
radial direction as it consists of metal sheets whereas axial conductivity is bad due to the presence of
insulators. Similarly, windings have higher conductivity in the axial direction as the copper runs axially
whereas the radial conductivity is bad due to the presence of insulators. Thus the core iron is usually
cooled radially whereas the heat produced in the windings usually flows to the end winding part and is
exchanged with the fluid in the end winding space (usually air).

For the calculations performed further in this thesis the axial flow of heat in the iron core is ignored. This
is justified by the poor conductivity as well as the smaller area of cross-section in the axial direction. A
comparison of the axial and radial thermal properties for the cores of the motor analysed in section 3.1
is presented in table 2.2. These resistances can however be included in future work if the heat flow
in the axial direction is found to be significant for example in pancake machines (radius is much larger
than axial length).

Table 2.2: Comparison of Axial and Radial Thermal Resistance for an example machine (Nuna Motor)

Machine Part Axial Thermal Resistance Radial Thermal Resistance

Stator Yoke
𝑅1 = 1.68 K/W 𝑅2 = 1.68 K/W

𝑅3 = −0.56 K/W
𝑅1 = 0.94 K/W 𝑅2 = 0.026 K/W

𝑅3 = −0.007 K/W

Rotor Yoke
𝑅1 = 7.58 K/W 𝑅2 = 7.58 K/W

𝑅3 = −2.53 K/W
𝑅1 = 0.92 K/W 𝑅2 = 0.003 K/W

𝑅3 = −0.001 K/W

2.3.2. Thermal Conduction in Windings
Windings are difficult to model because of the presence of two different materials as well as the pattern
of the windings. [28] provides the derivation of the winding’s thermal model. The resulting equations
are presented below.

𝑅𝑡𝑤 =
1
𝐿𝑆𝑠

[ 𝑏𝑖
(2ℎ𝑠 + 𝑏𝑠)Λ𝑖

+ 1
(2ℎ𝑠 + 𝑏𝑠)Λ𝑐𝑜

] (2.43)
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𝑅𝑡𝑤 is thermal resistance between the winding and the stator teeth. 𝑆𝑠 is the number of stator slots, 𝐿 is
the stack length and Λ𝑐𝑜 is the thermal conductivity of copper. ℎ𝑠 is the height of the slot, 𝑏𝑠 is the width
of the slot and 𝑏𝑖 is the thickness of the insulation lining as shown in figure 2.11. Now we calculate the
internal resistance and the resistance between the windings and end winding air space.

Figure 2.11: Dimensions of a slot used for thermal calculations

𝐺𝑤 =
1
𝑅𝑡𝑤

(2.44)

𝑅𝑊 =
𝐿

𝑆𝑠𝑘𝑓𝐴𝑐Λ𝑐
(2.45)

where 𝐴𝑠 is the area of the slot 𝑘𝑓 is the copper fill factor and Λ𝑐 is the thermal conductivity of copper.

𝑅1 = 𝑅2 = √
𝑅𝑊
𝐺𝑊

𝑡𝑎𝑛ℎ(√𝑅𝑊𝐺𝑊2 ) (2.46)

𝑅3 =
1
𝐺𝑊

( √𝑅𝑊𝐺𝑊

𝑠𝑖𝑛ℎ(√𝑅𝑊𝐺𝑊
2 )

− 1) (2.47)

2.3.3. Thermal Resistance of the Air Gap
There is heat flowing from the stator to the rotor or vice versa through the air present in the air gap.
This flow can be significant, especially when modelling naturally cooled machines. The modelling of
this thermal resistance is made difficult because the rotor is moving, leading to turbulent flow of air. [40]
has developed a model for the flow of gas and thermal transfer coefficient in machine air gaps which
is used here.

The modelling of heat flow through air uses some constants to determine the state of flow(turbulent or
laminar). We first calculate Taylor’s number.

𝑇𝑎 = 𝜌2𝜔2𝑟𝑚𝑔3
𝜇2𝑎

(2.48)
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where 𝜌 is the mass density of the fluid, 𝜔 is the angular velocity of the rotor, 𝑟𝑚 is the mean air gap
radius, 𝑔 is the air gap length and 𝜇𝑎 is the dynamic viscosity of the fluid. This number is modified to
account for Taylor-Couette flow as explained in [34].

𝑇𝑎𝑚 =
𝑇𝑎
𝐹𝑔

(2.49)

where 𝐹𝑔 is

𝐹𝑔 =
𝜋4[2𝑟𝑚−2.304𝑔2𝑟𝑚−𝑔

]

1697[0.0056 + 0.0571(2𝑟𝑚−2.304𝑔2𝑟𝑚−𝑔
)2](1 − 𝑔

2𝑟𝑚
)

(2.50)

The Nusselt number can thus be calculated for different conditions of flow based on themodified Taylors
number [34].

𝑁𝑢 = 2 𝑇𝐴𝑚 < 1700 (2.51)
𝑁𝑢 = 0.128𝑇𝐴0.367𝑚 1700 < 𝑇𝑎𝑚 < 104 (2.52)
𝑁𝑢 = 0.409𝑇𝐴0.241𝑚 104 < 𝑇𝑎𝑚 (2.53)

The thermal convection coefficient is then calculated as [34]

Λ𝑎 =
𝑁𝑢𝑘
𝑑ℎ

(2.54)

𝑑ℎ = 𝑔√
8
3 (2.55)

where 𝑘 is the thermal conductivity of the fluid and 𝑑ℎ is the hydraulic diameter. The thermal resistance
can then be calculated as

𝑅 = 1
Λ𝑎𝐴

(2.56)

where A is the area of contact between the rotor or stator and the air gap. Wemust also add the thermal
transfer due to radiation in this calculation. The calculation for the radiation conductivity coefficient is
covered in the next section.

2.3.4. Thermal Convection: Natural Convection
To calculate the convection coefficients the orientation of the machine becomes important, especially
for natural convection. Here we assume that the machine is a horizontal cylinder without fins or any
other cooling constructions. Thus we have three surfaces from which convection and radiation take
place, the two flat faces and the curved face as shown in figure 2.12.

For the curved face, the convection coefficient is calculated using the following equations as given in
[37].

𝐺𝑟 = 𝛽𝑔𝜃𝜌2𝐿3
𝜇2 (2.57)

where 𝛽 is the coefficient of cubical expansion of the fluid, 𝑔 is the gravitational force of attraction, 𝜃
is the temperature difference between the surface and the fluid,𝜌 is the fluid mass density, 𝐿 is the
characteristic length of the surface (height of the cylinder) and 𝜇 is the dynamic viscosity of the fluid.

𝑃𝑟 =
𝑐𝑝𝜇
𝑘 (2.58)

where 𝑐𝑝 is the specific heat capacity of the fluid and 𝑘 is the thermal conductivity of the fluid.

𝑅𝑎 = 𝐺𝑟𝑃𝑟 (2.59)
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Figure 2.12: Three surfaces through which a natural convection machine is cooled [37]

𝑁𝑢 = 0.525𝑅𝑎0.25 104 < 𝑅𝑎 < 109 (2.60)
𝑁𝑢 = 0.129𝑅𝑎0.33 109 < 𝑅𝑎 < 1012 (2.61)

Λ𝑐 =
𝑁𝑢𝑘
𝐿 (2.62)

For the flat plates, the calculation remains the same with only the Nusselts number(𝑁𝑢) being adjusted.
The characteristic length is the diameter of the cylinder.

𝑁𝑢 = 0.59𝑅𝑎0.25 104 < 𝑅𝑎 < 109 (2.63)
𝑁𝑢 = 0.129𝑅𝑎0.33 109 < 𝑅𝑎 < 1012 (2.64)

When the machine is cooled through natural convection the heat flow by radiation can be significant
and should be calculated to get an accurate estimate of the cooling capability. The radiation thermal
conductivity is calculated through the following equation as given by [28]

Λ𝑟 = 𝜖𝑡ℎ𝑟𝜎𝑆𝐵
𝑇4𝑠 − 𝑇4𝑎
𝑇𝑠 − 𝑇𝑎

(2.65)

where 𝜖𝑡ℎ𝑟 is the relative emissivity between the surface and air and 𝜎𝑆𝐵 is the Stefan-Boltzmann
constant. 𝑇𝑠 and 𝑇𝑎 are the surface and air temperature respectively.
Thus the thermal resistance from any surface to air is given by

𝑅 = 1
(Λ𝑐 + Λ𝑟)𝐴

(2.66)

The lumped parameter thermal network generated for an external rotor machine with natural convection
cooling is shown in figure 2.13.

2.3.5. Thermal Convection: Forced Air Cooling
Under the forced cooling regime cool air is blown over the hot surface and it absorbs more heat from
the surface when compared to natural convection and thus allowing us to have higher loss density and
more compact machines.

In our model, there are three paths where forced cooling takes place, the end windings, the rotor
frame and the stator jacket. To calculate the thermal conductivity for rotor frame and stator jacket is
straightforward as these surfaces are essentially flat plates with air being blown over at a fixed speed.
The stator winding is difficult to model as the surface of the winding is rough as well as toroid shaped
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Figure 2.13: Lumped Parameter Thermal Network for an Outer Rotor SPMSM with natural convection cooling

making it difficult to analyse. Nevertheless, [35] used the flat plate calculations on the end winding with
satisfactory results and we will make the same approximation here.

The thermal conductivity for a flat plate with air being blown over it is given by the following set of
equations [37].

𝑅𝑒 = 𝜌𝑣𝐿
𝜇 (2.67)

where 𝑅𝑒 is called the Reynolds number and 𝜌 is the mass density of the fluid, 𝑣 is the velocity of the
fluid, 𝐿 is the characteristic length (length in the direction of airflow) and 𝜇 is the dynamic viscosity of
the fluid.

𝑁𝑢 = 0.664𝑅𝑒0.5𝑃𝑟0.33 𝑅𝑒 < 5𝑥105 (2.68)
𝑁𝑢 = (0.037𝑅𝑒0.8 − 871)𝑃𝑟0.33 𝑅𝑒 > 5𝑥105 (2.69)

We can use the Nusselt Number to calculate the heat transfer coefficient as done in the previous
sections.

The lumped parameter thermal network generated for an external rotor machine with forced cooling is
shown in figure 2.14. Changes, when compared to natural convection, have been highlighted in red.
The coefficients from the frame and shaft to the ambient air have changed. Also, the end windings are
now directly cooled by ambient air blowing over them.

2.3.6. Solving the model using Python
To solve the lumped parameter thermal network in python we use network theory to solve a resistive
network with independent current inputs. Since the copper losses are dependent on the temperature
of the winding we have to iterate till a stable solution is found [41]. The linear equations for the thermal
model are given by [42]

𝐺𝑇 = 𝑃 (2.70)

𝐺 =

⎡
⎢
⎢
⎢
⎢
⎣

∑𝑛−1𝑖=0
1
𝑅0,𝑖

+ 𝑇𝑎𝑚𝑏,0
𝑅𝑎𝑚𝑏,0

− 1
𝑅0,1

⋯ − 1
𝑅0,𝑛−1

− 1
𝑅0,1

⋱ ⋮ ⋮
⋮ ⋮ ⋱ − 1

𝑅𝑛−2,𝑛−1
− 1
𝑅0,𝑛−1

⋯ − 1
𝑅𝑛−2,𝑛−1

∑𝑛−1𝑖=0
1

𝑅𝑛−1,𝑖
+ 𝑇𝑎𝑚𝑏,𝑛−1
𝑅𝑎𝑚𝑏,𝑛−1

⎤
⎥
⎥
⎥
⎥
⎦

(2.71)
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Figure 2.14: Lumped Parameter Thermal Network for an Outer Rotor SPMSM with forced cooling

𝑇 =
⎡
⎢
⎢
⎣

𝑇0
𝑇1
⋮

𝑇𝑛−1

⎤
⎥
⎥
⎦

(2.72)

𝑇 =
⎡
⎢
⎢
⎣

𝑃0
𝑃1
⋮

𝑃𝑛−1

⎤
⎥
⎥
⎦

(2.73)

where 𝑅𝑖,𝑗 is the thermal resistance between nodes 𝑖 and 𝑗, 𝑇𝑖 is the absolute temperature of the part
represented by node 𝑖 and 𝑃𝑖 is the loss generated in part represented by node 𝑖.
For this thesis, a thermal model with 13 nodes is generated. The important nodes and their numbers
are presented in table 2.3. The rest of the nodes are the T points for various components.

Table 2.3: Different Parts of the machine and their corresponding node numbers

Part Name Node Number
Shaft 0

Stator Yoke 1
Stator Teeth 2
Air Gap 3
Winding 4

End Winding 5
Frame 8

Rotor Yoke 9
Magnets 10

Since the increase in temperature increases the copper losses as well, a single computation of the
temperature distribution may not be enough to get accurate results. Hence the temperature distribution
is calculated iteratively to get better results. The new temperature distribution is used to calculate the
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Figure 2.15: Flow chart of the thermal calculation to account for increase in copper losses with temperature

new losses distribution (copper loss) and this is then used to calculate the new temperature distribution.
This is continued till the difference between two generations is small (relative tolerance of 1%) or if the
exit condition has been reached (100 calculations). If the exit condition is reached then the system is
likely in thermal runaway and such a design is rejected by the MOO routine. The flow chart for the
temperature calculation is shown in figure 2.15.

The code presented in appendix E and appendix F correspond to an outer rotor permanent magnet
machine for natural convection and forced cooling respectively. The code can be easily adapted for an
inner rotor machine by changing the connections for the frame and the shaft nodes to the corresponding
parts. The change in directions of the thermal resistances in the T network is already accounted for.



3
Validation of Multi-Physical Modelling

Before we start MOO using the multi-physical models created in the last chapter it is important that we
first verify if the models are accurate. This verification is performed in two phases, first, we verify the
model with a machine whose most parameters are known and performance characteristics are known
from previous studies, then we move to a new problem where very few parameters of the machine are
known. The next section deals with the verification of the known model.

3.1. Validation of Totally Enclosed Outer Rotor Surface PMSM
This section is based on a previous study in [43] of a motor which is used by the Nuna Solar car
team. The machine is an Outer Rotor Surface Mounted Permanent Magnet Synchronous Machine.
The machines dimensions are presented in table 3.1 and the structure is shown in figure 3.1.

Figure 3.1: Nuna Machine Structure

To perform the verification a particular operation point of 𝐼𝑑𝑟𝑚𝑠 = 0 𝐼𝑞𝑟𝑚𝑠 = 6.8589 A and rotor speed
𝑁0 = 822 RPM is taken. The results of the analysis are presented in table 3.2.

23
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Table 3.1: Dimensions of Nuna machine

Dimension Value
Stack Length (𝐿) 40 mm

Stator Inner Radius (𝑅𝑆𝑖𝑛𝑡) 90 mm
Stator Outer Radius (𝑅𝑆𝑒𝑥𝑡) 120 mm

Air Gap length (𝑔) 2 mm
Rotor Inner Radius (𝑅𝑅𝑖𝑛𝑡) 122 mm
Rotor Outer Radius (𝑅𝑅𝑒𝑥𝑡) 130 mm

Magnet Height (𝑙𝑚) 3 mm
Magnet Angle (𝛼𝑝) 0.1955 rads

Number of Pole Pairs (𝑝) 16
Number of Slots (𝑁𝑠) 36

Slot Opening Angle (𝑊0) 0.03175 rads
Slot Height (𝐻2) 19.5 mm
Tooth Width(𝑊𝑡) 3.8 mm

Number of turns per slot(𝑁𝑡𝑝𝑠) 30
Wire thickness including insulation 1.6 mm

Iron Material M270-35A(assumed)
Magnet Material N35H (assumed)

Table 3.2: Comparison of Results produced by the multi-physical model with the previous study. [43]

Property Previous Study Results (AE Group) Calculated Results
Torque (Static) - 11.21 Nm

Torque (6 time-step) 9.31 Nm 11.8 Nm
Iron Losses (Static) - 31.65W

Iron Losses (6 time-step) 21.6063W 23.66W
Copper Losses 4.64W 6.51W

Winding Temperature 55𝑜 C (assumed) 101𝑜 C
Windage Losses 2.57W 2.51W

The calculated torque matches the experimental torque. There is still a difference in the calculated
torque but this is due to the lack of knowledge about the exact material properties used in the machine.
Another point of difference is that the shape of the teeth has been approximated to a simple geometry
easily constructed through code and we do not know the exact dimensions of the teeth.

The loss calculations are found to be in agreement with previous studies. The copper losses predicted
by the model are higher than previous studies as they assume the temperature to be 55𝑜 Cwhereas the
LPTN predicts the temperature to be 101𝑜 C. Since we calculate the temperature from the properties
of the machine the calculation has fewer approximations when compared to the previous studies.

3.2. Validation of Forced Air Cooling Outer Rotor Surface PMSM
For the MOO a drone motor is analysed. This motor is an External Rotor Surface Mounted Permanent
Magnet Synchronous Machine. The datasheet of the motor [44] provided limited information about the
dimensions of the motor and no information about the materials used. Nevertheless, we can verify
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the torque production and temperature calculation by making some assumptions regarding the inter-
nal dimensions. The dimensions of the machine known from the datasheet are shown in figure 3.2.
The assumed dimensions are presented in table 3.3 and the results of the calculations are shown in
table 3.4.

We have assumed that the frame of the machine is directly attached to the rotor and is rotating with
the rotor. Another assumption is regarding the speed of the air cooling the shaft, it is assumed that
the speed is equal to the rotor surface speed. This speed might differ according to the design of the
outer frame of the machine with the placement of openings but this assumption is made to simplify the
design process.

Figure 3.2: 24 Slot 28 Pole outer rotor PMSM Drone machine dimensions

Figure 3.3: Structure of the machine used for 2D FEA
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Table 3.3: Dimension of the 24 Slot 28 Pole Outer Rotor SPMSM used for drone application

Dimension Value
Stack Length (𝐿) 30 mm

Stator Inner Radius (𝑅𝑆𝑖𝑛𝑡) 20 mm
Stator Outer Radius (𝑅𝑆𝑒𝑥𝑡) 34 mm

Air Gap length (𝑔) 1 mm
Rotor Inner Radius (𝑅𝑅𝑖𝑛𝑡) 35 mm
Rotor Outer Radius (𝑅𝑅𝑒𝑥𝑡) 40 mm

Magnet Height (𝑙𝑚) 2.5 mm
Magnet Angle (𝛼𝑝) 0.202 rads

Number of Pole Pairs (𝑝) 14
Number of Slots (𝑁𝑠) 24

Slot Opening Angle (𝑤0) 0.0523 rads
Slot Height (𝐻2) 7.98 mm
Tooth Width(𝑊𝑡) 2.95 mm
Iron Material M270-35A(assumed)

Magnet Material N35H (assumed)

Table 3.4: Results from the Multi-physical model for the drone motor

Property Datasheet Value Calculated Results
Torque (Static) 3.45 Nm 3.30 Nm

Torque (6 time-step) 3.45 Nm 3.45 Nm
Iron Losses (Static) - 31.6W

Iron Losses (6 time step) - 26.1W
Copper Losses - 116.4W

Winding Temperature max 200𝑜 C 182𝑜 C
Surface Temperature 78.5𝑜 C 45.3𝑜 C
Windage Losses - 2.51W

The surface temperature is lower than that obtained from the datasheet but an exact match of the
properties is difficult due to the lack of information about the machine. However, the results verify
that the winding temperature is within limits and that the cooling method used is sufficient to cool the
machine.



4
Multi-Objective Optimisation

Now that the multi-physical model has been verified we can start using it to create the optimisation
platform. The next section provides the motivation for multi-objective optimisation in the development
of electrical machines followed by an explanation of the developed framework. This framework is then
applied to a specific case study of optimisation of a SPMSM for drone application.

4.1. Multi-Objective Optimisation
The design of electrical machines often has conflicting requirements which means that improvement
in one aspect of the machine will lead to some other aspect becoming worse. For example, in order
to reduce the losses we need to use thicker wires or more core iron which increases the weight and
the cost of the machine, This combined with the high number of variables and constraints involved in
designing makes the task difficult. Thus the development of a tool to reduce design space and depict
the trade-offs between different designs is essential. Multi-Objective Optimisation algorithms are these
tools which use gradient-based or evolutionary methods to generate design candidates. Since the
design of electrical machines involves discrete variables and also has functions whose gradient is
difficult to define, the use of gradient-based methods is difficult.

Many evolutionary algorithms have been developed for different use cases. In electrical machine opti-
misation, three evolutionary algorithms have been used extensively - Non-Dominated Sorting Genetic
Algorithm, Particle Swarm Optimisation and Differential Evolution. These algorithms return a set of
solutions which are Pareto optimal i.e. for these solutions any improvement in an objective comes at
the cost of performance in another objective. Some publications have made comparisons of these al-
gorithms and suggest Differential Evolution [10] or Particle Swarm Optimisation [45] to be the best. [10]
argues that the most suitable algorithm is based on the application and all three algorithms return sat-
isfactory results. This thesis uses the Non-Dominated Sorting Generic Algorithm II (NSGA-II) algorithm
for performing the optimisation to generate the Pareto Optimal fronts due to its easy setup and begin-
ner friendliness. [10] furthermore argues that defining the problem correctly is more important than the
algorithm used to obtain a feasible set of solutions. The next section provides a brief introduction to
NSGA-II followed by the definition of the problem.

4.2. Non-Dominated Sorting Genetic Algorithm II
Non-Dominated SortingGenetic Algorithm II (NSGA-II) is aMOOalgorithm that is inspired by the natural
selection and evolution of a species through survival of the fittest. The algorithm can be broken down
into the following steps: Generating New Generation, Sorting, Selection and Mutation.

27
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A new generation is generated by performing a crossover of the input variables of two parents to gener-
ate a child population. The parent and child populations are combined and sorted by generating levels
of non-dominated solutions. This process is what gives the algorithm its name. After the solutions are
ranked into different levels we can use a selection technique to define the parents of the next genera-
tion to ensure the survival of the best performing individuals as well as ensure genetic diversity in the
population. In NSGA-II this is done using the crowding distance selection with the solutions that are far
apart being given a higher priority. After selection Mutation is performed to increase exploration of the
design space. Once the new generation of the parent population is ready we can repeat the process
until the exit condition, usually, a fixed number of generations, is reached. [46] provides a succinct
explanation of the algorithm and how it is implemented for beginners.

For implementing NSGA-II in python multiple libraries were found. A comparison of these libraries is
provided in table 4.1 Out of these PYMOO is chosen because it provides a diverse set of algorithms with
constraint handling inbuilt in the package. PYMOO has in-built objects predefined for commonly used
selection, crossover and mutation techniques and helps the user get a start in MOO without worrying
about in-depth details. Now that the algorithm and implementation are decided the problem needs to

Table 4.1: Comparision of python libraries that can be used to perform Multi-Objective Optimisation

Python Library MOO algorithms support Constraint Handling Ease of Use
PYMOO Best For most Algorithms Best
PYGMO Best For some algorithms Best
jMetalPy good No inbuilt support good

be defined and parameters and objectives are finalised.

4.3. Definition of the MOO problem
The problem that we optimise is the specific torque density of the drone machine subject to thermal,
efficiency and torque production constraints. The thermal constraints ensure that the machine can
operate within safe temperature conditions such that the lifetime of the parts is not affected. Having
a highly inefficient machine will lead to additional weight that the drone has to carry due to requiring
a bigger battery size. There is a need to restrict the design space to a manageable level so that the
amount of time spent on evaluations can be reduced. Thus some design decisions are taken before
beginning the optimisation process.

The most common machine topology used in drone machines is the Surface Mounted Permanent Mag-
net Synchronous Machines [2], [4], [24], [25]. This is because they have high power density because of
the possibility of using Neodymium magnets. Although Interior Permanent Magnet Synchronous Ma-
chines(IPMSM) also use Neodymiummagnets their torque-producing capability is lower due to the loss
of flux in pole bridges. In [47] the authors argue that Neodymium SPMSM have the highest torque pro-
ducing capability acrossmost commonly used topologies including ferrite PMSM, IPMSM, Synchronous
Reluctance Machine(SRM), Wound Field Synchronous Machine (WFSM) and Induction Machine (IM).
Outer rotor PMSM are generally used in drone applications since they have a higher bore or air gap
diameter compared to inner rotor machines which leads to them having a larger torque capability in the
same volume as we know that the torque of a machine is dependent on the air gap diameter [48]. An-
other important advantage of outer rotor machines is that the frame can be directly attached to the rotor
and the machine is cooled by the motion of the rotor in still air. An internal rotor machine would require
a cooling mechanism on the frame to ensure sufficient cooling. Thus only the outer rotor SPMSM is
considered in this thesis, however, the method developed can analyse inner rotor SPMSM as well as
other topologies with some modifications.

There are many choices for windings with various pros and cons to each choice. Double Layer Frac-
tional Slot Concentrated Windings are suitable for drone applications due to their smaller end winding
length [49]. End windings do not contribute to torque production but do lead to copper losses and
increase the weight of the machine. However, the choice of the number of slots and poles has a big
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impact on the winding factor for double layer fractional slot windings and hence care should be taken
when choosing these values.

The variables that affect the design of a machine are listed in table 4.3 and table 4.4. These variables
have been divided into two categories: discrete and continuous which helps in performing optimisation
as we only deal with one category of variables at a time. This list of variables is not exhaustive and
the resulting designs will not be sufficient to manufacture a machine. However, the resulting designs
provide a good starting point for the whole process. Notable variables excluded are the tooth shape
and the winding specifications. Winding specification especially the number of turns and number of
strands is dependent on the choice of voltage source as well as mechanical constraints. Choosing a
winding specification independent of these values is not possible and they will change for each design
candidate. Hence only the copper fill factor is specified and used for calculations. Care is taken that
the conductor strand thickness is not larger than the skin depth to minimize an unnecessary increase in
copper losses. However, if stranded wires and multiple turns are required this will lead to an increase
in copper losses due to the proximity effect and sufficient care should be taken. The connection of the
coils of the winding is provided by PYLEECAN directly and they use the star of slots method [50]. The
connection of turns as well as the number of turns per coil can be selected once the optimal design is
selected from the Pareto front based on the voltage and current constraints from the power source.

This still leaves the task of determining the q-axis current required to produce the torque required.
We can measure the magnet’s flux linkage by performing a no-load test and measuring the d-axis flux
linkage. After this, the required q-axis current can be calculated using equation (2.12). However, since
we are using a magnetostatic simulation to determine the magnet’s flux linkage, the zeroth harmonic
estimated might be incorrect due to the presence of higher harmonics. Thus we might have to change
the current to get the required torque. Modified Richardson’s iteration is used to calculate the q-axis
current. Assuming that the magnet’s flux linkage is Ψ𝑚 and 𝑇𝑟 is the required torque we can calculate
the current using the flow chart shown in figure 4.1.

Figure 4.1: Flow Chart for determining q-axis current to get a specific torque

4.4. Bounding of Design Space
Now that we have a set of variables we need to define the values these variables can take. The discrete
variables of rotational speed and torque are chosen from the datasheet of the drone machine [44]. In
[51], a study of iron core materials is performed especially Cobalt Iron alloys when compared to Silicon
Steel. Silicon steel is the most commonly used material in electrical machines. Cobalt Iron alloy sheets
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have a higher saturation magnetization (2.4 T) when compared to silicon steel (1.6 T) for a similar mass
density. However, However, higher magnetic field density will lead to higher iron loss density within the
core leading to an interesting trade-off which is to be explored. The loss coefficients for the materials
are derived from the loss data in appendix H for SiFe and in for appendix I for VaCoFe respectively.

The slot pole combination directly affects the winding factor, which is to be explored as well. [52]
provides a detailed analysis for choosing slot pole combinations keeping the winding factor in mind.
Here we explore a few slot pole combinations in the neighbourhood of the example machine’s slot/pole
of 24/28. For having a balanced 3 phase system the number of slots(𝑆𝑠) should be a multiple of three
as well for the value of integer 𝑛

𝑆𝑠
3𝑛 = 𝐻𝐶𝐹(𝑆𝑠 , 2𝑝) (4.1)

The winding factor 𝑘𝑤 of a winding can be found by multiplying the distribution factor 𝑘𝑑 and pitch factor
𝑘𝑝.

𝑘𝑤 = 𝑘𝑑𝑘𝑝 (4.2)

𝑘𝑑 =
𝑠𝑖𝑛(𝛼𝑢2 )
𝑧𝑠𝑖𝑛(𝛼𝑢2𝑧 )

(4.3)

where 𝛼𝑢 =
𝑃𝜋
𝑆𝑠

and 𝑧 = 𝑆𝑠
𝑔𝑐𝑑(𝑆𝑠 ,3𝑃)

.

𝑘𝑝 = 𝑠𝑖𝑛(
𝑃𝜋
2𝑆𝑠

) (4.4)

[53] provides an easy reference spreadsheet with these values calculated already for a large number
of slot pole combinations. table 4.2 provides the analysis for some slot pole combinations in the vicinity
of 24/28.

Table 4.2: Comparison of the winding factor for different pole slot combinations

𝑁𝑠/𝑃 24 26 28 30 32
18 0.866 - - - -
21 unbalanced - 0.866 unbalanced -
24 unbalanced 0.949 0.933 unbalanced 0.866
27 0.945 - - 0.945 -
30 unbalanced 0.936 0.951 unbalanced 0.951

Out of these the combinations 24/26, 27/24 and 27/30 are selected. Slot pole combinations with 30
slots are ignored as the area of the slot will be too low compared to 24 slots.

Table 4.3: Discrete Variables and their values

Discrete Variables Values
Stator and Rotor Core Material SiFe; VaCoFe

Magnet Material N35H
Slot/Pole combinations 24/26,24/28,27/24,27/30

Rotational Speed 4300 RPM
Torque at Rotational Speed 3.45 Nm

Copper Fill Factor 0.40
Air Gap Length 1 mm
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Table 4.4: Continuous Variables and their limits

Continuous Variables Lower Limit Upper Limit
Rotor external radius (𝑅𝑅𝑒𝑥𝑡) 40 mm 66.5 mm
Stator internal radius (𝑅𝑆𝑖𝑛𝑡) 10 mm 30 mm

Stator outer radius/rotor outer radius( 𝑅𝑆𝑒𝑥𝑡𝑅𝑅𝑒𝑥𝑡
) 0.5 0.8

stack length (𝐿) 10 mm 50 mm
magnet height rotor height ratio( 𝑙𝑚

𝑅𝑅𝑒𝑥𝑡−𝑅𝑅𝑖𝑛𝑡
) 0.4 0.9

magnet angle (𝛼𝑚) 0.6 0.9
Teeth height ratio ( 𝐻0

𝑅𝑆𝑒𝑥𝑡−𝑅𝑆𝑖𝑛𝑡
) 0.05 0.2

Slot height ratio ( 𝐻2
𝑅𝑆𝑒𝑥𝑡−𝑅𝑆𝑖𝑛𝑡

) 0.4 0.7
Slot opening ratio (𝑊0𝜏𝑠 ) 0.1 0.3
teeth thickness ratio (𝑊𝑡𝜏𝑠 ) 0.1 0.3

4.5. Objectives and Constraints
Now that we have defined the variables and their bounds we can work on the parameters used to
evaluate the designs. The optimisation is run with two objectives: minimizing losses at the operating
point andminimizing the active weight of themachine. Selection of efficiency and specific torque density
as objectives is also possible but they will be a maximizing optimisation.

Optimising the design to minimise losses and active weight will yield a Pareto optimal front that can be
used to find the lowest weighing machine at an acceptable level of losses. We can then use the data
generated to produce efficiency vs specific power density curves as well.

These machines should be able to deliver the performance required without causing lasting damage,
Thus constraints related to the average torque and operating temperature of the winding were added.
These constraints are listed below.

0.95 ≥ 𝑇𝑒𝑚
𝑇𝑒𝑚,𝑟𝑒𝑓

≤ 1.05 (4.5)

𝑇𝑤𝑖𝑛𝑑 ≤ 200 (4.6)

Although we need the torque to be equal to 3.45 Nm, equality constraints are usually not used in MOO.
This is due to the fact that equality constraints make the convergence of the algorithm difficult as a
large fraction of the population is eliminated due to constraints not leaving enough parent population to
maintain diversity in the population. Thus equality constraints are converted to inequality constraints
and then used to run the algorithm. Once a design is finalised a more localised MOO with tighter
constraints can be defined to get a design with the required torque.
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Figure 4.2: Variables used to define the structure of the machine to run MOO



5
Results and Discussion of MOO

This chapter presents the results obtained from the Multi-Objective Optimisation and discusses some
key findings obtained from it. The results have been divided into sections according to parameters that
were varied to get the results.

5.1. Effect of Slot Pole Combination
To study the effect of slot pole combinations on the performance of the machine, four sets of MOO
with discrete variables modified according to the selected slot pole combinations are performed with a
population of 100 and for 25 generations. The loss versus active weight curve for these is presented
in figure 5.1.

Figure 5.1: Comparison of Pareto Fronts for Slot Pole Combinations

We can see that the Pareto fronts generated have the same shape for all slot pole combinations.

33
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This is expected as the factors affecting the losses and weight are the materials used and the thermal
constraints hence the same Pareto fronts are generated. The slight differences in performance can
be explained by the difference in winding factors for these slot pole combinations. The efficiency vs
specific power density curves for different slot pole combinations is shown in figure 5.2.

Figure 5.2: Specific Power Density vs Efficiency for Different Slot Pole Combinations

There is a clear trade-off between efficiency and specific power density. This is explained by the in-
crease in copper and iron losses as we try to reduce the weight of the machine. The magnetic field
density in the core for the same flux increases if the area of cross-section is reduced and the wire
resistance increases if we use thinner wires. Both lead to higher losses. A specific power density of
about 6 kW/kg is possible for forced cooling machines based on SiFe core and Neodymium magnets.
The slot pole combination of 27 slots and 30 poles has the highest specific power density of about 7
kW/kg. It is important to note here that these are not the only criteria used to select the machine design
and further exploration especially of torque ripple and manufacturability needs to be performed before
a decision can be made.

5.2. Effect of Temperature constraints
To study the effect of the thermal constraints on the performance of the machine, three sets of MOO
were performed by choosing the slot pole combination of 24 slots and 28 poles and changing the
winding thermal limit constraint to 130𝑜 C, 150𝑜 C and 200𝑜 C. The population size and number of
generations are again chosen to be 100 and 25 respectively. The losses versus active weight curves
for these are presented in figure 5.3.

It is clear from the loss vs active weight graph that the losses are limited by the temperature constraint
and the Pareto front remains the same. Thus there is a limit on the minimum weight that is possible
for a particular temperature constraint and thus a limit on the specific power density. The change in
temperature constraint doesn’t affect the Pareto front only the maximum possible losses. This can be
explained by the fact that the constraint doesn’t affect the actual cooling of the machine which depends
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Figure 5.3: Comparison of Pareto Fronts for Different Winding Temperature Limits (Ss/P=24/28)

on the materials used and the cooling method used.

Specific power density limit increases from about 5 kW/kg for winding temperature constraint of 130𝑜
C to about 6 kW/kg for winding temperature constraint of 200𝑜 C. Thus if we have materials capable of
handling higher temperatures we can have higher specific power density.

5.3. Effect of machine parameters
In this section, the effects of machine geometry variables are studied. This is done by studying the
MOO for the 24/28 slot pole combination with a population size of 100 and 25 generations.

5.3.1. Effect of Stack Length and Air Gap Radius
Essen’s rule is a commonly used equation for finding the initial size of the machine. The equation is
given by:

𝑇𝑒𝑚 =
𝜋2

√2
𝑘𝑤1𝐴 ̂𝐵𝑔𝐷2𝑎𝑔𝐿𝑠𝑡 (5.1)

Where 𝑇𝑒𝑚 is the torque produced, 𝑘𝑤1 is the winding factor of the winding, 𝐴 is the RMS value of the
linear current density, ̂𝐵𝑔 is the peak air gap flux density, 𝐷𝑎𝑔 is the bore diameter and 𝐿𝑠𝑡 is the effective
stack length.

An important conclusion to make from figure 5.4 is that the air gap radius is much larger than the stack
length. This is expected as increasing the diameter has a larger effect on the output torque than the
stack length.

5.3.2. Rotor External Radius and Stator Inner Radius
The outer radius of the machine is an important factor in drone application due to the limited space
available. Since our objective was to minimize weight it is expected that the algorithm tries to push
the external rotor radius variable (𝑅𝑅𝑒𝑥𝑡) to its lower limit, however, this is not the case as is shown in
figure 5.5.

Although the algorithm reduces the radius, the losses also increase when the radius is reduced. Also
reducing the outer radius increases the thermal resistance of the frame (lesser cooling area) and thus
the machine heats up more and thus the machine designs may become thermally infeasible. We can
see that the lower boundary of the solution space (𝑅𝑅𝑒𝑥𝑡 = 40 mm) is not touched by the MOO routine.

Similarly, the Stator inner radius is increased to reduce the weight of the machine to get a higher specific
power density as shown in figure 5.5. Also increasing the stator inner radius increases the area over
which the cool air flows allowing higher losses and hence higher specific power density. Since the stator
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Figure 5.4: Specific Power Density vs Machine Dimensions

Figure 5.5: Specific Power Density vs Rotor External Radius and Stator Inner Radius for different Slot Pole Combinations

inner radius is approaching the upper limit further investigation can be performed to find the optimum
value.

5.3.3. Teeth width and Stator Back Iron Thickness
The magnetic flux in the machine goes through the airgap, stator teeth, stator back iron, rotor back
iron and magnets. Having thicker teeth and back iron will mean a reduction in the amount of magnet
required to get the same air gap flux density. Thus an interesting compromise of the amount of magnets
and amount of core steel is present in the problem. The figure 5.6 shows the specific power density with
yoke and teeth thickness. We can see that the algorithm has found a compromise between reducing
the thickness to the minimum or increasing it to the maximum.

From figure 5.7 it can be seen that the Specific Power Density is highest at the lower limits of the
stator yoke thickness. Thus having more amount of magnet is preferable and the yoke is pushed to be
saturated to have the highest specific power density.
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Figure 5.6: Comparison of Specific Power Density with Stator Yoke and Teeth Thickness

Figure 5.7: Comparison of Specific Power Density with Stator Yoke and Teeth Thickness for Ss/P=24/28

5.3.4. Effect of Magnet Angle Ratio and Slot Opening Angle
The magnet angle and slot opening angle affect the air gap magnetic flux density. Having a higher
magnet angle will mean better utilization of rotor space with more magnets being present for the same
magnet height and having a smaller slot opening reduces the air gap reluctance, which leads to higher
air gap flux density for the same amount of magnets. These two values are restricted by mechanical
constraints, a minimum slot opening is needed to wind the windings and the magnets also require
space for the adhesive to hold them in place. For the MOO routine, these constraints were ignored.
The slot opening angle as a percentage of slot pitch and the magnet angle as a percentage of half pole
pitch (2𝜋𝑃 ) vs specific power density is shown in figure 5.8.

Reducing the slot opening angle increases the specific power density as expected but only up to a limit.
After about 40 %, reducing the slot opening will increase the flux leaking through the stator teeth tip
instead of increasing the flux linkage of the magnets. The same is true for the magnet angle increasing
the magnet angle above about 75 % will lead to more flux returning to the adjacent magnets without
linking the winding.
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Figure 5.8: Comparison of Specific Power Density with Slot Opening Angle and Magnet Angle

5.4. Effect of Core Material
This section discusses the effect of the core material on the design. This is done by comparing two
types of core materials SiFe and CoFe. This helps us gain insight if using an expensive material with
a higher saturation point that increases the specific power density limit.

Figure 5.9: Comparison of Pareto Front for Different Core Materials

The Pareto fronts for Losses vs Active Weight for the two core materials for 24 slots and 28 poles
are shown in figure 5.9. From the figure, we can see that VaCoFe has lower losses at lower weights.
VaCoFe is also able to operate at higher losses due to better thermal conductivity of the material.

The average air gap magnetic field density for the two materials shown in figure 5.10. VaCoFe is able
to achieve higher air gap magnetic flux density for the same weight. Thus the VaCoFe core is more
saturated compared to SiFe core but still has lower losses at the same weight. This means that the
specific power density for VaCoFe Core should be higher.

The specific power density vs efficiency graph for VaCoFe core is shown in figure 5.11. The maximum
specific power density of VaCoFe core is 6.325 kW/kg compared to 5.871 kW/kg for SiFe core for the
same slot pole combination of 24/28. Thus using VaCoFe core leads to a 7.7 % increase in specific
power density.
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Figure 5.10: Comparison of Average Air Gap Magnetic Flux Density for Different Core Materials

Figure 5.11: Specific Power Density vs Efficiency for VaCoFe core for Ss/P=24/28



6
Conclusion and Future Work

This chapter summarises the developments that take place in this thesis and discusses the findings of
the MOO of the drone machine. This is then followed by recommendations for future work and avenues
that can be further investigated.

6.1. Conclusions
Designing electrical machines is a complex endeavour which involves calculating the performance
of the machine with respect to different physical aspects including magnetic field distribution, torque
calculation, loss calculation and heat flow. The traditional methods used to design electrical machines
are based on rules of thumb derived from prior experience and do not yield the most optimum design.
The presence of conflicting objectives such as increasing efficiency, reducing cost etc. leads to the
process being iterated over until a design satisfying all objectives and constraints can be found. This
makes Multi-Objective Optimisation an attractive option to help speed up the process.

The aim of this thesis was to develop a Multi-Objective Optimisation (MOO) platform using open source
platforms. This task has been completed successfully by using PYLEECAN which is a python library
that provides an easy way to create machine geometries for many topologies. PYLEECAN also pro-
vides a link to FEMM which is an open-source finite element solver. Since the MOO routine will be
analysing hundreds of designs, it is important that we reduce the time spent on analysing one design
as this will allow us to explore more designs. Thus a compromise between accuracy and calcula-
tion time needs to be found especially for the Finite Element Analysis (FEA) since it has the highest
time complexity. 2D-FEA was found to have the best compromise among the analytical and numerical
methods explored in this thesis.

A 6 time-step magnetostatic analysis was developed to calculate the average torque performance of
the machine and iron losses in the stator and rotor core. This calculation was complemented by cal-
culating the copper losses taking end winding resistance and skin and proximity effect into account.
Furthermore, windage losses were calculated based on empirical equations. Magnet losses and bear-
ing losses were ignored due to high time complexity and lack of information respectively. The results
were comparable to previous studies that used transient analysis to extract the same information.

For estimating the thermal heat flow in the machine steady state Lumped Parameter Thermal Networks
(LPTN) were used. LPTNmethod draws an analogy between the flow of current in electrical circuits with
the flow of heat in the machine. LPTN were preferred over 3D-FEA thermal analysis and Computation
Fluid Dynamic (CFD) due to its lower time complexity. 2D-FEA thermal analysis could not be used as
the heat flow in electrical machines is in both axial and radial directions. However, LPTN still does not

40



6.2. Recommendations and future work 41

provide accurate information about hot spots in the machine and sufficient care should be taken when
choosing the final design. LPTN for both natural convection cooling and forced air cooling was created.
These models were found to have satisfactory performance when compared with previous studies.

There are many MOO algorithms available each with its specific pros and cons. This thesis uses
Non-Dominated Sorting Genetic Algorithm-II which has been chosen for its simplicity and ease of use.
NSGA-II is inspired by genetic evolution and natural selection observed in nature to get the best set of
results called Pareto optimal solutions.

Once the code for the MOO framework is completed this is then used to optimise a machine for drone
application. To make the design space manageable, outer rotor permanent magnet synchronous ma-
chines are chosen for their high torque capability and efficiency. The windings are chosen to be double-
layer fractional slot concentrated windings to reduce the end winding length and get lower weight and
lower copper losses. The

The results from the MOO show the following insights into the design of electrical machines for drone
applications:

• In general the cooling method and material used has the biggest impact on the specific power
density

• The slot pole combination of 27/30 was found to have the highest specific power density of 7
kW/kg. This is due to the winding factor being higher for the 27/30 combination which leads to
better utilization of the materials used.

• Having a smaller stack and larger air gap radius is preferred to get a higher specific power density.
This can be explained by Essen’s rule where the torque developed is a function of the square of
air gap radius and of the effective stack length.

• Using VaCoFe core leads to a higher specific power density of about 6.3 kW/kg compared to 5.8
kW/kg for SiFe. VaCoFe is able to have a higher air gap magnetic flux density and thus higher
torque and specific power density.

• The steel core has the highest contribution to the machine weight and hence to get the highest
specific power density the core is made to be highly saturated. Thus choosing yoke and teeth
thickness at their lowest possible value will lead to higher specific power density

Now that we have discussed the results it is important to reflect on the conditions under which these
results were derived. The MOO routine evaluated various machine designs but at a particular operating
point. Electrical machines especially those used in the transportation industry seldom operate at a
constant load. For example, for drones, much higher torque is required when the drone is stationary
to generate enough thrust for lift-off. But to maintain the drone at a constant height the motor has to
only generate enough thrust (torque) to counter gravity. Thus if we were to complete the design of
the drone machine other operating points have to be considered. If we optimise a machine to have
the highest efficiency at its highest operating point we would have over-designed it as the machine
will not be operating at that point for a long time. Usually machines are designed to have overloading
capability where they can handle a higher current for a short while to produce more torque without
causing thermal damage. For electric vehicle motors the operating speeds are more varied and a high
efficiency is expected over a larger range of speeds. Thus the objectives have to be defined keeping
different operating points in mind. The advantage of using MOO is that this can be easily implemented
by changing how the objectives are calculated without reconfiguring the complete code.

The results discussed are also only valid at the said operating point. They cannot be generalised and
applied to all machines independent of size. The winding configuration can be different leading to a
different compromise for copper losses leading to the machine preferring longer stack length. Thus
each configuration has to be analysed to get the full picture that is valid for that scenario.

6.2. Recommendations and future work
The results shown in chapter 5 have some assumptions that should be further investigated. These
suggestions for future work are listed below.
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• This Thesis ignores the rotor loss calculations. However, for some machines, these losses can
be significant and some investigation into extracting this information from the same six-step time
step analysis can be made by measuring the MMF harmonics.

• The thermal model for forced air cooling assumes that the air cooling the stator has the same
speed as surface air. The effect of the stator cooling air can be investigated.

• Two important constraints could not be included in the MOO routine: the mechanical constraints
on minimum thickness for various parts and the demagnetisation constraint of the magnets.
These can lead to some designs being infeasible and they could be included in the MOO.
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A
Machine Geometry Generation using

PYLEECAN

from pyleecan . Funct ions . load impor t load
from pyleecan . Classes .MachineSIPMSM impor t MachineSIPMSM
from pyleecan . Classes . LamSlotWind impor t LamSlotWind
from pyleecan . Classes . LamSlot impor t LamSlot
from pyleecan . Classes . SlotW22 impor t SlotW22
from pyleecan . Classes . Winding impor t Winding
from pyleecan . Classes . CondType12 impor t CondType12
from pyleecan . Classes . EndWindingCirc impor t EndWindingCirc

from pyleecan . Classes . LamSlotMag impor t LamSlotMag
from pyleecan . Classes . SlotM11 impor t SlotM11
from pyleecan . Classes . Magnet impor t Magnet
from numpy impor t p i , s q r t
def machine_generator ( des ign_var iab le , d i s c r e t e_va r i ab l e s ) :

RRext=des ign_var iab le [ 0 ]
RSint=des ign_var iab le [ 1 ]
R ra t i o=des ign_var iab le [ 2 ]
L=des ign_var iab le [ 3 ]
lm_per=des ign_var iab le [ 4 ]
alpha_m=des ign_var iab le [ 5 ]
h0=des ign_var iab le [ 6 ] # tee th
h2=des ign_var iab le [ 7 ] # s l o t
w0=des ign_var iab le [ 8 ] #opening angle
w2=des ign_var iab le [ 9 ] # s l o t width angle
Stee l=d i s c r e t e_va r i ab l e s [ ’ i r on ’ ]
Copper=d i s c r e t e_va r i ab l e s [ ’ copper ’ ]
I n s u l a t o r =d i s c r e t e_va r i ab l e s [ ’ i n s u l a t o r ’ ]
magnet=d i s c r e t e_va r i ab l e s [ ’magnet ’ ]
Ns= i n t ( d i s c r e t e_va r i ab l e s [ ’Ns ’ ] )
P= i n t ( d i s c r e t e_va r i ab l e s [ ’P ’ ] / 2 )
g=d i s c r e t e_va r i ab l e s [ ’ g ’ ]
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k f =d i s c r e t e_va r i ab l e s [ ’ k_ f ’ ]
end_wind=EndWindingCirc ( )
s t a t o r _h i egh t =Rra t i o * (RRext−RSint )
RSext=RSint+ s t a t o r _h i egh t
s t a t o r = LamSlotWind ( R in t=RSint , Rext=RSext , L1=L , Nrvd=0 ,Kf1 =0.93 , i s _ i n t e r n a l =True ,

i s _ s t a t o r =True , mat_type=Stee l )
RRint=RSext+g
lm=lm_per * (RRext−RRint )
s l o t _ p i t c h =2* p i /Ns

s t a t o r . s l o t = SlotW22 ( Zs=Ns ,H0=h0 ,H2=h2 ,W0=w0,W2=w2)
s t a t o r . winding = Winding ( qs=3 , N t c o i l =1 ,Npcp=1

,p=P, type_connect ion =0 ,
Lewout=0.0001 , Nlayer =2 , Ns lo t_sh i f t _w ind =0 , is_aper_a=True , end_winding

=end_wind )
s t a t o r . winding . conductor = CondType12 (Nwppc=1 , Wwire=4e−3 ,Wins_cond=1.6e−3 ,cond_mat=

Copper ,
ins_mat= I n s u l a t o r )

copper_area= s t a t o r . s l o t . comp_surface_act ive ( ) * k f /2
s t a t o r . winding . conductor . Wwire= sq r t ( copper_area )
po le_p i t ch=p i /P
r o t o r _ s l o t =SlotM11 (W0=po le_p i tch , H0=0 , Hmag=lm , Wmag=alpha_m* po le_p i tch , Zs=P*2)
mag=Magnet ( mat_type=magnet , type_magnet izat ion =0 , Lmag=L )
#de f ine r o t o r l am ina t i on and s ize
r o t o r = LamSlotMag (magnet=mag, s l o t = r o t o r _ s l o t , L1=L , Nrvd=0 ,Wrvd=0 ,Kf1 =0.93 , i s _ i n t e r n a l =

False , R in t=RRint+lm ,
Rext=RRext , i s _ s t a t o r =False , mat_type=Stee l )

machine=MachineSIPMSM(name= ”machine1 ” , r o t o r = ro to r , s t a t o r =s ta to r , type_machine=1 , sha f t =None
)

re t u rn machine



B
Iron Loss Calculations(Static and

Time-Step)

impor t numpy as np
from numpy impor t p i
def i r o n _ l o s s _ s t a t i c ( out , coe f f ) :

# ca l cu l a t e the a i r gap magnetic f i e l d dens i t y then take a moving average to remove peaks
Na_tot=out . simu . i npu t . Na_tot
comp_rad=out .mag.B . components [ ” r a d i a l ” ] . values . reshape ( −1 ,1)
comp_tan=out .mag.B . components [ ” t a ngen t i a l ” ] . values . reshape ( −1 ,1)
B_ai r=np . concatenate ( [ comp_rad , comp_tan ] )
B_air_mag=np . l i n a l g . norm ( B_air , ax is =1)
N= i n t ( Na_tot / 20 )
B_air_mag=np . convolve ( B_air_mag , np . ones (N) /N, mode= ’ v a l i d ’ )
B_air_max=np . amax( B_air_mag ) #peak a i r gap B
s t a t o r =out . simu . machine . s t a t o r
r o t o r =out . simu . machine . r o t o r
N0=out . simu . i npu t .OP.N0
P=out . simu . machine . r o t o r . get_pole_pair_number ( )
rho= s t a t o r . mat_type . s t r u c t . rho
L= s t a t o r . L1
Zs= s t a t o r . s l o t . Zs
s l o t _ p i t c h =2* p i * s t a t o r . R in t / Zs
Tyoke= s t a t o r . Rext− s t a t o r . s l o t . comp_height ( ) − s t a t o r . R in t
i f s t a t o r . i s _ i n t e r n a l :

R_stator_bottom=s t a t o r . R in t+Tyoke
Weight_yoke=p i * ( R_stator_bottom**2− s t a t o r . R in t **2)*L* rho

e lse :
R_stator_bottom=s t a t o r . Rext−Tyoke
Weight_yoke=p i * ( s t a t o r . Rext**2−R_stator_bottom **2)*L* rho

Rbo= s t a t o r . get_Rbo ( )

s t a to r_s l o t_m id= s t a t o r . s l o t . comp_radius_mid_active ( )
s t a t o r _ s l o t _w i d t h =s ta to r_s l o t_m id * s t a t o r . s l o t . comp_angle_active_eq ( )
Tteeth=2* p i / Zs* s ta to r_s lo t_m id − s t a t o r _ s l o t _w i d t h # tee th th ickness at middle o f s l o t to
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take average th ickness
Weight_teeth =(abs ( p i * (Rbo**2−R_stator_bottom **2) )− s t a t o r . s l o t . comp_surface ( ) * s t a t o r . s l o t .

Zs ) *L* rho
T_mag=( r o t o r . s l o t .Wmag) * ( r o t o r . get_Rbo ( ) )

f =N0*P/60
B_teeth=B_air_max* s l o t _ p i t c h / Tteeth # f l u x i n tee th i s from one s t a t o r p i t c h
B_yoke=B_air_max*T_mag / 2 / Tyoke # f l u x i n yoke i s accumalated per r o t o r pole
loss_per_kg=coe f f [ 0 ] * f *B_teeth ** coe f f [ 1 ] + coe f f [ 2 ] * ( f * B_teeth ) ** coe f f [ 3 ] + coe f f [ 4 ] *

( f * B_teeth ) ** coe f f [ 5 ]
l oss_ tee th=Weight_teeth* loss_per_kg
loss_per_kg=coe f f [ 0 ] * f *B_yoke** coe f f [ 1 ] + coe f f [ 2 ] * ( f * B_yoke ) ** coe f f [ 3 ] + coe f f [ 4 ] * ( f

* B_yoke ) ** coe f f [ 5 ]
loss_yoke=Weight_yoke* loss_per_kg
i r o n_ l o s s_d i c t = d i c t ( z ip ( [ ’ s t a t o r�tee th ’ , ’ s t a t o r�yoke ’ , ’ s t a t o r ’ , ’ r o t o r ’ ] , [ loss_ tee th ,

loss_yoke , l oss_ tee th+loss_yoke , 0 ] ) )
r e t u rn i r o n_ l o s s_d i c t

def i r o n_ l o s s_ t r ans i en t ( out , coe f f ) :
#Ca lcu la te the i r on loss by ca l c u l a t i n g i r on loss dens i t y per c e l l then es t ima t i ng t o t a l

loss
machine=out . simu . machine
P=machine . get_pole_pair_number ( )
N0=out . simu . i npu t .OP.N0
rho=machine . s t a t o r . mat_type . s t r u c t . rho
i f out . simu .mag. i s _ pe r i o d i c i t y _ a : # i f a n t i p e r i o d i c i t y i s used losses f o r a pa r t o f the

mesh are ca l cu la ted and mu l t i p l i e d
sym , is_an t ipe r_a , _ , _ = out . ge t_mach ine_per iod ic i t y ( )
sym *= is_an t i pe r_a + 1
p r i n t (sym)

e lse :
sym = 1

meshsol_stator=out .mag. meshsolut ion . get_group ( group_names= ” s t a t o r�core ” ) # ex t r a c t s the
mesh and so l u t i o n f o r the s t a t o r

mesh_stator=meshsol_stator .mesh [ 0 ]
s o l _ s t a t o r =meshsol_stator . ge t_so lu t i on ( l abe l = ”B” )

area_teeth , area_yoke= i ron_ loss_area_ca lc ( mesh_stator , s t a t o r =machine . s t a t o r )
l o ss_dens i t y_s t a t o r = i r on_ loss_dens i t y ( so l _s ta to r ,P,N0, coe f f )
s t a t o r _ t ee t h_ l oss=np . sum( area_teeth * l o s s_dens i t y_s t a t o r *machine . s t a t o r . L1* rho ) *sym#

mu l t i p l i e s loss dens i t y w i th volume and sums over whole mesh
s ta to r_yoke_ loss=np . sum( area_yoke* l o s s_dens i t y_s t a t o r *machine . s t a t o r . L1* rho ) *sym

meshsol_rotor=out .mag. meshsolut ion . get_group ( group_names= ” r o t o r�core ” ) # ex t r a c t s the mesh
and so l u t i o n f o r r o t o r

mesh_rotor=meshsol_rotor .mesh [ 0 ]
s o l _ r o t o r =meshsol_rotor . ge t_so lu t i on ( l abe l = ”B” )

a rea_ro to r= i ron_ loss_area_ca lc ( mesh_rotor )
l o ss_dens i t y_ ro t o r = i r on_ loss_dens i t y ( so l _ ro to r ,P,N0, coe f f ) *sym
ro t o r _ l o ss=np . sum( area_ro to r * l o ss_dens i t y_ ro t o r *machine . s t a t o r . L1* rho )
i r o n_ l o s s_d i c t = d i c t ( z ip ( [ ’ s t a t o r�tee th ’ , ’ s t a t o r�yoke ’ , ’ s t a t o r ’ , ’ r o t o r ’ ] , [

s t a to r_ tee th_ loss , s ta tor_yoke_ loss , s t a t o r _ t ee t h_ l oss+sta tor_yoke_ loss , r o t o r _ l o ss ] ) )
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r e t u rn i r o n_ l o s s_d i c t
def i r on_ loss_dens i t y ( sol ,P ,N0, coe f f ) :

# ca l cu l a t es the i r on loss dens i t y per c e l l f o r the i npu t mesh so l u t i o n
comp_x=so l . f i e l d . components [ ” comp_x ” ]
comp_y=so l . f i e l d . components [ ” comp_y ” ]
B_x1=np . de le te ( comp_x . values , [ 1 , 2 ] , 0 ) # removing f i e l d corresponding to angle p i /12 and p i

/6
B_x2=B_x1*−1
B_x=np . concatenate ( ( B_x1 , B_x2 ) , ax is =0)# a n t i p e r i o d i c i t y cond i t i on to conver t 4 samples to

8
B_y1=np . de le te ( comp_y . values , [ 1 , 2 ] , 0 )
B_y2=B_y1*−1
B_y=np . concatenate ( ( B_y1 , B_y2 ) , ax is =0)
B_yf=2*abs ( np . f f t . f f t ( B_y , ax is =0) ) /8 #peak B per c e l l f o r d i f f e r e n t harmonics
B_xf=2*abs ( np . f f t . f f t ( B_x , ax is =0) ) /8
f =N0*P/60 # f i r s t harmonic c on t r i b u t i o n
loss_dens i t y=coe f f [ 0 ] * f *B_xf [ 1 ]** coe f f [ 1 ] + coe f f [ 2 ] * ( f * B_xf [ 1 ] ) ** coe f f [ 3 ] + coe f f [ 4 ] *

( f * B_xf [ 1 ] ) ** coe f f [ 5 ]
l oss_dens i t y+=coe f f [ 0 ] * f *B_yf [ 1 ]** coe f f [ 1 ] + coe f f [ 2 ] * ( f * B_yf [ 1 ] ) ** coe f f [ 3 ] + coe f f [ 4 ]

* ( f * B_yf [ 1 ] ) ** coe f f [ 5 ]
f =N0*P/60*3 # t h i r d harmonic c on t r i b u t i o n
loss_dens i t y+=coe f f [ 0 ] * f *B_xf [ 3 ]** coe f f [ 1 ] + coe f f [ 2 ] * ( f * B_xf [ 3 ] ) ** coe f f [ 3 ] + coe f f [ 4 ]

* ( f * B_xf [ 3 ] ) ** coe f f [ 5 ]
l oss_dens i t y+=coe f f [ 0 ] * f *B_yf [ 3 ]** coe f f [ 1 ] + coe f f [ 2 ] * ( f * B_yf [ 3 ] ) ** coe f f [ 3 ] + coe f f [ 4 ]

* ( f * B_yf [ 3 ] ) ** coe f f [ 5 ]
r e t u rn loss_dens i t y

def i ron_ loss_area_ca lc (mesh , s t a t o r =None ) :
# re tu rns the area per c e l l f o r the supp l ied mesh , i f s t a t o r then area i s s p l i t between

tee th and yoke
node=mesh . node
i f s t a t o r i s not None :

rad ius=np . l i n a l g . norm ( node . coord inate , ax is =1) . t ranspose ( )
R in t= s t a t o r . R in t
#R_mid=out . simu . machine . s t a t o r . s l o t . comp_radius_mid_active ( )
Tyoke= s t a t o r . Rext− s t a t o r . s l o t . comp_height ( ) − s t a t o r . R in t
i f s t a t o r . i s _ i n t e r n a l :

node_indice=np . argwhere ( rad ius <( R in t+Tyoke ) )
e lse :

node_indice=np . argwhere ( rad ius > s t a t o r . Rext−Tyoke )
nodes=node . i nd i ce [ node_indice ]
c e l l s = np . ar ray ( [ ] , dtype= i n t )
f o r i i n node_indice :

alpha=np . argwhere (mesh . c e l l [ ’ t r i a n g l e ’ ] . c onnec t i v i t y == i )
c e l l s =np . append ( ce l l s , alpha )

area=mesh . ge t_ce l l _a rea ( )
area_teeth=area . copy ( )
area_teeth [ c e l l s ]=0
area_yoke=area−area_teeth
re t u rn area_teeth , area_yoke

else :
area=mesh . ge t_ce l l _a rea ( )
r e t u rn area



C
Copper Loss Calculation within MOO

routine

from numpy impor t p i , sinh , cos , s in , cosh , sq r t
from numpy impor t ndarray
# f o l l ow i ng code i s from PYLEECAN but implemented d i f f e r e n t l y
def comp_sk in_ef fec t_res is tance ( conductor , f req , T_op=20 , T_ref =20 , b=None , z t =None ) :

” ” ” Compute the sk in e f f e c t f a c t o r on res i s tance f o r the conductors from ” Design of
Rota t ing E l e c t r i c a l Machines ” , J . Pyrhonen , second ed i t i o n

A l l parameters are def ined p.270 / 271
Parameters
−−−−−−−−−−
conductor : Conductor

an Conductor ob jec t
b : f l o a t

S lo t width [m]
z t : i n t

Number o f tu rns i n se r i es per c o i l
f r eq : f l o a t

e l e c t r i c a l f requency [Hz ]
T_op : f l o a t

Conductor ope ra t i ona l temperature [ degC ]
T_ref : f l o a t

Conductor re ference temperature [ degC ]
Returns
−−−−−−−−−−
kr_sk in : f l o a t

sk in e f f e c t coe f f f o r res i s tance at given frequency and temperature
” ” ”

i f b i s None :
# Compute s l o t average width
s l o t = conductor . parent . parent . s l o t
b = s l o t . comp_surface_act ive ( ) / s l o t . comp_height_act ive ( )
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i f z t i s None :
# Get number o f tu rns i n se r i es per c o i l
z t = conductor . parent . N t c o i l

# check i f wi res are round or rec tangu la r
is_round_wire = True

# conductor he igh t
hc0 = conductor . Wwire
# conductor width
bc0 = conductor . Wwire
# Number o f c i r c um f e r en t i a l ad jacent wi res
za = i n t ( sq r t ( conductor .Nwppc) )
# Number o f r a d i a l ad jacent wi res
zp = i n t ( sq r t ( conductor .Nwppc) )
# Equ iva len t he igh t o f conductor
hc = zp * hc0

# E l e c t r i c a l c onduc t i v i t y account ing f o r temperature increase
rho20=conductor . cond_mat . e lec . rho
rho=rho20 *(1+ conductor . cond_mat . e lec . alpha * (T_op−20) )
sigma = 1/ rho
# Magnetic pe rmeab i l i t y
mu0 = 4 * p i * 1e−7
mur=1
# E l e c t r i c a l pu l sa t i on
w = 2 * p i * f r eq

# reduced conductor he igh t Eq (5 .24 ) p.270 + adding r e l a t i v e p e rmea t i b i l i t y
k s i = hc * sq r t ( ( 1 / 2) * w * mu0 * mur * sigma * za * bc0 / b )

i f not i s i n s t ance ( ks i , f l o a t ) :
# Avoid numer ica l e r r o r w i th 0
ks i [ k s i == 0] = 1e−4

# average res i s tance f a c t o r
i f is_round_wire :

# Use round wire approximat ion Eq(5 .28 ) p.271
k r_sk in = 1 + 0.59 * ( ( z t ** 2 − 0 .2 ) / 9) * ks i ** 2

else :
# res i s tance f a c t o r f unc t i on ph i Eq (5 .26 ) p.271
ph i = ks i * ( s inh (2 * ks i ) + s in (2 * ks i ) ) / ( cosh (2 * ks i ) − cos (2 * ks i ) )

# res i s tance f a c t o r f unc t i on ps i Eq (5 .27 ) p.271
ps i = 2 * ks i * ( s inh ( k s i ) − s in ( k s i ) ) / ( cosh ( k s i ) + cos ( k s i ) )

k r_sk in = ph i + ( ( z t ** 2 − 1) / 3) * ps i # Eq(5 .28 ) p.271
# kr_approx = 1 + ( z t ** 2 − 0 .2 ) / 9 * ks i ** 4 # Eq(5 .29 ) p.271

re tu rn k r_sk in
def Copper_Loss_MOO( s ta to r , f , I , T , k f =0.4) :

#modi f ied ca l c u l a t i o n f o r MOO rou t i ne as winding data i s incomplete
N_strands= s t a t o r . winding . conductor .Nwppc #number o f s t rands per tu rn
copper_area= s t a t o r . s l o t . comp_surface_act ive ( ) * k f /2 #copper area from area of s l o t f o r
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double l aye r winding
A=copper_area / N_strands
L1= s t a t o r . L1
Ns= s t a t o r . s l o t . Zs
qs= s t a t o r . winding . qs
s l o t = s t a t o r . s l o t
Rext= s t a t o r . Rext
R_wavg=(Rext− s l o t .H0− s l o t .H2 / 2 ) * s l o t .W2/2 # average rad ius o f end windings from s l o t

shape
L=(2* p i *R_wavg+2*L1 ) *Ns / qs*N_strands
I_s t rand= I / N_strands
rho20= s t a t o r . winding . conductor . cond_mat . e lec . rho
rho=rho20 *(1+ s t a t o r . winding . conductor . cond_mat . e lec . alpha * (T−20) ) #Rise i n temperature
R=rho*L /A
Copper_loss=3* I _s t rand **2*R* comp_sk in_ef fec t_res is tance ( conductor= s t a t o r . winding .

conductor , f r eq=f , T_op=T)
#sometimes output i s ar ray f o l l ow i ng code makes data type co r r e c t i on
i f type ( Copper_loss )==ndarray :

r e t u rn Copper_loss [ 0 ]
e lse :

r e t u rn Copper_loss
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Copper Loss Calculation For PMSM

impor t numpy as np
from numpy impor t p i , sinh , cos , s in , cosh , sq r t
from numpy impor t ndarray
def comp_sk in_ef fec t_res is tance ( conductor , f req , T_op=20 , T_ref =20 , b=None , z t =None ) :

” ” ” Compute the sk in e f f e c t f a c t o r on res i s tance f o r the conductors from ” Design of
Rota t ing E l e c t r i c a l Machines ” , J . Pyrhonen , second ed i t i o n

A l l parameters are def ined p.270 / 271
Parameters
−−−−−−−−−−
conductor : Conductor

an Conductor ob jec t
b : f l o a t

S lo t width [m]
z t : i n t

Number o f tu rns i n se r i es per c o i l
f r eq : f l o a t

e l e c t r i c a l f requency [Hz ]
T_op : f l o a t

Conductor ope ra t i ona l temperature [ degC ]
T_ref : f l o a t

Conductor re ference temperature [ degC ]
Returns
−−−−−−−−−−
kr_sk in : f l o a t

sk in e f f e c t coe f f f o r res i s tance at given frequency and temperature
” ” ”

i f b i s None :
# Compute s l o t average width
s l o t = conductor . parent . parent . s l o t
b = s l o t . comp_surface_act ive ( ) / s l o t . comp_height_act ive ( )

i f z t i s None :
# Get number o f tu rns i n se r i es per c o i l
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z t = conductor . parent . N t c o i l

# check i f wi res are round or rec tangu la r
is_round_wire = True

# conductor he igh t
hc0 = conductor . Wwire
# conductor width
bc0 = conductor . Wwire
# Number o f c i r c um f e r en t i a l ad jacent wi res
za = i n t ( sq r t ( conductor .Nwppc) )
# Number o f r a d i a l ad jacent wi res
zp = i n t ( sq r t ( conductor .Nwppc) )
# Equ iva len t he igh t o f conductor
hc = zp * hc0

# E l e c t r i c a l c onduc t i v i t y account ing f o r temperature increase
rho20=conductor . cond_mat . e lec . rho
rho=rho20 *(1+ conductor . cond_mat . e lec . alpha * (T_op−20) )
sigma = 1/ rho
# Magnetic pe rmeab i l i t y
mu0 = 4 * p i * 1e−7
mur=1
# E l e c t r i c a l pu l sa t i on
w = 2 * p i * f r eq

# reduced conductor he igh t Eq (5 .24 ) p.270 + adding r e l a t i v e p e rmea t i b i l i t y
k s i = hc * sq r t ( ( 1 / 2) * w * mu0 * mur * sigma * za * bc0 / b )

i f not i s i n s t ance ( ks i , f l o a t ) :
# Avoid numer ica l e r r o r w i th 0
ks i [ k s i == 0] = 1e−4

# average res i s tance f a c t o r
i f is_round_wire :

# Use round wire approximat ion Eq(5 .28 ) p.271
k r_sk in = 1 + 0.59 * ( ( z t ** 2 − 0 .2 ) / 9) * ks i ** 2

else :
# res i s tance f a c t o r f unc t i on ph i Eq (5 .26 ) p.271
ph i = ks i * ( s inh (2 * ks i ) + s in (2 * ks i ) ) / ( cosh (2 * ks i ) − cos (2 * ks i ) )

# res i s tance f a c t o r f unc t i on ps i Eq (5 .27 ) p.271
ps i = 2 * ks i * ( s inh ( k s i ) − s in ( k s i ) ) / ( cosh ( k s i ) + cos ( k s i ) )

k r_sk in = ph i + ( ( z t ** 2 − 1) / 3) * ps i # Eq(5 .28 ) p.271
# kr_approx = 1 + ( z t ** 2 − 0 .2 ) / 9 * ks i ** 4 # Eq(5 .29 ) p.271

re tu rn k r_sk in
def Copper_Loss_PMSM( s ta to r , f , I , T , k f =0.4) :

#standard ca l c u l a t i o n when winding data i s complete
Copper_loss= s t a t o r . comp_resistance_wind (T=T) * I **2*3* comp_sk in_ef fec t_res is tance ( conductor

= s t a t o r . winding . conductor , f r eq=f , T_op=T)

i f type ( Copper_loss )==ndarray :
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r e t u rn Copper_loss [ 0 ]
e lse :

r e t u rn Copper_loss



E
Thermal Model for Natural Convection

” ” ” This f i l e creates a 14 node lumped parameter thermal network f o r a sur face mounted
permanent magnet machine ” ” ”

” ” ” The code can be adapted f o r o ther machines as we l l as more nodes ” ” ”
from numpy impor t p i , r_
from numpy impor t zeros
from numpy impor t log as l n
from numpy impor t sq r t
from numpy impor t tanh
from numpy impor t s inh
from pyleecan . Classes . SlotW22 impor t SlotW22
from pyleecan . Classes . SlotM11 impor t SlotM11

from Copper_Loss_PMSM impor t Copper_Loss_PMSM
impor t numpy as np
def yoke_res i s tance_ca lcu la to r ( r1 , r2 , L , lam ) :

” ” ” determines r a d i a l thermal res i s tance f o r c y l i n d r i c a l yoke f o r T network LPTN ” ” ”
# r1 i s outer rad ius
#r2 i s inner rad ius
#L i s e f f e c t i v e stack leng th
#lam i s the r a d i a l thermal conduc t i v i t y
# re tu rns the three res i s tances f o r the T network
R1=(1 −(2* r2 **2* l n ( r1 / r2 ) / ( r1**2− r2 **2) ) / ( 4* p i * lam*L ) )
R2=((2* r1 **2* l n ( r1 / r2 ) / ( r1**2− r2 **2) −1) / ( 4* p i * lam*L ) )
R3=((4* r1 **2* r2 **2* l n ( r1 / r2 ) / ( r1**2− r2 **2)−r1**2− r2 **2) / ( 8* p i * lam*L ) / ( r1**2− r2 **2) )
r e t u rn R1,R2,R3

def annu la r_ res i s t ance_ca l cu la to r ( r1 , r2 , L , lam , alphap ) :
” ” ” determines r a d i a l thermal res i s tance f o r c y l i n d r i c a l yoke f o r T network LPTN ” ” ”
# r1 i s outer rad ius
#r2 i s inner rad ius
#L i s e f f e c t i v e stack leng th
#lam i s the r a d i a l thermal conduc t i v i t y
#alphap i s the magnet angle t imes the number o f pole pa i r s
# thermal res i s tance of a c y l i d r i c a l s h e l l i s known mu l t i p l y by 2 p i and d i v i de by magnet
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angle
#mu l t i p l y 2p to account f o r p a r a l l e l paths
# re tu rns the three res i s tances f o r the T network
R1=(1 −(2* r2 **2* l n ( r1 / r2 ) / ( r1**2− r2 **2) ) / ( 4* alphap* lam*L ) )
R2=((2* r1 **2* l n ( r1 / r2 ) / ( r1**2− r2 **2) −1) / ( 4* alphap* lam*L ) )
R3=((4* r1 **2* r2 **2* l n ( r1 / r2 ) / ( r1**2− r2 **2)−r1**2− r2 **2) / ( 8* alphap* lam*L ) / ( r1**2− r2 **2) )
r e t u rn R1,R2,R3

def yoke_ax ia l _ res i s t ance_ca l cu la to r ( r1 , r2 , L , lam ) :
” ” ” determines a x i a l thermal res i s tance f o r c y l i n d r i c a l yoke f o r T network LPTN ” ” ”
# r1 i s outer rad ius
#r2 i s inner rad ius
#L i s e f f e c t i v e stack leng th
#lam i s the r a d i a l thermal conduc t i v i t y
# re tu rns the three res i s tances f o r the T network
i f lam==0:

r e t u rn 0 ,0 ,0
R1=L / ( 2* p i * lam * ( r1**2− r2 **2) )
R2=L / ( 2* p i * lam * ( r1**2− r2 **2) )
R3=L / ( 6* p i * lam * ( r1**2− r2 **2) )
r e t u rn R1,R2,R3

def annu l a r_ax i a l _ res i s t ance_ca l cu l a t o r ( r1 , r2 , L , lam , alphap ) :
” ” ” determines a x i a l thermal res i s tance f o r c y l i n d r i c a l yoke f o r T network LPTN ” ” ”
# r1 i s outer rad ius
#r2 i s inner rad ius
#L i s e f f e c t i v e stack leng th
#lam i s the r a d i a l thermal conduc t i v i t y
#alphap i s the magnet angle t imes the number o f pole pa i r s
# re tu rns the three res i s tances f o r the T network
i f lam==0:

r e t u rn 0 ,0 ,0
R1=L / ( 2* alphap* lam * ( r1**2− r2 **2) )
R2=L / ( 2* alphap* lam * ( r1**2− r2 **2) )
R3=L / ( 6* alphap* lam * ( r1**2− r2 **2) )
r e t u rn R1,R2,R3

def r ec t angu l a r_ res i s t ance_ca l cu l a t o r ( h ,A, lam ) :
#h i s the he igh t o f the block
#A i s the area of cross sec t ion perpend icu la r to heat f low
#lam i s the thermal conduc t i v i t y i n d i r e c t i o n o f c a l c u l a t i o n
# re tu rns three res i s tance f o r the T network
R1=h / ( 2*A* lam )
R3=−R1/3
re t u rn R1,R1,R3

def sha f t _ ca l c u l a t o r (R, L , lam , T_surface , T_a i r ) :
lam_contact=1100
R1=1/(2* p i *R*L* lam_contact )
R2=L / ( 2* p i *R**2* lam )
R3=f rame_ax ia l (R*2 , p i *R**2 , T_surface , T_a i r=T_a i r )
R=R1+(R2+R3) /2

re t u rn R
def f rame_ax ia l (D, area , T_surface , T_a i r ) :
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g=9.8
the ta=T_surface −T_a i r
beta=3400e−6
cp=1.005e3
k=0.025
rho=1.225
mu=1.6e−5
e th r =0.85
sigma_sb=5.67e−8
Pr=cp*mu/ k
Gr=beta*g* t he ta * rho **2*D**3/mu**2
Ra=Gr*Pr
i f 1e4<=Ra<1e9 :

Nu=0.59*Ra**0.25
e l i f 1e9<=Ra<1e12 :

Nu=0.129*Ra**0.33
alpha_c=Nu*k /D
T1=T_surface+273
T2=273+T_a i r
a lpha_r=e th r *sigma_sb * (T1**4−T2**4) / ( T1−T2 )
R=1 / ( alpha_c+alpha_r ) / area
re t u rn R

def frame_ambient (D, area , T_surface , T_a i r ) :
g=9.8
the ta=T_surface −T_a i r
beta=3400e−6
cp=1.005e3
k=0.025
rho=1.225
mu=1.6e−5
e th r =0.85
sigma_sb=5.67e−8
Pr=cp*mu/ k
Gr=beta*g* t he ta * rho **2*D**3/mu**2
Ra=Gr*Pr
i f 1e4<=Ra<1e9 :

Nu=0.525*Ra**0.25
e l i f 1e9<=Ra<1e12 :

Nu=0.129*Ra**0.33
alpha_c=Nu*k /D
T1=T_surface+273
T2=273+T_a i r
a lpha_r=e th r *sigma_sb * ( ( T1**4) −(T2**4) ) / ( T1−T2 )
R=1 / ( alpha_c+alpha_r ) / area
re t u rn R

def a i r gap_ca l cu l a t o r ( rm , g , omega , area , T_surface , T_a i r ) :
#rm i s average of s t a t o r and r o t o r bore rad ius
#g i s the a i r gap leng th
#omega i s the angular v e l o c i t y o f the r o t o r
rho=1.225#mass dens i t y o f a i r todo implement thermal e f f e c t on p rope r t i e s based on

increase in a i r temp
mu=1.81e−5#dynamic v i s c o s i t y o f a i r
lam=0.025 # thermal c onduc t i v i t y o f a i r
e th r =0.85
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sigma_sb=5.67e−8
Ta=rho **2*omega**2*rm*g**3/mu**2
x=(2*rm−2.304*g ) / ( 2* rm−g )
Fg=( p i **4*x ) /(1697* (0.0056+0.0571* x**2) *(1−g / ( 2* rm ) ) )
Tam=Ta / Fg
i f Tam<1700:

Nu=2
e l i f Tam<1e4 :

Nu=0.128*Tam**0.367
e l i f Tam<1e7 :

Nu=0.409*Tam**0.241
dh=g * ( 8 / 3 ) **0.5
alpha_c=Nu* lam / dh
T1=T_surface+273
T2=273+T_a i r
a lpha_r=e th r *sigma_sb * ( ( T1**4) −(T2**4) ) / ( T1−T2 )
R=1 / ( alpha_c+alpha_r ) / area
re t u rn R

def s t a t o r _ c a l c u l a t o r ( out , Rmat , T , Tambient ) :
s t a t o r =out . simu . machine . s t a t o r
machine=out . simu . machine
r_ i n= s t a t o r . R in t
r_out= s t a t o r . Rext
s l o t _he i gh t = s t a t o r . s l o t . comp_height_act ive ( )
i f s t a t o r . i s _ i n t e r n a l :

r_yoke_in= r_ i n+ s l o t _he i gh t
e lse :

r_yoke_in=r_out − s l o t _he i gh t
L= s t a t o r . L1* s t a t o r . Kf1
lam_r_ i ron= s t a t o r . mat_type .HT. lambda_x
[R1,R2,R3]= yoke_res i s tance_ca lcu la to r ( r_out , r_yoke_in , L , lam_r_ i ron )
Rmat [6 ,7 ]+=R1 i f s t a t o r . i s _ i n t e r n a l e lse R2
Rmat [0 ,6 ]+=R2 i f s t a t o r . i s _ i n t e r n a l e lse R1
Rmat [1 ,6 ]+=R3
slo t_base_width= s t a t o r . s l o t .W2* ( r_yoke_in )
Ns= s t a t o r . s l o t . Zs
teeth_area =(2* p i * r_yoke_in /Ns−s lo t_base_width ) *L
[R1,R2,R3]= rec t angu l a r_ res i s t ance_ca l cu l a t o r ( s l o t_he igh t , teeth_area , lam_r_ i ron )
Rmat [6 ,7 ]+=R1 /Ns
Rmat [3 ,7 ]+=R2 /Ns
Rmat [2 ,7 ]+=R3 /Ns
rm=( s t a t o r . get_Rbo ( ) +machine . r o t o r . get_Rbo ( ) ) /2
g=abs ( s t a t o r . get_Rbo ( ) −machine . r o t o r . get_Rbo ( ) )
s ta to r_ tee th_a rea =(2* pi −Ns* s t a t o r . s l o t . comp_angle_opening ( ) ) * s t a t o r . get_Rbo ( ) *L
omega=out . simu . i npu t .OP.N0/30* p i
Rmat [3 ,7 ]+= a i r gap_ca l cu l a t o r ( rm , g , omega , s ta to r_ tee th_area , T_surface=T [ 5 ] , T_a i r =20)

s l o t _ i n su l a t i o n_ t h i c kness =0.1e−3
lam_ insu la t i on =0.11
lam_sta tor_core_contac t =0.2
area_copper= s t a t o r . c omp_ f i l l _ f a c t o r ( ) * s t a t o r . s l o t . comp_surface_act ive ( )
lam_r_copper= s t a t o r . winding . conductor . ins_mat .HT. lambda_x
lam_a_copper= s t a t o r . winding . conductor . cond_mat .HT. lambda_z
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#winding ca l c u l a t i o n
R1=(1 / (4* p i * lam_r_copper )+ s l o t _ i n su l a t i o n_ t h i c kness / ( ( 2 * s l o t _he i gh t +s lo t_base_width ) *

l am_ insu la t i on ) +1 / ( (2* s l o t _he i gh t +s lo t_base_width ) * l am_sta tor_core_contac t ) )
Rw=s l o t _he i gh t / ( Ns* lam_a_copper*area_copper )
Gw=1/R1
x=sq r t (Rw*Gw)
y=sq r t (Rw/Gw)
R2=y* tanh ( x / 2 )
R3=R1* ( x / s inh ( x ) −1)
Rmat [2 ,4 ]+=R1
Rmat [4 ,5 ]+=R2
Rmat [4 ,5 ]+=R3
lam_a_iron= s t a t o r . mat_type .HT. lambda_z
# [R1,R2,R3]= yoke_ax ia l _ res i s t ance_ca l cu la to r ( r_out , r_ in , L , lam_a_iron )
#Rmat [1 ,1 ]=R3+R1*R2 / ( R1+R2)
l_end= s t a t o r . winding . comp_length_endwinding ( ) *2
r_sew1=r_yoke_in+ s l o t _ i n su l a t i o n_ t h i c kness
r_sew2=r_sew1+s l o t _he i gh t
r_sew=( r_sew1+r_sew2 ) *0.5
R3=1.5* l_end / ( Ns*area_copper* lam_a_copper )
R2=1 .5 / (4* p i **2*( r_sew1+r_sew2 ) * lam_r_copper )
Rmat [4 ,5 ]+=R3
Rmat [5 ,8 ]+=R2/2
end_winding_area=p i **2* r_sew * ( r_sew1+r_sew2 )
R1=a i r gap_ca l cu l a t o r ( rm , g , omega , end_winding_area , T_surface=T [ 5 ] , T_a i r =20)
R2=a i r gap_ca l cu l a t o r ( rm , g ,0 , end_winding_area , T_surface=T [ 5 ] , T_a i r =20)
Rmat [5 ,8 ]+=R1*R2 / ( R1+R2)
i f s t a t o r . i s _ i n t e r n a l :

R=machine . r o t o r . Rext
Rmat [5 ,8 ]+= f rame_ax ia l (R*2 , p i *R**2 , T_surface=T [ 8 ] , T_a i r =20)

e lse :
R=machine . s t a t o r . Rext
Rmat [5 ,8 ]+= f rame_ax ia l (R*2 , p i *R**2 , T_surface=T [ 8 ] , T_a i r =20)

Rmat [0 ,0 ]+= sha f t _ ca l c u l a t o r (R= s t a t o r . Rint , L= s t a t o r . L1 , lam=lam_r_i ron , T_surface=T [ 0 ] , T_a i r
=Tambient )

def r o t o r _ c a l c u l a t o r ( out , Rmat , T , Tambient ) :
machine=out . simu . machine
r o t o r =machine . r o t o r
r _ i n = r o t o r . R in t
r_out= r o t o r . Rext
L= r o t o r . L1* r o t o r . Kf1
lam_r_ i ron= r o t o r . mat_type .HT. lambda_x
[R1,R2,R3]= yoke_res i s tance_ca lcu la to r ( r_out , r_ in , L , lam_r_ i ron )
Rmat [8 ,11]+=R1 i f r o t o r . i s _ i n t e r n a l e lse R2
Rmat[11 ,12]+=R2 i f r o t o r . i s _ i n t e r n a l e lse R1
Rmat [9 ,11]+=R3
#magnet c a l c u l a t i o n
Hmag= r o t o r . s l o t .Hmag
lam_r_mag= r o t o r . magnet . mat_type .HT. lambda_x
alphap= r o t o r . s l o t .Wmag* r o t o r . get_pole_pair_number ( )
[R1,R2,R3]= annu la r_ res i s t ance_ca l cu la to r ( r_out+Hmag, r_out , L , lam_r_mag , alphap )
Rmat[11 ,12]+=R1 i f r o t o r . i s _ i n t e r n a l e lse R2
Rmat [3 ,12]+=R2 i f r o t o r . i s _ i n t e r n a l e lse R1
Rmat[10 ,12]+=R3
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lam_a_iron= r o t o r . mat_type .HT. lambda_z
lam_a_mag= r o t o r . magnet . mat_type .HT. lambda_z
# [R1,R2,R3]= yoke_ax ia l _ res i s t ance_ca l cu la to r ( r_out , r_ in , L , lam_a_iron )
#Rmat [9 ,9 ]=R3+R1*R2 / ( R1+R2)
# [R1,R2,R3]= annu l a r_ax i a l _ res i s t ance_ca l cu l a t o r ( r_out+Hmag, r_out , L , lam_a_mag , alphap )
#Rmat [10 ,10]=R3+R1*R2 / ( R1+R2)
#Rmat [8 ,8 ]= sha f t _ a x i a l ( ) i f r o t o r . i s _ i n t e r n a l e lse f rame_ax ia l ( )
rm=(machine . s t a t o r . get_Rbo ( ) + r o t o r . get_Rbo ( ) ) /2
g=abs (machine . s t a t o r . get_Rbo ( ) − r o t o r . get_Rbo ( ) )
ro to r_area=2*alphap*L* r o t o r . get_Rbo ( )
omega=out . simu . i npu t .OP.N0/30* p i
Rmat [3 ,12]+= a i r gap_ca l cu l a t o r ( rm , g , omega , ro tor_area , T_surface=T [ 10 ] , T_a i r =20)
Rmat [8 ,11]+= a i r gap_ca l cu l a t o r ( r_out+g /2 , g , omega,2* p i * ( r_out+g / 2 ) *L , T_surface=T [ 9 ] , T_a i r

=20)
def ThermalLPTN_SIPMSM_run ( out , Tambient , i r on_ l oss_d i c t , I_rms , k f =0.4) :

machine=out . simu . machine
N0=out . simu . i npu t .OP.N0
P=machine . get_pole_pair_number ( )
Ns ta to r=8
Nrotor=6
N to ta l =Nsta to r+Nrotor −1
Rmat=zeros ( [ N to ta l , N to t a l ] )
Gmat=zeros ( [ N to ta l , N to t a l ] )
Pvec=zeros ( [ 1 , N to t a l ] )
eye=np . i d e n t i t y ( N to t a l )
tamb=np . ones ( [ 1 , N to t a l ] ) *Tambient
T=np . ar ray ( [65 ,65 ,65 ,20 ,110 ,110 ,20 ,20 ,65 ,65 ,65 ,20 ,20] , dtype= f l o a t )
Node_name=[ ” sha f t ” , ” s t a t o r�yoke ” , ” s t a t o r�tee th ” , ” a i r�gap ” , ” winding ” , ” end�winding ” , ” node�6

” , ” node�7 ” , ” frame ” ,
” r o t o r�yoke ” , ” magnets ” , ” node�11 ” , ” node�12 ” ]

i f type (machine . r o t o r . s l o t ) != SlotM11 :
# p r i n t ( ” r o t o r geometry not supported ” )
p r i n t ( machine . r o t o r . s l o t )
r e t u rn Rmat , Pvec

i f type (machine . s t a t o r . s l o t ) !=SlotW22 :
# p r i n t ( ” s t a t o r geometry not supported ” )
p r i n t ( machine . s t a t o r . s l o t )
r e t u rn Rmat , Pvec

f o r i i n range (100) :
Rmat=zeros ( [ N to ta l , N to t a l ] )
Gmat=zeros ( [ N to ta l , N to t a l ] )
Told=T . copy ( )
Lwinding=Copper_Loss_PMSM( s t a t o r =machine . s ta to r , f =N0/60*P,T=T [ 4 ] , I =I_rms , k f = k f )
Lro toryoke= i r o n_ l o s s_d i c t [ ’ r o t o r ’ ]
Lmag=0
Lsta toryoke= i r o n_ l o s s_d i c t [ ’ s t a t o r�yoke ’ ]
L teeth= i r o n_ l o s s_d i c t [ ’ s t a t o r�tee th ’ ]
Pvec=np . ar ray ( [ 0 , Lstatoryoke , Lteeth ,0 , Lwinding ,0 ,0 ,0 ,0 , Lrotoryoke , Lmag , 0 , 0 ] ) . reshape

( −1 ,1)
Pvec_dict= d i c t ( z ip (Node_name , Pvec . t o l i s t ( ) ) )
R1=frame_ambient (D=2*machine . r o t o r . Rext , area=2* p i *machine . r o t o r . Rext*machine . r o t o r . L1

, T_surface=T [ 8 ] , T_a i r=Tambient )
R2= f rame_ax ia l (D=2*machine . r o t o r . Rext , area=2* p i *machine . r o t o r . Rext **2 , T_surface=T [ 8 ] ,

T_a i r=Tambient )
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Rmat [8 ,8 ]=R1*R2 / ( R1+R2)

s t a t o r _ c a l c u l a t o r ( out , Rmat , T , Tambient )
r o t o r _ c a l c u l a t o r ( out , Rmat , T , Tambient )

Gmat=np . where (Rmat==0 ,0 ,1 . /Rmat )
amb=np . d iagonal (Gmat )
Gmat=Gmat−eye*amb

Gmat=Gmat+np . transpose (Gmat )

Gsum=np . sum(Gmat , ax is =1)

Gmat=Gmat*−1

Gmat=Gmat+eye * (amb+Gsum)
#np . save tx t ( ’Gmat . csv ’ , Gmat , d e l im i t e r = ” , ” )
ambtamb=amb*tamb

Pvec=Pvec+np . transpose (ambtamb)
Ginv=np . l i n a l g . i nv (Gmat )
np . save tx t ( ’Rmat ’+ s t r ( i ) + ’ . csv ’ , Rmat , d e l im i t e r = ” , ” )
T=np . dot ( Ginv , Pvec )
#np . save tx t ( ” Gmat . csv ” ,Gmat , d e l im i t e r = ’ , ’ )
i f np . a l l c l o s e (T , Told , r t o l =0.001) :

break

Temp_dict= d i c t ( z ip (Node_name ,T . t o l i s t ( ) ) )
r e t u rn Ginv , Pvec_dict , Temp_dict



F
Thermal Model for Forced Cooling

” ” ” This f i l e creates a 14 node lumped parameter thermal network f o r a sur face mounted
permanent magnet machine ” ” ”

” ” ” The code can be adapted f o r o ther machines as we l l as more nodes ” ” ”
from re impor t L
from numpy impor t p i , r_
from numpy impor t zeros
from numpy impor t log as l n
from numpy impor t sq r t
from numpy impor t tanh
from numpy impor t s inh
from pyleecan . Classes . SlotW22 impor t SlotW22
from pyleecan . Classes . SlotM11 impor t SlotM11

from Copper_loss_MOO impor t Copper_Loss_MOO
sha f t _ rad i a t o r_ t h i c kness =2.5e−3
frame_thickness =2.5e−3
lam_contact=1100
s l o t _ i n su l a t i o n_ t h i c kness =0.1e−3
lam_ insu la t i on =0.6# l i p o pg 341/324
lam_sta tor_core_contac t =0.6
impor t numpy as np
def yoke_res i s tance_ca lcu la to r ( r1 , r2 , L , lam ) :

” ” ” determines r a d i a l thermal res i s tance f o r c y l i n d r i c a l yoke f o r T network LPTN ” ” ”
# r1 i s outer rad ius
#r2 i s inner rad ius
#L i s e f f e c t i v e stack leng th
#lam i s the r a d i a l thermal conduc t i v i t y
# re tu rns the three res i s tances f o r the T network
R1=(1 −(2* r2 **2* l n ( r1 / r2 ) / ( r1**2− r2 **2) ) / ( 4* p i * lam*L ) )
R2=((2* r1 **2* l n ( r1 / r2 ) / ( r1**2− r2 **2) −1) / ( 4* p i * lam*L ) )
R3=((4* r1 **2* r2 **2* l n ( r1 / r2 ) / ( r1**2− r2 **2)−r1**2− r2 **2) / ( 8* p i * lam*L ) / ( r1**2− r2 **2) )
r e t u rn R1,R2,R3

def annu la r_ res i s t ance_ca l cu la to r ( r1 , r2 , L , lam , alphap ) :
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” ” ” determines r a d i a l thermal res i s tance f o r c y l i n d r i c a l yoke f o r T network LPTN ” ” ”
# r1 i s outer rad ius
#r2 i s inner rad ius
#L i s e f f e c t i v e stack leng th
#lam i s the r a d i a l thermal conduc t i v i t y
#alphap i s the magnet angle t imes the number o f pole pa i r s
# thermal res i s tance of a c y l i d r i c a l s h e l l i s known mu l t i p l y by 2 p i and d i v i de by magnet

angle
#mu l t i p l y 2p to account f o r p a r a l l e l paths
# re tu rns the three res i s tances f o r the T network
R1=(1 −(2* r2 **2* l n ( r1 / r2 ) / ( r1**2− r2 **2) ) / ( 4* alphap* lam*L ) )
R2=((2* r1 **2* l n ( r1 / r2 ) / ( r1**2− r2 **2) −1) / ( 4* alphap* lam*L ) )
R3=((4* r1 **2* r2 **2* l n ( r1 / r2 ) / ( r1**2− r2 **2)−r1**2− r2 **2) / ( 8* alphap* lam*L ) / ( r1**2− r2 **2) )
r e t u rn R1,R2,R3

def yoke_ax ia l _ res i s t ance_ca l cu la to r ( r1 , r2 , L , lam ) :
” ” ” determines a x i a l thermal res i s tance f o r c y l i n d r i c a l yoke f o r T network LPTN ” ” ”
# r1 i s outer rad ius
#r2 i s inner rad ius
#L i s e f f e c t i v e stack leng th
#lam i s the r a d i a l thermal conduc t i v i t y
# re tu rns the three res i s tances f o r the T network
i f lam==0:

r e t u rn 0 ,0 ,0
R1=L / ( 2* p i * lam * ( r1**2− r2 **2) )
R2=L / ( 2* p i * lam * ( r1**2− r2 **2) )
R3=L / ( 6* p i * lam * ( r1**2− r2 **2) )
r e t u rn R1,R2,R3

def annu l a r_ax i a l _ res i s t ance_ca l cu l a t o r ( r1 , r2 , L , lam , alphap ) :
” ” ” determines a x i a l thermal res i s tance f o r c y l i n d r i c a l yoke f o r T network LPTN ” ” ”
# r1 i s outer rad ius
#r2 i s inner rad ius
#L i s e f f e c t i v e stack leng th
#lam i s the r a d i a l thermal conduc t i v i t y
#alphap i s the magnet angle t imes the number o f pole pa i r s
# re tu rns the three res i s tances f o r the T network
i f lam==0:

r e t u rn 0 ,0 ,0
R1=L / ( 2* alphap* lam * ( r1**2− r2 **2) )
R2=L / ( 2* alphap* lam * ( r1**2− r2 **2) )
R3=L / ( 6* alphap* lam * ( r1**2− r2 **2) )
r e t u rn R1,R2,R3

def r ec t angu l a r_ res i s t ance_ca l cu l a t o r ( h ,A, lam ) :
#h i s the he igh t o f the block
#A i s the area of cross sec t ion perpend icu la r to heat f low
#lam i s the thermal c onduc t i v i t y i n d i r e c t i o n o f c a l c u l a t i o n
# re tu rns three res i s tance f o r the T network
R1=h / ( 2*A* lam )
R3=−R1/3
re t u rn R1,R1,R3

def sha f t _ ca l c u l a t o r ( Rext , L , lam ) :
R1=1/(2* p i *Rext*L* lam_contact )
R2= ln ( Rext / ( Rext− sha f t _ rad i a t o r_ t h i c kness ) ) / ( 2* p i * lam*L )
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R=R1+R2
re tu rn R

def f rame_ca lcu la to r ( Rint , L , lam ) :
R1=1/(2* p i *Rin t *L* lam_contact )
R2= ln ( ( R in t+ f rame_th ickness ) / R in t ) / ( 2* p i * lam*L )
R=R1+R2
re tu rn R

def f l a t _ p l a t e _ f o r c ed ( a i r_v , L , area , T_surface , T_ambient=20) :
k=0.025
mu=1.6e−5
rho=1.225
cp=1.005e3
Re=rho* a i r _v *L /mu
Pr=cp*mu/ k
i f Re<5e5 :

Nu=0.664*Re**0.5*Pr **0.33
else :

Nu=(0.037*Re**0.8 −871)*Pr **0.33
h=Nu*k / L
R=1/ area / h
re t u rn R

def f rame_ax ia l (D, area , T_surface , T_a i r ) :
t he ta=T_surface −T_a i r
g=9.8

beta=3400e−6
cp=1.005e3
k=0.025
rho=1.225
mu=1.6e−5
e th r =0.85
sigma_sb=5.67e−8
Pr=cp*mu/ k
Gr=beta*g* t he ta * rho **2*D**3/mu**2
Ra=Gr*Pr
i f 1e4<=Ra<1e9 :

Nu=0.59*Ra**0.25
e l i f 1e9<=Ra<1e12 :

Nu=0.129*Ra**0.33
p r i n t (Ra)
alpha_c=Nu*k /D
T1=T_surface+273
T2=273+T_a i r
a lpha_r=e th r *sigma_sb * (T1**4−T2**4) / ( T1−T2 )
R=1 / ( alpha_c+alpha_r ) / area
re t u rn R

def frame_ambient (D, area , T_surface , T_a i r ) :
g=9.8
the ta=T_surface −T_a i r
beta=3400e−6
cp=1.005e3
k=0.025
rho=1.225



69

mu=1.6e−5
e th r =0.85
sigma_sb=5.67e−8
Pr=cp*mu/ k
Gr=beta*g* t he ta * rho **2*D**3/mu**2
Ra=Gr*Pr
i f 1e4<=Ra<1e9 :

Nu=0.525*Ra**0.25
e l i f 1e9<=Ra<1e12 :

Nu=0.129*Ra**0.33
alpha_c=Nu*k /D
T1=T_surface+273
T2=273+T_a i r
a lpha_r=e th r *sigma_sb * ( ( T1**4) −(T2**4) ) / ( T1−T2 )
R=1 / ( alpha_c+alpha_r ) / area
re t u rn R

def a i r gap_ca l cu l a t o r ( rm , g , omega , area , T_surface , T_a i r ) :
#rm i s average of s t a t o r and r o t o r bore rad ius
#g i s the a i r gap leng th
#omega i s the angular v e l o c i t y o f the r o t o r
rho=1.225#mass dens i t y o f a i r todo implement thermal e f f e c t on p rope r t i e s based on

increase in a i r temp
mu=1.81e−5#dynamic v i s c o s i t y o f a i r
lam=0.025 # thermal c onduc t i v i t y o f a i r
e th r =0.85
sigma_sb=5.67e−8
Ta=rho **2*omega**2*rm*g**3/mu**2
x=(2*rm−2.304*g ) / ( 2* rm−g )
Fg=( p i **4*x ) /(1697* (0.0056+0.0571* x**2) *(1−g / ( 2* rm ) ) )
Tam=Ta / Fg
i f Tam<1700:

Nu=2
e l i f Tam<1e4 :

Nu=0.128*Tam**0.367
else :

Nu=0.409*Tam**0.241
dh=g * ( 8 / 3 ) **0.5
alpha_c=Nu* lam / dh
T1=T_surface+273
T2=273+T_a i r
a lpha_r=e th r *sigma_sb * ( ( T1**4) −(T2**4) ) / ( T1−T2 )
R=1 / ( alpha_c+alpha_r ) / area
re t u rn R

def s t a t o r _ c a l c u l a t o r ( out , Rmat , T , Tambient ) :
s t a t o r =out . simu . machine . s t a t o r
machine=out . simu . machine
r_ i n= s t a t o r . R in t
r_out= s t a t o r . Rext
s l o t _he i gh t = s t a t o r . s l o t . comp_height_act ive ( )
N0=out . simu . i npu t .OP.N0
RRext=machine . r o t o r . Rext+f rame_th ickness
i f s t a t o r . i s _ i n t e r n a l :

r_yoke_in= r_ i n+ s l o t _he i gh t
e lse :
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r_yoke_in=r_out − s l o t _he i gh t
L= s t a t o r . L1* s t a t o r . Kf1
lam_r_ i ron= s t a t o r . mat_type .HT. lambda_x
[R1,R2,R3]= yoke_res i s tance_ca lcu la to r ( r_out , r_yoke_in , L , lam_r_ i ron )
Rmat [6 ,7 ]+=R1 i f s t a t o r . i s _ i n t e r n a l e lse R2
Rmat [0 ,6 ]+=R2 i f s t a t o r . i s _ i n t e r n a l e lse R1
Rmat [1 ,6 ]+=R3
slo t_base_width= s t a t o r . s l o t .W2* ( r_yoke_in )
Ns= s t a t o r . s l o t . Zs
teeth_area =(2* p i * r_yoke_in /Ns−s lo t_base_width ) *L
[R1,R2,R3]= rec t angu l a r_ res i s t ance_ca l cu l a t o r ( s l o t_he igh t , teeth_area , lam_r_ i ron )
Rmat [6 ,7 ]+=R1 /Ns
Rmat [3 ,7 ]+=R2 /Ns
Rmat [2 ,7 ]+=R3 /Ns
rm=( s t a t o r . get_Rbo ( ) +machine . r o t o r . get_Rbo ( ) ) /2
g=abs ( s t a t o r . get_Rbo ( ) −machine . r o t o r . get_Rbo ( ) )
s ta to r_ tee th_a rea =(2* pi −Ns* s t a t o r . s l o t . comp_angle_opening ( ) ) * s t a t o r . get_Rbo ( ) *L
omega=out . simu . i npu t .OP.N0/30* p i
Rmat [3 ,7 ]+= a i r gap_ca l cu l a t o r ( rm , g , omega , s ta to r_ tee th_area , T_surface=T [ 5 ] , T_a i r =20)

area_copper= s t a t o r . c omp_ f i l l _ f a c t o r ( ) * s t a t o r . s l o t . comp_surface_act ive ( )
lam_r_copper= s t a t o r . winding . conductor . ins_mat .HT. lambda_x
lam_a_copper= s t a t o r . winding . conductor . cond_mat .HT. lambda_z

#winding ca l c u l a t i o n
R1=(+ s l o t _ i n su l a t i o n_ t h i c kness / ( ( 2 * s l o t _he i gh t +s lo t_base_width ) * l am_ insu la t i on ) +1 / ( (2*

s l o t _he i gh t +s lo t_base_width ) * l am_sta tor_core_contac t ) )
Rw=s l o t _he i gh t / ( Ns* lam_a_copper*area_copper )
Gw=1/R1
x=sq r t (Rw*Gw)
y=sq r t (Rw/Gw)
R2=y* tanh ( x / 2 )
R3=R1* ( x / s inh ( x ) −1)
Rmat [2 ,4 ]+=R1
Rmat [4 ,5 ]+=R2
Rmat [4 ,5 ]+=R3
lam_a_iron= s t a t o r . mat_type .HT. lambda_z
# [R1,R2,R3]= yoke_ax ia l _ res i s t ance_ca l cu la to r ( r_out , r_ in , L , lam_a_iron )
#Rmat [1 ,1 ]=R3+R1*R2 / ( R1+R2)
l_end= s t a t o r . winding . comp_length_endwinding ( ) *2
r_sew1=r_yoke_in+ s l o t _ i n su l a t i o n_ t h i c kness
r_sew2=r_sew1+s l o t _he i gh t
r_sew=( r_sew1+r_sew2 ) *0.5
R3=1.5* l_end / ( Ns*area_copper* lam_a_copper )
R2=1 .5 / (4* p i **2*( r_sew1+r_sew2 ) * lam_r_copper )
Rmat [4 ,5 ]+=R3
Rmat [5 ,5 ]+=R2/2
end_winding_area=p i **2* r_sew * ( r_sew1+r_sew2 )
R1=a i r gap_ca l cu l a t o r ( rm , g , omega , end_winding_area , T_surface=T [ 5 ] , T_a i r =20)
R2= f l a t _ p l a t e _ f o r c ed ( a i r _v=N0/30* p i *RRext , L=l_end , area=end_winding_area , T_surface=T [ 5 ] )
Rmat [5 ,5 ]+=R1*R2 / ( R1+R2) /2
Rsha f t in= r_ in −sha f t _ rad i a t o r_ t h i c kness
#Rmat [4 ,4 ]+= frame_axia l_enclosed (R*2 , p i *R**2 , T_surface=T [ 7 ] , T_a i r =20)
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Rmat [0 ,0 ]+= f l a t _ p l a t e _ f o r c ed ( a i r _v=N0/30* p i *RRext*2 ,L=L , area=2* p i *Rshaf t in *L , T_surface=T
[ 0 ] )

def r o t o r _ c a l c u l a t o r ( out , Rmat , T , Tambient ) :
machine=out . simu . machine
r o t o r =machine . r o t o r
r _ i n = r o t o r . R in t
r_out= r o t o r . Rext
L= r o t o r . L1* r o t o r . Kf1
N0=out . simu . i npu t .OP.N0
RRext=machine . r o t o r . Rext+f rame_th ickness
lam_r_ i ron= r o t o r . mat_type .HT. lambda_x
[R1,R2,R3]= yoke_res i s tance_ca lcu la to r ( r_out , r_ in , L , lam_r_ i ron )
Rmat [8 ,11]+=R1 i f r o t o r . i s _ i n t e r n a l e lse R2
Rmat[11 ,12]+=R2 i f r o t o r . i s _ i n t e r n a l e lse R1
Rmat [9 ,11]+=R3
#magnet c a l c u l a t i o n
Hmag= r o t o r . s l o t .Hmag
lam_r_mag= r o t o r . magnet . mat_type .HT. lambda_x
alphap= r o t o r . s l o t .Wmag* r o t o r . get_pole_pair_number ( )
[R1,R2,R3]= annu la r_ res i s t ance_ca l cu la to r ( r_out+Hmag, r_out , L , lam_r_mag , alphap )
Rmat[11 ,12]+=R1 i f r o t o r . i s _ i n t e r n a l e lse R2
Rmat [3 ,12]+=R2 i f r o t o r . i s _ i n t e r n a l e lse R1
Rmat[10 ,12]+=R3
lam_a_iron= r o t o r . mat_type .HT. lambda_z
lam_a_mag= r o t o r . magnet . mat_type .HT. lambda_z
# [R1,R2,R3]= yoke_ax ia l _ res i s t ance_ca l cu la to r ( r_out , r_ in , L , lam_a_iron )
#Rmat [9 ,9 ]=R3+R1*R2 / ( R1+R2)
# [R1,R2,R3]= annu l a r_ax i a l _ res i s t ance_ca l cu l a t o r ( r_out+Hmag, r_out , L , lam_a_mag , alphap )
#Rmat [10 ,10]=R3+R1*R2 / ( R1+R2)
#Rmat [8 ,8 ]= sha f t _ a x i a l ( ) i f r o t o r . i s _ i n t e r n a l e lse f rame_ax ia l ( )
rm=(machine . s t a t o r . get_Rbo ( ) + r o t o r . get_Rbo ( ) ) /2
g=abs (machine . s t a t o r . get_Rbo ( ) − r o t o r . get_Rbo ( ) )
ro to r_area=2*alphap*L* r o t o r . get_Rbo ( )
omega=out . simu . i npu t .OP.N0/30* p i
Rmat [3 ,12]+= a i r gap_ca l cu l a t o r ( rm , g , omega , ro tor_area , T_surface=T [ 10 ] , T_a i r =20)
Rmat [8 ,11]+= f rame_ca lcu la to r ( r_out , L , lam_r_ i ron )
Rmat [8 ,8 ]+= f l a t _ p l a t e _ f o r c ed ( a i r _v=N0/30* p i *RRext , L=2* p i *RRext , area=2* p i *RRext*machine .

r o t o r . L1 , T_surface=T [ 7 ] )
def ThermalLPTN_forced ( out , Tambient , i r on_ l oss_d i c t , I_rms , k f =0.4) :

machine=out . simu . machine
N0=out . simu . i npu t .OP.N0
P=p=machine . get_pole_pair_number ( )
Ns ta to r=8
Nrotor=6
N to ta l =Nsta to r+Nrotor −1
Rmat=zeros ( [ N to ta l , N to t a l ] )
Gmat=zeros ( [ N to ta l , N to t a l ] )
Pvec=zeros ( [ 1 , N to t a l ] )
eye=np . i d e n t i t y ( N to t a l )
tamb=np . ones ( [ 1 , N to t a l ] ) *Tambient
T=np . ar ray ( [65 ,65 ,65 ,20 ,110 ,110 ,20 ,20 ,65 ,65 ,65 ,20 ,20] , dtype= f l o a t )
Node_name=[ ” sha f t ” , ” s t a t o r�yoke ” , ” s t a t o r�tee th ” , ” a i r�gap ” , ” winding ” , ” end�winding ” , ” node�6

” , ” node�7 ” , ” frame ” ,
” r o t o r�yoke ” , ” magnets ” , ” node�11 ” , ” node�12 ” ]
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i f type (machine . r o t o r . s l o t ) != SlotM11 :
# p r i n t ( ” r o t o r geometry not supported ” )
p r i n t ( machine . r o t o r . s l o t )
r e t u rn Rmat , Pvec

i f type (machine . s t a t o r . s l o t ) !=SlotW22 :
# p r i n t ( ” s t a t o r geometry not supported ” )
p r i n t ( machine . s t a t o r . s l o t )
r e t u rn Rmat , Pvec

I_rms=I_rms / machine . s t a t o r . winding . N t c o i l
f o r i i n range (100) :

Rmat=zeros ( [ N to ta l , N to t a l ] )
Gmat=zeros ( [ N to ta l , N to t a l ] )
Told=T . copy ( )
Lwinding=Copper_Loss_MOO( s t a t o r =machine . s ta to r , f =N0/60*P,T=T [ 4 ] , I =I_rms , k f = k f )
Lro toryoke= i r o n_ l o s s_d i c t [ ’ r o t o r ’ ]
Lmag=0
Lsta toryoke= i r o n_ l o s s_d i c t [ ’ s t a t o r�yoke ’ ]
L teeth= i r o n_ l o s s_d i c t [ ’ s t a t o r�tee th ’ ]
Pvec=np . ar ray ( [ 0 , Lstatoryoke , Lteeth ,0 , Lwinding ,0 ,0 ,0 ,0 , Lrotoryoke , Lmag , 0 , 0 ] ) . reshape

( −1 ,1)
Pvec_dict= d i c t ( z ip (Node_name , Pvec . t o l i s t ( ) ) )

s t a t o r _ c a l c u l a t o r ( out , Rmat , T , Tambient )
r o t o r _ c a l c u l a t o r ( out , Rmat , T , Tambient )

Gmat=np . where (Rmat==0 ,0 ,1 . /Rmat )
amb=np . d iagonal (Gmat )
Gmat=Gmat−eye*amb

Gmat=Gmat+np . transpose (Gmat )

Gsum=np . sum(Gmat , ax is =1)

Gmat=Gmat*−1

Gmat=Gmat+eye * (amb+Gsum)
#np . save tx t ( ’Gmat . csv ’ , Gmat , d e l im i t e r = ” , ” )
ambtamb=amb*tamb

Pvec=Pvec+np . transpose (ambtamb)
Ginv=np . l i n a l g . i nv (Gmat )
np . save tx t ( ’Rmat ’+ s t r ( i ) + ’ . csv ’ , Rmat , d e l im i t e r = ” , ” )
T=np . dot ( Ginv , Pvec )
#np . save tx t ( ” Gmat . csv ” ,Gmat , d e l im i t e r = ’ , ’ )
i f np . a l l c l o s e (T , Told , r t o l =0.001) :

break

Temp_dict= d i c t ( z ip (Node_name ,T . t o l i s t ( ) ) )
r e t u rn Ginv , Pvec_dict , Temp_dict
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impor t numpy as np
from pymoo . core . problem impor t Problem
from pymoo . opt imize impor t minimize
from pymoo . a lgo r i thms .moo. nsga2 impor t NSGA2
from pymoo . core . ca l l back impor t Cal lback
from ma t p l o t l i b impor t pyp lo t as p l t
impor t logg ing

logg ing . d i sab le ( logg ing .WARNING)
from os . path impor t j o i n
from pyleecan . d e f i n i t i o n s impor t DATA_DIR
from pyleecan . Funct ions . load impor t load
from pyleecan . Classes . Ma te r i a l impor t Ma te r i a l
from pyleecan . Classes . MatMagnetics impor t MatMagnetics
from pyleecan . Classes .MatHT impor t MatHT
impor t numpy as np

Steel1 = load ( j o i n (DATA_DIR , ” Ma te r i a l ” , ”M19. json ” ) )
w i th open ( ”VaCoFe . csv ” ) as f i le_name :

BH_Steel1= np . l o ad t x t ( f i le_name , d e l im i t e r = ” , ” )
Steel1=Ma te r i a l (name= ’ Steel1 ’ ) ;
Steel1 .mag=MatMagnetics (Wlam=0.35e−3 ,BH_curve=BH_Steel1 ) ;
Steel1 .HT=MatHT( lambda_x=30 , lambda_y=30 , lambda_z=0.6)
Steel1 . s t r u c t . rho=8120
Magnet3 = load ( j o i n (DATA_DIR, ” Ma te r i a l ” , ”Magnet3 . json ” ) )
Copper1 = load ( j o i n (DATA_DIR, ” Ma te r i a l ” , ” Copper1 . json ” ) )
I n su l a t o r 1 = load ( j o i n (DATA_DIR, ” Ma te r i a l ” , ” I n su l a t o r 1 . json ” ) )
Copper1 . e lec . alpha=0.00393
Magnet3 = load ( j o i n (DATA_DIR, ” Ma te r i a l ” , ”Magnet3 . json ” ) )
Magnet3 .HT=MatHT( lambda_x=9 , lambda_y=9 , lambda_z=9)
coe f f =[5E−3 ,2 ,1.00E−03 ,1.5 ,4.00E−05 ,2]
d i s c r e t e_va r i ab l e s ={ ’ i r on ’ : Steel1 , ’ copper ’ : Copper1 , ’ i n s u l a t o r ’ : I nsu la to r1 , ’magnet ’ : Magnet3 ,
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’Ns ’ :24 , ’P ’ :28 , ’ g ’ : . 001 , ’N0 ’ :4300 , ’ torque ’ : 3 .45 , ’ l oss_coe f f ’ : coe f f , ’ k_ f ’
: 0 . 4 }

def we igh t_ca l cu la to r ( machine ) :
s ta to r_we igh t=machine . s t a t o r . comp_masses ( )
ro to r_we igh t=machine . r o t o r . comp_masses ( )
t o t a l _we i gh t =s ta to r_we igh t [ ’ Mtot ’ ]+ ro to r_we igh t [ ’ Mtot ’ ]
r e t u rn t o t a l _we i gh t

from pyleecan . Funct ions . load impor t load
from pyleecan . Classes .MachineSIPMSM impor t MachineSIPMSM
from pyleecan . Classes . LamSlotWind impor t LamSlotWind
from pyleecan . Classes . LamSlot impor t LamSlot
from pyleecan . Classes . SlotW22 impor t SlotW22
from pyleecan . Classes . Winding impor t Winding
from pyleecan . Classes . CondType12 impor t CondType12
from pyleecan . Classes . EndWindingCirc impor t EndWindingCirc

from pyleecan . Classes . LamSlotMag impor t LamSlotMag
from pyleecan . Classes . SlotM11 impor t SlotM11
from pyleecan . Classes . Magnet impor t Magnet
from numpy impor t p i , s q r t
def machine_generator ( des ign_var iab le , d i s c r e t e_va r i ab l e s ) :

RRext=des ign_var iab le [ 0 ]
RSint=des ign_var iab le [ 1 ]
R ra t i o=des ign_var iab le [ 2 ]
L=des ign_var iab le [ 3 ]
lm_per=des ign_var iab le [ 4 ]
alpha_m=des ign_var iab le [ 5 ]
h0_per=des ign_var iab le [ 6 ] # tee th
h2_per=des ign_var iab le [ 7 ] # s l o t
w0_per=des ign_var iab le [ 8 ] #opening angle
w1_per=des ign_var iab le [ 9 ] # tee th angle
Stee l=d i s c r e t e_va r i ab l e s [ ’ i r on ’ ]
Copper=d i s c r e t e_va r i ab l e s [ ’ copper ’ ]
I n s u l a t o r =d i s c r e t e_va r i ab l e s [ ’ i n s u l a t o r ’ ]
magnet=d i s c r e t e_va r i ab l e s [ ’magnet ’ ]
Ns= i n t ( d i s c r e t e_va r i ab l e s [ ’Ns ’ ] )
P= i n t ( d i s c r e t e_va r i ab l e s [ ’P ’ ] / 2 )
g=d i s c r e t e_va r i ab l e s [ ’ g ’ ]
k f =d i s c r e t e_va r i ab l e s [ ’ k_ f ’ ]
end_wind=EndWindingCirc ( )
s t a t o r _h i egh t =Rra t i o * (RRext−RSint )
RSext=RSint+ s t a t o r _h i egh t
s t a t o r = LamSlotWind ( R in t=RSint , Rext=RSext , L1=L , Nrvd=0 ,Kf1 =0.93 , i s _ i n t e r n a l =True ,

i s _ s t a t o r =True , mat_type=Stee l )
RRint=RSext+g
lm=lm_per * (RRext−RRint )
s l o t _ p i t c h =2* p i /Ns

s t a t o r . s l o t = SlotW22 ( Zs=Ns ,H0=h0_per* s ta to r_h iegh t ,H2=s t a t o r _h i egh t *h2_per ,W0= s l o t _ p i t c h
*w0_per ,W2= s l o t _ p i t c h *(1−w1_per ) )

s t a t o r . winding = Winding ( qs=3 , N t c o i l =1 ,Npcp=1
,p=P, type_connect ion =0 ,
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Lewout=0.0001 , Nlayer =2 , Ns lo t_sh i f t _w ind =0 , is_aper_a=True , end_winding
=end_wind )

s t a t o r . winding . conductor = CondType12 (Nwppc=1 , Wwire=4e−3 ,Wins_cond=1.6e−3 ,cond_mat=
Copper ,

ins_mat= I n s u l a t o r )
copper_area= s t a t o r . s l o t . comp_surface_act ive ( ) * k f /2
s t a t o r . winding . conductor . Wwire= sq r t ( copper_area )
po le_p i t ch=p i /P
r o t o r _ s l o t =SlotM11 (W0=po le_p i tch , H0=0 , Hmag=lm , Wmag=alpha_m* po le_p i tch , Zs=P*2)
mag=Magnet ( mat_type=magnet , type_magnet izat ion =0 , Lmag=L )
#de f ine r o t o r l am ina t i on and s ize
r o t o r = LamSlotMag (magnet=mag, s l o t = r o t o r _ s l o t , L1=L , Nrvd=0 ,Wrvd=0 ,Kf1 =0.93 , i s _ i n t e r n a l =

False , R in t=RRint+lm ,
Rext=RRext , i s _ s t a t o r =False , mat_type=Stee l )

machine=MachineSIPMSM(name= ”machine1 ” , r o t o r = ro to r , s t a t o r =s ta to r , type_machine=1 , sha f t =None
)

re t u rn machine

from pyleecan . Classes . Magnet impor t Magnet
from pyleecan . Classes . Simu1 impor t Simu1
from pyleecan . Classes . Inpu tCur ren t impor t Inpu tCur ren t
from pyleecan . Classes .MagFEMM impor t MagFEMM
from pyleecan . Classes .OPdq impor t OPdq
from pyleecan . Classes . Output impor t Output
impor t logg ing
from numpy impor t sq r t
from Iron_Loss_PMSM impor t i r o n _ l o s s _ s t a t i c
from numpy impor t cos , s in , p i , s q r t
from Copper_loss_MOO impor t Copper_Loss_MOO
from windage_loss impor t w indage_ca lcu la tor
from thermal_model_forced_cool ing impor t ThermalLPTN_forced

def no_load_sim (machine , d i s c r e t e_va r i ab l e s ) :
simu_no_current=Simu1 (name= ”machine ” ,machine=machine )
Na_tot=2048
N0=d i s c r e t e_va r i ab l e s [ ’N0 ’ ]
torque=d i s c r e t e_va r i ab l e s [ ’ torque ’ ]
p=machine . get_pole_pair_number ( )
qs=3
f e l e c = p * N0 /60 # [Hz ]
omega= f e l e c *2* p i
simu_no_current .mag=MagFEMM( type_BH_rotor =0 , type_BH_stator =0 , is_get_meshso lu t ion=True ,

i s _ pe r i o d i c i t y _ a =True , Kmesh_fineness =0.5)
simu_no_current . i npu t= Inpu tCur ren t ( Na_tot=Na_tot , a n g l e _ r o t o r _ i n i t i a l =0 , N t_ to t =1)

simu_no_current . i npu t .OP=OPdq( I d_ r e f =0 , I q_ r e f =0 ,N0=N0)
output_no_cur rent=simu_no_current . run ( )
s imu_current=simu_no_current . copy ( )
Phi_mag_abc=output_no_cur rent .mag. Phi_wind [ ” Sta tor −0 ” ] . values [ 0 ]
Iq=torque *2 /3 / p / Phi_mag_abc [ 0 ] / s q r t ( 2 )
E=Phi_mag_abc [ 0 ] *omega
f o r i i n range (3 ) :

s imu_current . i npu t .OP. I q_ r e f = Iq
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ou tpu t_cu r ren t=s imu_current . run ( )
T=ou tpu t_cu r ren t .mag. Tem_av

delT=torque −T
Iq+=delT *2 /3 / p / Phi_mag_abc [ 0 ] / s q r t ( 2 )
i f abs ( delT / torque ) <0.05:

break
i r on_ loss= i r o n_ l o s s _ s t a t i c ( ou tpu t_cur ren t , d i s c r e t e_va r i ab l e s [ ’ l oss_coe f f ’ ] )
Ginv , Pvec_dict , Temp_dict=ThermalLPTN_forced ( ou tpu t_cur ren t , 0 , i ron_ loss , Iq )
Twind=Temp_dict [ ’ winding ’ ] [ 0 ]
t o t a l _ l o s s = i r on_ l oss [ ” s t a t o r ” ]+ i r on_ l oss [ ” r o t o r ” ]+ windage_ca lcu la tor ( ou tpu t_cu r ren t )+

Pvec_dict [ ” winding ” ] [ 0 ]
r e t u rn Iq , t o t a l _ l o s s , T , Twind

from Iron_Loss_PMSM impor t i r o n_ l o s s_ t r ans i en t
from numpy impor t cos , s in , p i , s q r t
from Copper_Loss_PMSM impor t Copper_Loss_PMSM
from windage_loss impor t w indage_ca lcu la tor
from thermal_model_forced_cool ing impor t ThermalLPTN_forced
def t ime_step_sim (machine , d i sc re te_va r i ab les , I0_rms ) :

simu=Simu1 (name= ” Nuna_test ” ,machine=machine )
N0=d i s c r e t e_va r i ab l e s [ ’N0 ’ ]
torque=d i s c r e t e_va r i ab l e s [ ’ torque ’ ]
Na_tot=2048
p=machine . get_pole_pair_number ( )
qs=3
simu .mag=MagFEMM( type_BH_rotor =0 , type_BH_stator =0 , is_get_meshso lu t ion=True ,

i s _ pe r i o d i c i t y _ a =True , Kmesh_fineness =0.5 , nb_worker =6)
simu . i npu t= Inpu tCur ren t ( Na_tot=Na_tot )
simu . i npu t .OP=OPdq(N0=N0, I q_ r e f =0 , I d_ r e f =0)
f e l e c = p * N0 /60 # [Hz ]
omega= fe l e c *2* p i
the ta=np . ar ray ( [ 0 , p i /12 , p i / 6 , p i / 4 , p i /2 ,3* p i / 4 ] )
t = the ta / omega
simu . i npu t . t ime= t
simu . i npu t . angle=np . l i nspace ( s t a r t =0 , stop=2*pi ,num=2 , endpoint=False )

r o t _ d i r = simu . machine . s t a t o r . comp_mmf_dir ( )
Phi0 =3* p i /2 # Maximum Torque Per Amp

Ia = (
I0_rms

* sq r t ( 2 )

* cos (2 * p i * f e l e c * t + 0 * r o t _ d i r * 2 * p i / qs + Phi0 )
)
Ib = (

I0_rms

* sq r t ( 2 )

* cos (2 * p i * f e l e c * t + 1 * r o t _ d i r * 2 * p i / qs + Phi0 )
)
I c = (

I0_rms
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* sq r t ( 2 )

* cos (2 * p i * f e l e c * t + 2 * r o t _ d i r * 2 * p i / qs + Phi0 )
)
simu . i npu t . I s = np . ar ray ( [ Ia , Ib , I c ] ) . t ranspose ( )
out=Output ( simu=simu )
simu . run ( )
Tem=out .mag.Tem. values
Tem_av=(Tem[0 ]+Tem[1 ]+Tem[2 ]+Tem[ 3 ] ) /4
i r on_ loss= i r on_ l o s s_ t r ans i en t ( out , d i s c r e t e_va r i ab l e s [ ’ l oss_coe f f ’ ] )
windage_loss=windage_ca lcu la tor ( out )
t o t a l _ l o s s = i r on_ l oss [ ’ s t a t o r ’ ]+ i r on_ l oss [ ’ r o t o r ’ ]+ windage_loss
#machine . s t a t o r . winding . conductor .Nwppc=10
Ginv , Pvec_dict , Temp_dict=ThermalLPTN_forced ( out , 0 , i ron_ loss , I0_rms )
t o t a l _ l o s s +=Pvec_dict [ ” winding ” ] [ 0 ]
Twind=Temp_dict [ ’ winding ’ ] [ 0 ]
r e t u rn t o t a l _ l o s s , Tem_av , Twind

def s i ng le_eva lua t i on ( des ign_var iab le , d i s c r e t e_va r i ab l e s ) :
machine=machine_generator ( des ign_var iab le , d i s c r e t e_va r i ab l e s )
N0=d i s c r e t e_va r i ab l e s [ ’N0 ’ ]
torque=d i s c r e t e_va r i ab l e s [ ’ torque ’ ]
weight=we igh t_ca l cu la to r ( machine )
I , t o t a l _ l o s s ,T_em, Twind=no_load_sim (machine , d i s c r e t e_va r i ab l e s )
i f Twind <300:

t o t a l _ l o s s ,T_em, Twind=t ime_step_sim (machine , d i sc re te_va r i ab les , I )
r e t u rn weight , t o t a l _ l o s s ,T_em, Twind

c lass MOO_FEMM( Problem ) :
def _evaluate ( se l f , designs , out ,* args ,** kwargs ) :

res = [ ]
cons = [ ]
r e su l t _ se t = [ ]
i =0

d i s c r e t e_va r i ab l e s ={ ’ i r on ’ : Steel1 , ’ copper ’ : Copper1 , ’ i n s u l a t o r ’ : I nsu la to r1 , ’magnet ’ :
Magnet3 ,

’Ns ’ :24 , ’P ’ :28 , ’ g ’ : . 001 , ’N0 ’ :4300 , ’ torque ’ : 3 .45 , ’ l oss_coe f f ’ : coe f f , ’ k_ f ’
: 0 . 4 , ’ vo l tage ’ : 22 . 5 }

f o r design i n designs :
np . save tx t ( ” var . csv ” , design , d e l im i t e r = ” , ” )
loss , weight , T_av , Twind=s ing le_eva lua t i on ( design , d i s c r e t e_va r i ab l e s )
res . append ( [ loss , weight ] )
delT=abs(1−T_av / d i s c r e t e_va r i ab l e s [ ’ torque ’ ] ) −0.05
delTwind=Twind−200
cons . append ( [ delTwind , delT ] )
r e su l t _ se t . append ( [ loss , weight , T_av , Twind ] )

out [ ’F ’ ]=np . ar ray ( res )
out [ ’G ’ ]=np . ar ray ( cons )
Resu l t_set=np . ar ray ( r e su l t _ se t )
des igns_w i th_ resu l t_se t=np . concatenate ( ( designs , Resu l t_set ) , ax is =1)
np . save ( ’ eva l . npy ’ , des igns_w i th_ resu l t_se t )

c lass Mycal lback ( Cal lback ) :
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def n o t i f y ( se l f , a lgo r i thm ) :
p l t . c lose ( ’ a l l ’ )
name= ” n_gen= ”+ s t r ( a lgo r i t hm . n_gen )
p l t . f i g u r e ( )
F=a lgo r i t hm . pop . get ( ”F ” )
X=a lgo r i t hm . pop . get ( ”X” )
p l t . s ca t t e r (F [ : , 0 ] , F [ : , 1 ] )
np . save (name, F)
p l t . t i t l e (name)
p l t . x l abe l ( ” weight ” )
p l t . y l abe l ( ” losses ” )
p l t . save f ig (name)
p l t . c lose ( )
des ign_w i th_ resu l t s_se t=np . load ( ” eva l . npy ” )
n_gen_array=np . ones_ l ike ( des ign_w i th_ resu l t s_se t [ : , 0 ] )
n_gen_array*=a lgo r i t hm . n_gen
Des igns_wi th_resu l t_se t=np . hstack ( ( n_gen_array [ : , np . newaxis ] , des ign_w i th_ resu l t s_se t

) )
w i th open ( ’ Des igns_wi th_resu l ts . csv ’ , ’ a ’ ) as c s v f i l e :

np . save tx t ( c s v f i l e , Des igns_wi th_resu l t_set , d e l im i t e r = ” , ” )

v a r _ l im i t =np . genf romtx t ( ’ v a r i a b l e _ l im i t s . csv ’ , d e l im i t e r = ’ , ’ , dtype= f l o a t , skip_header=True )
problem=MOO_FEMM( n_var =10 , n_obj =2 , x l = v a r _ l im i t [ 0 ] , xu= v a r _ l im i t [ 1 ] , n_constr =2)

a lgo r i t hm=NSGA2( pop_size=100)

s t o p _ c r i t e r i a =( ’ n_gen ’ ,25)

r e s u l t s =minimize ( problem=problem , a lgo r i t hm=algor i thm , te rm ina t i on= s t o p_ c r i t e r i a , save_h is to ry=
True , verbose=True , ca l l back=Mycal lback ( ) )

np . save ( ” checkpoint ” , a lgo r i t hm )
np . save ( ” r e s u l t s ” , r e s u l t s )



H
Datasheet Silicon Steel Core

79





I
Datasheet Vanadium Cobalt Iron Core

81


















	Introduction
	Background
	Research Focus
	Thesis Objective
	Research Approach and Thesis Layout

	Multi-Physical Modelling of an Electrical Machine
	Magnetic Model
	Choice of Solver
	Flux Linkage Calculation
	Torque Calculation
	Back EMF Calculation

	Loss Calculations
	Iron Loss Modelling
	Copper Loss Modelling
	Windage Loss Modelling

	Thermal Model
	Thermal Conduction in Solid Parts
	Thermal Conduction in Windings
	Thermal Resistance of the Air Gap
	Thermal Convection: Natural Convection
	Thermal Convection: Forced Air Cooling
	Solving the model using Python


	Validation of Multi-Physical Modelling
	Validation of Totally Enclosed Outer Rotor Surface PMSM 
	Validation of Forced Air Cooling Outer Rotor Surface PMSM 

	Multi-Objective Optimisation
	Multi-Objective Optimisation
	Non-Dominated Sorting Genetic Algorithm II
	Definition of the MOO problem 
	Bounding of Design Space
	Objectives and Constraints

	Results and Discussion of MOO
	Effect of Slot Pole Combination
	Effect of Temperature constraints
	Effect of machine parameters
	Effect of Stack Length and Air Gap Radius
	Rotor External Radius and Stator Inner Radius
	Teeth width and Stator Back Iron Thickness
	Effect of Magnet Angle Ratio and Slot Opening Angle

	Effect of Core Material

	Conclusion and Future Work
	Conclusions
	Recommendations and future work

	Machine Geometry Generation using PYLEECAN
	Iron Loss Calculations(Static and Time-Step)
	Copper Loss Calculation within MOO routine
	Copper Loss Calculation For PMSM
	Thermal Model for Natural Convection
	Thermal Model for Forced Cooling
	MOO Routine
	Datasheet Silicon Steel Core
	Datasheet Vanadium Cobalt Iron Core

