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The point of this study was to model a lumped parameter thermal network for flux switching
machine. The model could be utilized to outline new cooling systems and as a developer for this
sort of machines. The model developed is a thermal framework having segments essentially
focused around existing literature. The losses in various machine sections were thought to have
already found from the electromagnetic model. The elemental model can then be utilized to
carry out simulations regarding cyclic loading as well as transient activities. The thermal model
examined here is partitioned into different sectors, thereby empowering analysis of this
machine.

The model under investigation has been acknowledged by utilizing a COMSOL Multi-physics
simulator and Matlab ® programming software. The heat exchange coefficients are
characterized from information gathered from the comparative kind of machines. The
developed framework also considers sensitivity analysis in terms of parametric effects on the
behavior of the machine thermally. The developed model needs no substantial computing and
can simply be run on a personal computer. The model can later be modified and connected to
diverse machine developments.

Structural topology optimization approach is adopted to find the optimal geometry. As a basic
study, two optimization techniques i.e., genetic and simulated annealing algorithms have been
adopted with the former based on the process of natural selection and the latter on the process
of annealing (heating and cooling of metals). The design goal is to minimize the total dissipated
losses to improve the overall efficiency and hence to achieve optimal design results.
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Roman Letters

Surface Area

Specific heat capacity

Capacitance

Characteristic dimension of the system

Electric field

Objective /fitness Function

Acceleration due to gravity

Conductance

Conductance matrix

Heat transfer coefficient

Average heat transfer

Vertical heat transfer coefficient

Horizontal heat transfer coefficient

Current intensity

Current density

Thermal conductivity

Empirical constant

Length or distance

Characteristics length (Distance between the faces)
Mass

Unit vector normal to the surface

Power loss, heat flow

Power loss vector

Loss vector containing injections at node points
Pressure

Heat flux

Rate of heat generation per unit volume

Heat

Empirical constant which depends on the geometry of coil and core

Radius
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Resistance

Area of transversal section

Temperature of fluid, T,,; temperature of region far from the surface; T,
temperature of bulk of fluid; T, surface temperature

Velocity field

Potential

Volume

Velocity of medium

Design variable

State variable

Greek Letters

Thermal diffusivity = k/pc
Coefficient of thermal expansion
Skin depth

Emissivity

Dynamic viscosity
Temperature rise
Temperature rise vector
Thermal conductivity
Magnetic permeability
Kinematic viscosity

Mass density

Resistivity

Conductivity

Angle of a segment

Angular frequency

Dimensionless Numbers

Grashof number

Nusselt number
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Pr Prandtl number
Res Reynolds’s number

T, Taylor number

Subscripts and Abbreviations
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1. Introduction

The use of hybrid vehicle frameworks has experienced a rapid growth in popularity in a short span
of time and it seems to have a promising future. One range where exertions are, no doubt guided at
specialized changes is the region of interest between the thermal and electrical parts of motors.
There are of course advantages associated to know more about the conduct and the impacts of the
heat created in the machine while it is in running condition. It is therefore of extraordinary
importance to verify that the temperature does not reach its thermal limits, particularly for delicate
and sensitive parts. For machines utilized within situations where cooling is extremely difficult,
particularly for hybrid machines, this comprehension is maybe even more important.

1.1 Problem Statement

The thermal limit imposes restrictions on the machine. Go past them and they will decrease the life
expectancy of the motor and ultimately a large portion of the capability of the machine will be
wasted. If such restrictions can be considered as soon as possible in the optimization methodology,
it is conceivable to accomplish a more homogeneous temperature variation and we can then avoid
problem areas that might occur inside the machine. The obtained information could be helpful for
enhancing the general requirements regarding effectiveness, torque/power density, optimization
and necessities on the cooling [1]. Having good information about the thermal limits of the machine
implies; having the capacity to plan the design in a cost effective way without considering the
available gap thermally before the upper limits could be reached.

Various existing publications describe distinctive parts of the thermal modeling of electric motors.
On flux switching machines with PM’s however, little information is available. By considering the
detailed model, there can be a lot of questions that needs to be addressed. A closer examination of
modeling the flux switching machine is specifically interesting, as it is the kind of electrical machine
employed as a part of the new emerging technologies.

The model ought to be parametric in terms of thermal resistances and the parameters should be
swept within reasonable interval gap depending upon the accuracy of the variable selected. From
this information, the most important and relevant variables can be distinguished and therefore the
criteria for outlining the thermal parts of an electric machine can be specified.

Since the thermal model of the machine under consideration is parameterized, it is general enough
to apply the same for researching different motor designs.

1.2 Literature Review

There are various types of thermal model networks and researchers have done a lot of research and
have published articles on the concerned topic of thermal modeling. The basic principles are the
same in every type of machine, except different type of structures and topologies. | have studied the
articles written by Kaltenbacher & Saari [19], T. Jokinen [11] and Kylander [1] which describes the
thermal modeling of electrical machines in great depth. Especially in high-speed machine product
development, thermal models have been an important tool till 1995, as the power densities and
losses were significant at that time. Air flow cooling effects have been studied a lot by A. Bousbaine
and M. McCorrnick [14], Gazley, C. [16] and Luke, G.F. [26]. [9], [12], [13] have discussed the
thermal behavior of axial flux machines and have also presented simplified thermal resistance




networks for an axial-flux PM machine. Flux switching machine development is so new that the
established analytical models do not just exist.

1.3 Purpose and Work Scope

The motivation behind this study is to create a thermal resistance framework for flux switching
machines. The machine considered here has low number of tooth pairs in the stator and has
permanent magnets. In that respect it varies from the motors displayed in the dominant part of
published articles nowadays, which may imply that conventional systems may not generally be the
ideal. Since the effect of heat flowing in the axial direction is by and large viewed as negligible, the
system is restricted to consider only circumferential and radial heat flows. For verification, a finite
element based model is created using software tools to compare the results of FEM with the
developed analytical model.

The framework developed should explain the questions about the behavior of electrical machines
thermally. Research should also be made on how the temperatures in diverse parts of the machine
are linked with some geometrical properties. A few conclusions can be drawn from this analysis
regarding which variables in the design process are vital for the temperature distribution and at
what part of the machine consideration should to be taken because of the parametric variations.
The motive of this research project was to develop a thermal network incorporating thermal
modeling of distinctive parts of the specific machine and the calculations involved in assessing the
heat transfer coefficients in various parts of the machine.

The idea of modeling and thermal simulation of electrical machines demands such complicated
questions that cannot all be answered adequately considering the time span of thesis concerned.
Losses in the motor and electromagnetic characteristics of the machine are two such assumptions
that need to be considered thoroughly. The scope of this thesis does not deal with these areas in
depth.

1.4 Methodology

The framework has been produced iteratively, beginning with less complex model and considering
just the fundamental parts. Correctness and points of interest were included as the information of
the other key elements and difficulties expanded. Already built techniques are generally analyzed
at the start and can sometimes be reproduced directly using the already build methodologies.
Alternatively some innovative thoughts can be tried with the plan of enhancing correctness or
essentially adjusting the parameters, which describe the concerned motor more effectively.

To check the credibility of the thermal model developed, the same analysis is performed by finite
element method in addition to the thermal resistance network. The obtained results from either
method should be predictable and the similarity between the two techniques should also give a sign
to the accuracy of the results.

Despite the fact that the FEM result has the capability of being extremely detailed and precise, it
can’t be more accurate than the input data information itself. If suppositions about the properties
for example, interface gaps, materials, properties of air etc. have some discrepancies, these
blunders will be reflected in the output simulation. Besides, the software used is constrained in
considering all liquids as solids, implying that the same technique for modeling air gap convective
coefficients will be deployed in the software as in case of solids. In other words, the finite element
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method cannot be considered as to give completely reliable results, but just to provide us with
information that can be validated by experimental results.

1.4.1 Configuration of Program and Simulation Concerned

It is critical to verify that both methods of modeling reliably investigate the same operating
conditions of the motor. For this reason high accuracy is required to verify that all the
arrangements are effectively available and to as substantial degree as could also reasonably
assembled at one place. This influences convenience, however more importantly it brings down the
danger of contrasting results from the two diverse models when different settings are compared.

The modeling of thermal framework is coded in Matlab ®. The generalized program shows that
different input parameters can be executed and can be called in other sub routines. Setting of the
parameters and the layout of the program, for example, input data of the machine including
important variables and temperature distribution by iteration are carried out in the main file. The
output gives the resulting temperatures of various parts of the machines.

The FEM-simulations have been carried out in COMSOL Multiphysics software suite “heat transfer
in solids (ht)” and “heat transfer in fluids”. The (ht) module has nodes for “thermal insulation”,
“electric current (ec)” and “initial values” in which heat flux and heat source terms have been
defined. The heat transfer in solids (ht) and electric current (ec) nodes have settings for heat
conduction and current conduction respectively.

o Under electric current node, current conservation represents the conservation of electric
current at domain level.

e Electric Insulation node contains the boundary conditions for electric currents.

e Under heat transfer in solids (ht) node, the domain level node represents the conservation
of heat and the thermal insulation node defines the boundary conditions for heat transfer
(without taking into account the weak expressions).

Thermal insulation actually is a depletion of heat exchange (the energy exchange in the form of heat
between the objects of contrasting temperatures) between objects which have thermal links with
each other or in the scope of radiative impact. It gives a section of insulation where thermal
conduction is decreased or radiation is ignored as opposed to absorbed by low temperature body.
The capability of insulating material is judged with thermal conductivity k, lower value of which is
proportional to high level of insulation. In electrical engineering, other characteristics of insulating
materials that are considered important apart from thermal conductivity are density p and specific
heat capacity c.




2 Background of Thermal Modeling

Thermal modeling is about describing the thermal conduct of a system by utilizing the scientific and
methodological means. It allows one to answer inquiries about how high the temperature will be
dispersed and will respond to the changes considering the properties of the material and geometry
of the machine.

Thermal networks are comparable with electrical circuits [2]. This implies that the comparisons
and constraints on the boundary describing a particular system could be utilized to portray the
other system by just replacing the variable symbol, and then all fundamental electrical circuit laws
can be applied satisfactory for thermal systems as well. The relationships between few quantities of
electrical and their analogy with thermal quantities are shown in Table 1.

As in the scope of this thesis we will often use thermal terminologies, the subscript “th” will not be
used later on, for the sake of convenience.

Table 1: Relationship between some Electric and Thermal Quantities

Electrical quantities Thermal quantities
Potential %4 V] Temperature 0 [°K]
Current I [A] Heat Q [W]
Current density Ji [A/m?] Heat Flux q [W/m?]
Conductance Gl [S] Thermal conductance Gin [W/K]
Conductivity Oel [S/m] Thermal conductivity | k~ A [W/mK]
Resistance Rq [Q] Absolute thermal R, [K/W]
resistance
Resistivity Pr [Q/m] Absolute thermal Pr.th [mK/W]
resistivity
Capacitance C [F] Thermal capacitance Cin []/°K]

2.1 Mechanisms of Heat Exchange

The second law of thermodynamics states that there is constant net entropy expands in real
methodologies and processes. Entropy is frequently explained in literatures as chaos or disorder in
a framework, which can likewise be utilized to portray the measure of the system energy, with low
level points in the direction of high disorder. In this manner, the same law could additionally be
clarified by explaining that an isolated framework dependably looks for thermal balance. Or even
simply, heat will flow from a place high in temperature to a cool place [3].

Heat exchange can take place through three mechanisms. These are heat conduction, convection
and radiation [3]. Few equations have been designed to model these heat exchange mechanisms [2],
[3], [4]- By the help of these formulas and the similarity between electrical and thermal networks, a
thermal model for a particular machine type can be designed [19].

Conduction is referred to as propagation of energy among particles in a channel. Besides being the
only method for the exchange of heat in solids, it is not entirely linked to it, but happens in fluids as
well. The conduction equation is specified by Fourier's Law.
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For 1-D problems, Fourier's law is given as

dTr

qy = —ka €Y)

q'"' in the above expression is the heat flux per unit area with subscript "x" indicates the direction of
: . : . . dr .
interest. k is the constant of proportionality referred to as thermal conductivity and —Is the

temperature gradient at a particular location. The negative sign indicates that heat flows to a point
where there is a net decrease in temperature gradient.

In fluids and gases, we can also find the phenomena of convection. As the particles in the channel
are allowed to move freely, the heat exchange capability of the channel is enhanced by the
movement of the particles themselves, intermixing particles of distinctive levels of energies and
expanding the rate of collision with others. Similar to conduction, the equation for convection is
represented by Newton's Law as

q" = h(T = Ts) (2)

Where h is the heat exchange coefficient, T is the temperature of the solid surface and T, is the
temperature of the cooling medium away from the surface. The relation mentioned above is a
numerical expression of the heat power i.e., heat flux per unit area and the temperature gradient
across the solid surface and cooling fluid medium. Experimental data are required for validating the
values of heat exchange coefficients.

The last and the final mechanism is that of radiation which explains the phenomena of a body
releasing energy particles called photons. The quantity a body releases radiation is linked to the
emissivity of the body, the cross sectional area of the surface and most importantly on the
temperature [4]. The equation below describes the total exchange of energy in the form of heat as

qII — go_(Ti4 _ ’1"]4-) (3)

w
m?2 K4)

Where ¢ is the emissivity of the system, o is a constant of Stephan-Boltzmann 5.67 x 1078 (
and (T* — T]-4) is the difference of temperature between two systems to the fourth or higher power.

In electrical machines, mechanisms like radiation and convection are linked to the air gap heat
transfer and the ambient thermal effects. The radiation effect is usually small for electrical
machines [5] and will therefore not be considered in this thesis.

Furthermore, the methodology of predicting the movement of fluids can be exceptionally complex
and time intensive. About modeling of air, this thesis will not point out detailed investigation on
this, rather will use already established methods in previous publications. In this way the difficulty
to the problem can be lowered while considering mainly the geometrical sections.

2.2 The Heat Transfer Theory

The heat generated in electrical machines is actually an after-effect of the transformation of
electrical and mechanical losses (hysteresis, eddy current, ohmic and friction losses) to heat. In
general, there exists a heat flow from the inner to the outer parts of the electrical machine [19]. The
heat is transferred usually from upper potential to lower potential as an electric current. It may be
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transmitted via conduction, radiation or convection. Thermal network is comprised of familiar
circuit segments as has already been defined in the Table 1, followed by the theory which is mainly
based on sources referred by [2], [3] and [20].

2.2.1 Conduction

Conduction through solids is a mechanism of heat exchange. The basic idea was given by French
scientist ]. Fourier in 1822, especially known throughout the world as Fourier’s Law [28]. For a 1-D
geometrical figure, this is given as in (1) and has been reproduced here as

dT
qx = —kAa %)

Where gy is the conduction heat transfer rate (i.e., heat flux) passing the surface area A as shown in
Figure 1, dT =t; —t, is the temperature difference, dx is plate wall distance and k is the

proportionality constant known as the thermal conductivity of the plate material in % . The value
of k varies for different materials and one being typical value for conductivity of air is
0.026 — [27].

13

ca
Figure 1: Conduction phenomena by Fourier’s law implemented to the 1-D plane geometry [3]

The minus sign in (4) is inserted so as to satisfy thermodynamics’ second law i.e., heat flux must
decrease on the temperature scale in the heat flow direction [22] [27]. In other words, the rate of
heat exchange is taken to be positive in the direction of decreasing temperature as indicated in the
coordinate system of Figure 2.

Temperature
4+ profile

N

q

T x
Figure 2: Direction of heat flow [3] [28]
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However (4) does not consider all energy but just the energy infused into a plate. To get a
differential conduction mathematical statement, energy conservation principle ought to be
implemented. The equation for 1-D heat exchange by the phenomena of conduction, derived from
various articles is simply given here as

k62T+ aT .

p in this expression is the density of the material and c is the material’s specific heat or thermal
capacity.

The first term on the left side gives the volumetric heat flow rate. The second term is internally
produced per unit volume of energy and the right side describes the volumetric internal energy
change. The expression in (5) assumes heat conductivity to be constant i.e,, it is not a function of
spatial coordinates or temperature.

The derivation of (5) is based on the supposition that the temperature distribution is 1-D. If this
condition is removed, temperature depends on all three dimensions as well as on time i.e.
T = T(x,y,zt). The conduction equation for a three-dimensional control volume given in Figure 3
is expressed as

62T 0°T 9°T qf 10T

— — 6
2 92 92 Tk “aae ®)

Where «a is the thermal diffusivity defined as
“= (7)

For a stationary problem, the temperature of the material is not time dependent, i.e. T = T(x,y,z)
and the right term of (6) can therefore be ignored. The steady-state form of the three-dimensional
heat conduction equation is

E)ZT 0°T 0°T  q¢
+o—t
d0x? c’)y 0z>  k

=0 (8)

If no heat is generated internally, the conduction equation has a form of

92T 62T+62
dx? ay 9z2

©)
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Figure 3: Control volume for three dimensional conduction [27]

2.2.2 Convection

In convection mode, heat is exchanged with varying temperature that exists between the surface of
a body and the surrounding medium. The heat exchange mechanism in convection comprises of two
components working at the same time: heat conduction and cooling media transport. The cooling
medium movement is a consequence of force exerted by some external means, especially in the case
of forced cooling machines. Depending on the nature of external medium which exerts the force,
convection might be named as either forced, created by a fan or a pump, or natural because of the
varying density of the medium.

The rate of heat transfer by convection between corresponding surface and fluid is determined by
Newton’s Law of Cooling [27] as has already been defined in (2)

q = heonv A AT (10)

AT is the difference between the surface temperatures and ambient temperature, h¢y,y iS the
average heat transfer coefficient over surface area A (subscript "conv" in hy,, refers to

[27].

>— for natural air convection to 120000 —;
m+K m<K

convection). The value of h¢y,, varies from 6

A quantitative assessment of convection heat transfer coefficient is a complex issue as hqgpny
depends on many variables like geometry of the surface, flow characteristics, flow velocity, physical
properties of a fluid and temperature difference AT. The estimation of heat exchange coefficients




can likewise differ along the cooling or heating surface [27]. However, for most engineering
applications, the average value of h.,, is often used instead.

2.2.3 Laminar Flow Energy Conservation Equation

The principle of conservation of energy is applied to obtain the heat equation that matches the
velocity field u and the temperature T. This can be used as a boundary condition to the problem
concerned. The energy conservation equation in vector notation is given by [28] as

oT
pPCy ET + V. (—kAT + pcpTu) =q 11D

Where p in this expression is the density, ¢, is the thermal capacity of the cooling medium at

constant pressure. The expression within the brackets is the heat flux vector and q on the right side
represents the heat flux i.e., the heat source term.

2.2.4 Evaluation of Convective Heat Transfer Coefficients

As indicated in [28], broadly five general routines can be described for the assessment of convective
heat exchange coefficients:

1. Dimensional analysis with investigations is numerically basic system which is generally
utilized for assessment of high heat exchange coefficients. However, the results from these
are rather ambiguous and cannot be used without having comparison with some sort of
experimental results.

2. An accurate scientific result of the boundary layer equations is numerically unpredictable and
mathematically complex system, which requires the simultaneous solution of the equations
describing the motion of cooling fluid and transfer of heat due to this moving fluid.

3. Approximate analysis of the boundary-layer equations by integral method is moderately a
straightforward method, which stays away from the definite scientific description of the
cooling medium. The mathematical equation of motion and the energy equation is coupled
together simultaneously to evaluate the heat exchange coefficients.

4. Relationship between heat and momentum (energy) exchange is a method used to analyze
the turbulent flow of the cooling fluid.

5. Numerical analysis is a technique used to solve the exact equations of motion. An important
advantage of this method is that once the solution to a particular problem has been

outlined, an approximate analysis of boundary layer equations can easily be evaluated.

The thermal resistance unit in general sense is,

K




Power is supplied to the resistor by means of ohms law. Similarly, the power flow through the
resistor R having a point temperature @ is given as

(13)

A 0
P—ATQ—E

In other words, the point obtained by the temperature 8 of the power loss P caused by the heat flow
and the thermal resistance R is written as of (13)

0 = RP (14)

In this case, 8 describes the thermal environmental temperature in relation to a point where they
are imported, P is the power loss and the ambient temperature level of resistance is R.

Q¢ corresponds to the electronic model of the capacitor charge Q. The relationship is expressed as
ch = meQ (15)

Where mis the mass, ¢, is the specific heat capacity at constant pressure and 6 is the point
temperature.

The heat capacitance is defined as
C =Vpcy (16)
2.2.5 Thermal Resistance of Solids

Not like the properties of mass or conductivity, thermal resistance of an item is computed keeping
in view the direction of heat stream [1].

The thermal conductance can be calculated by (13)

1 A
G=E=AT (17)

A is the thermal conductivity, A is the cross sectional area and [ is the distance between the nodes.

Accordingly, the thermal resistance is

R—l—l 18
“Ga (18)

If the area of a conductor is to vary over length [, then the resulting integral is expressed as

oo [
o 2A(L)

(19)

Where p in the subscript of [,, denotes the path length. This is the basic expression from which most
resistances for the use in thermal network modeling can be deduced.
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2.2.6 Thermal Resistance of Gases and Fluids

At far as the point of representation of air in thermal network is concerned, convection is a heat
exchange process that needs to be considered. The modeling of air is a complex task since fluid
movement depends on variety of variables for example, rotational speeds, surface structure,
geometrical dimensions, heat flows and so on. The thermal resistance between solid and ambient is
written as

1

R:m

(20)

Where A is the cross sectional surface area subjected to convection and h is the heat exchange

coefficient. The SI unit of heat transfer coefficient is watts per squared meter kelvin [mV;IK].

Finding the values of convective heat transfer coefficient h is somewhat challenging as it requires
extensive information about the machine concerned. Having some good estimated values also
requires detailed knowledge on subjects like Computational Fluid Dynamics (CFD), a FEM based
method, which demand lot of skills and efforts. Such itemized learning is however not generally a
prerequisite [5] rather, it is frequently computed by utilizing equations focused around empirical
studies. The behavior of the air movement can be described by few dimensionless numbers
described in section 2.3.

2.3 Dimensional Analysis

Dimensional investigation involves few variables to form various dimensionless numbers. The
primary disadvantage of this technique is that the results acquired from the calculations are either
ambiguous or truly pointless unless verified by some sort of experimental results. In addition, the
quantity of variables affecting the physical methodology of heat exchange ought to be chosen
beforehand. Nevertheless, once the important variables are known, dimensional analysis can then
be applied to general issues.

2.3.1 Nusselt Number

The Nusselt number (Nu), “ratio of convective to conductive heat transfer normal to the boundary”,
is perhaps the one most closely related to the heat transfer coefficient [32].

The relationship between the heat transfer coefficient and the Nusselt number is expressed as

2'airNu
h=—"— 21
5] (21)
The Nusselt number in general can be written as in [19]
h.d
Nu = n (22)

Where h, [Wm™2K™1]is the heat transfer coefficient of convection.d [m]is the characteristic
dimension of the system and A [Wm™1K~1] is the thermal conductivity.

A Nusselt number (Nu) of value “2” corresponds to a laminar flow [2]. “The convection and
conduction heat flows are parallel to each other and to the surface normal of the boundary surface,
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and are all perpendicular to the mean fluid flow” [32]. When that is the case, (20) becomes the same
as for any solid, which is seen if inserting (21) in (20). Nusselt number tends to be higher for high
rotor speeds and uneven surfaces, since because of these effects the turbulence increases.

2.3.2 Reynolds Number
Itis defined as a "ratio of inertial to viscous force” [32]. The Reynolds number is expressed as

pv? vd
Res =—v =~ (23)
g

Where p [kgm™3] is the mass density, n[kgm™!s7!]is the dynamic viscosity, v (Ny) [m?s71] is
the Greek symbol of kinematic viscosity, d [m] is the characteristic dimension of the system and
v [ms™1] is the velocity of the cooling medium.

2.3.3 Prandtl Number

It is a “dimensionless ratio of the viscous boundary layer thickness to the thermal boundary layer
thickness". The Prandtl number [32] is defined as

pr="_ (24)
r_a

Where v (Ny) is the kinematic viscosity and « is the thermal diffusivity for transport of thermal
energy due to friction [19].

2.3.4 Grashof Number

It is defined as a “ratio of hydrostatic and viscous force” [32] given as

BgATd’p
r=— 5 (25)
B [K™1] in this expression is the coefficient of thermal expansion, g [ms™2] is the gravitational
constant, AT is the temperature difference between surface and cooling medium, d [m]is the
characteristic dimension of the system, p [kgm™3] is the mass density and v (Ny) [m?s~1]is the
kinematic viscosity.

Formulas of heat transfer caused by free convection are set up as a function of Grashof and Prandtl
number and in case of forced convection by Prandtl and Reynolds number.

2.4 Strategic Heat Transfer Problems

Two methods for taking care of heat exchange issues have been described in the scope of this thesis.
First is the Thermal Resistance Network Modeling which is a strategy mainly focused around the
basic heat exchange for simple machines and second is more computational Finite Element Method,
which is close to exact, provided good input data.
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2.4.1 Network Solution

As mentioned earlier, the thermal network is like an electronic circuit which can be seen by
considering the thermal network example of Figure 4.

Figure 4: Thermal network example [20]

Of the various possible solution methods, the node method which is based on thermal resistance
network modeling is the most convenient way when using a computer to solve. The zero level will
be selected usually for the ambient temperature, whereas the potentials of the nodes corresponding
to warming up their relation to the environment are represented by conductance’s i.e. the inverse

of the resistances.
2.4.2 Modeling of Thermal Resistance Framework

To discover the steady state conduct of a thermal framework, it may be identified by a network
containing thermal resistances, heat flows and temperature sources (Figure 4). The conductance
matrix of a whole system involving n + 1 node points can be written in mathematical form as

- n
Z 1 1 1
e R1,1 Ry Ryp
i=1
n
1 Z 1 1
G= | Ry LRy R (26)
=
n :
1 1 Z 1
| Rnl Rn2 ilenl

p=|" (27)

And temperature vector is
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(28)

These matrices can be written as
G6=P (29)

So, 8 can be calculated by the inverse of conductance matrix and simply multiplying it with the
power loss vector which results in

0=G1P (30)

As we know setting up an exact thermal model requires some complex working but the model
developed in this way gives a method for getting quick answers for variations in input parameters,
since by this way the numerical complexity and number of fundamental proceedings can be kept
low. The time taken to set up the model relies upon the level of points of interest i.e., on the nodes
and also on the accuracy required for designing a reliable model [2]. The methodology for finding
out thermal resistances for some general geometrical shapes is depicted in later sections.

2.4.3 Finite Element Analysis

FEM is an extremely important and intensive tool in elementary frameworks, for example,
structural mechanics and thermodynamics [6]. Scientifically, such a framework can also be
described by differential equations, which at times becomes difficult to solve and explain. It is
therefore required to have a technique for making the issues less complicated while also having the
capacity to withstand the neighborhood impacts.

The fundamental guideline is that such a framework is partitioned into various manageable and
generally characterized components. If such small various elements are allowed to grow and
approach infinity, then this would correspond to such a continuous network that would no doubt be
very reliable but practically also very difficult to solve. A numerical result can then be gained when
these individual component equations have been gathered into a single framework and solved
simultaneously in TEC.

In the case of FEM simulations in this thesis, we will essentially solve the equation of conduction
presented in 2.2.1.

2.5 Methods of Modeling Thermal Network

At the point when a thermal resistance network has been built up, there are numerous inquiries for
example, how to simplify the item being referred to, where to place the nodes and how comparable
thermal resistances could be, while solving for distinctive shapes. This section presents principles
and equations for developing a thermal network. Important parts of the machine to be considered
in the heat transfer i.e., in the thermal modeling of the machine are

e Rotoriron
e Permanent magnets
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Stator bars
Stator winding
Air gap
Magnetic holder

The thermal framework in a steady state comprises of thermal resistances and sources which
represent heat associated between various motor segment hubs (nodes). As for transient case
examination, thermal capacitances are also utilized to consider the variations in high temperature
limits of the model with time [10] and both of these investigations fall under the classification of
lumped parameter model.

The thermal analysis tools widely use numerical methods, for example, the finite element method
(FEM) and computational fluid dynamics (CFD). Utilizing numerical method analysis can be
exceptionally costly as far as model setup and computational time is concerned. Heat conduction
problems in solid components can be solved more reliably by using FEM as compared to thermal
network. During thermal investigation, the inquiry of heat evacuation and the appropriation of heat
sources must also be precisely inspected. In large electrical machines, heat evacuation is
guaranteed by thermal convection of air, thermal conduction through the outer frame of the
machine and to a less degree by thermal radiation as has been described previously. The general
target is to get the learning of the machine's steady state temperatures in the essential design stage.
The heat sources that form the input to the thermal equations are taken from the motor losses. The
losses in electrical machine comprises of the resistive losses in stator and rotor parts, iron losses in
the magnetic circuit, mechanical and frictional losses and additional losses.

Among diverse strategies for thermal investigation of electrical machine, for example, accurate
analytical distributed loss model calculation, numerical analysis, lumped-parameter or nodal
method, the last one is basic but sufficiently complex to distinguish the temperatures in most areas
in the machine.

The electrical machine is separated geometrically into various lumped parts, every part having an
interconnection to neighboring segments through contact resistances. It can be assumed in lumped
parameter model, that all the generated heat in a specific part represented by a node is assembled
to a central point which represents the mean temperature of the section to which the node is
placed. The parameters of dynamic LP models are usually extracted from complete dimensional
data, the thermal characteristics of the motor utilized and of course the heat exchange coefficients.

2.5.1 Concept of Nodalization

Nodalization is an idea of separating an object into its sub-components, where every component or
association point is described by no more than one or possibly a few nodes. The prospect of lumped
parameter modeling means the simplified description of the properties of the components in more
sensible manner for instance, average temperature at the central point, volume and thermal mass
etc. In case a real thing is to be identified with a circuit model involving a set number of parts, a
couple of simplifications and assumptions ought to be made.

Nodalization concept can be applied to any particular object in some random way, although there
are various factors that should be considered beforehand. Some of these include, are the spots
where you need an exact temperature estimate, what the ordinary temperature distribution looks
like and the effortlessness in the calculations of the resulting geometry. It can also be in a way that a
central point needs to be put at some other spot where the point in itself is not as important,
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however, an affiliation is needed between other node points just to increase the accuracy of the
model. Considering only the basic geometries first while making calculation of areas and volumes
is the key to keep the network simple.

The number of arbitrary nodes can be picked by the model planner, keeping in view the accuracy of
the model required, with more nodes mean more detailed information, the price of which is the
increased complexity. Provided that the body is somewhat homogeneous making an interpolation
between the temperatures of two bordering nodal centers can be a way of achieving acceptable
estimation [2].

2.5.2 Placement of Node point in the Geometry [21]

Heat that streams homogeneously from internal to external boundary of any cylinder can be
computed utilizing the thermal adaptation of Ohm’s law. Two criteria oversee the decision of node
location and they are

e Exact forecast of AT over the whole surface.
o Exact forecast of the temperature at a particular node point.

In some straightforward objects, for example, a bar which might be considered as thermally
detached at both ends, following both the criteria is possible. For a body where thermal resistance
and volume per unit length don't change in the same way as the temperature increases, it gets more
complicated. Regarding the demonstration of thermal resistance network, making a model with low
number of nodes is vital. The inquiry is then- at which radii is it most suitable to infuse the losses, if
only one node is to be put in the body and by doing this how big would be the error.

To answer these questions let's begin by characterizing three radii of interest in placing the node
point [21]. The resistive midpoint is the point along the heat path through a body where half of the
total resistance has passed, and half is left to go. In the case of a hollow cylinder as an example, the
equivalent radius is named asrresMid and corresponding node asnresMid. The geometrical
midpoint is basically the mean of the internal and external radii and is named asrgeoMid
and ngeoMid. Lastly, the volumetric midpoint is the place where 50% of the item’s absolute volume
has passed. The comparing parameters are rvolMid and nvolMid [21].

To find out rresMid, [21] is utilized to infer a relation to a particular radius where the internal and
the external section have the same thermal resistance. The resulting expression is

M = /TiTo (31)

Where r; is the inner radius and r,, is the outer radius. As for rvolMid it is described as

(32)

The idea of placing the node at rresMid or rvolMid is further illustrated in Figure 5. The tradition
in these circumstances appears to be placing the node in the resistive midpoint which is most likely
because it is simpler to figure out it that way [21]. However the one which is the most suitable
alternative is not evident and will be researched closer for a couple of few relevant cases.
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b)

Figure 5: Demonstration of distinction between placing the node at

a) On the volumetric midpoint
b) On the resistive midpoint

2.6 The Controlled Voltage Sources

This section deals with the controlled sources that can be inserted while taking into account the
thermal modeling of the machine. As an example the cooling effect can be replaced with a
controlled heat source inserted at various node point geometries.

2.6.1 The Effect of Air Flow

Air typically flows with heat exchange. In air space where there are a couple of nodes to be
considered, the air stream warms up and moves to an alternate path as losses in the machine. This
impact of the air stream can be described by a voltage source between the nodes [11]. Consider the
air flow in Figure 6 from the nodes S1, S2, and S3.
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Figure 6: Figure showing the temperature rise at various nodes as air passes through the machine
development phase [20]

The above figure can be more generally represented as

8.’-‘
|”—I¢Q+7\
N/
P I\.S_@
S1 _ir
+ P P,
. /I 6,

Figure 7: Effect replaced by controlled heat sources (84, 8,, 83) inserted at the node points S1, S2 &
S3[20]

Warm ambient air flows to the point S1 and absorbs thermal energy from this node; the future
stream of power P; of the way. The air is heated from ambient level 8; to 6, .,4 wherein the
temperature rise of the coil end region is calculated by the equation

2P,

Orend = 5502 = 2PiRq (40)
Where,
Ry = ! (41)
2pcyq
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Where p is the density, ¢, is the specific heat at constant pressure, and g is the heat volume flow i.e.,

the heat flux. In this case it can be assumed to have constant mass flow rate, although the air warms
up and expand.

The resistance R describes the gas flowing ability to absorb heat, in the unit of (E)
w

The average temperature rise of the node S1 is

B1,end — 01
O1ay === =RqP1 (42)
Also written as,
Bt 0 = g, 0y = RPy (43)

The same scenario takes place at the node S2, when the air warms up to a point of future power
flow P, . The average can be specified as

92,av - Hl,end = RqPZ (44’)

When air is heated up to 6, ¢nq and flows to a point S2, each node in the thermal stage can be
combined to give

92,end = 2Rq(Pl + PZ) (45)

Node S2 region such as warming up to an average value of 8, 5, can be specified as the node S1 end
temperature and the temperature between the end of the first region and the average of the second
region node S2, written as

92'3‘, = 2RqP1 + RqP2 (46)
The same thing happens at the node S3
93'3‘, = 2RqP1 + 2RqP2 + RqP3 (47)

It can be seen from the Figure 7 that a controlled heat source exists at each node. These sources at
various nodes could also be connected between nodes S1 and S2 and between the nodes S2 and S3.
6;,av and 83 ,, can also be written in another form based on the rule 1 [11], which states as

Rule 1: The temperature source connected between a coolant stream node and earth is equivalent
to the total of losses assimilated by the coolant before the coolant stream node, multiplied by 2R

and the losses consumed in the coolant stream node increased by Ry.
92,av = gl,av + qul + RqPZ = 91,av + 04, (48)
93,av = 92,av + RqPZ + RqP3 = 92,av + 0,3 (49)

Where, 6,5, and 6,3can be derived from the voltage source between the nodes as specified in rule 2
[11]

912 :qul +RqP2 = Rq(P1+P2) (50)
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923 =RqP2+RqP3 =Rq(P2+P3) (51)
The rule 2 gives the temperature source equations connected between the nodes.

Rule 2: The temperature source between two coolant stream nodes i and j is equivalent to the
aggregate of losses consumed by the coolant in the nodes i and j increased by Ry which can verified

from Figure 8.

Pl 912 EF?_':I

- JARY,
k._./+ @ Q\/
J 3

P2

Figure 8: Effect replaced by controlled heat sources (84, 8,, 85) inserted at the node points S1, S2 &
S3[11]

2.6.2 The Controlled Voltage-Source Node Point Matrix

When all the conductivity elements are entered in the matrix equation (26), while taking into
account all node points, then there can be established relationship between the dependence of
conductivity matrix elements and point temperature nodes [11]. These nodes are followed by
unknown matrix [P,] apart from [P] placed on the right side of the equation (29). In this case, the
matrix equation (29) is

[61lo1 = [[ﬂ]] = (ol - [[[1%]]] (52)

Where [P] is a well-known loss vector, [P,] is a vector containing injections of loss components
(current sources) at various node points and a column vector formed by this is given as

[Pmu2)
Puns

[R] = (53)

| Py

MH2 and MH3 are the nodes in the magnetic holder whereas W2 and W3 are the nodes in the
windings. Additionally the matrix expressed in (53) can consist of nodes which has unknown future
losses, thus the equation (52) cannot be solved without flow of air available.

Let us now take a particular example of the Figure 6. When the air stream flows from the ambient
side to the node S1, it is warming up to the warmth of an absorbable average of equations (42), (46)
and (47) which can be put in matrix form as
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=GP > 0 =RP

01 Ry 0 07yp
[92 =|2Rq Rq O le (54)
0, 2Ry 2Rq Ry Ps
In short,
[eu] = [Ru] [Pu] (55)

Solving the equation above w.r.t [P,] and positioning with respect to the equation (52), the heating
network in a matrix can be expressed as

G]1o] = [[E}g]] = %ﬁﬂ - [[Ru][g][eu]] (56)

For this [6,] = [6] moved to the left side, leaving the terms with only the node ratings on the right
side we get

(o]  [0] _ [P]
o1+l a1 =[] &7
Which the temperature rise of the matrix [6] is solvable as
0] = ﬂ[a] sl } [io] (58)

2.6.3 Computing of Changed Premises

During this working scenario, thermal behavior is especially irregular to be precise. Demonstrating
thermal resistances have been described previously and if capacitances additionally can be, by one
means or another, associated with some of the nodes then they must have to be adjusted in the
node matrix also. Solving the partial differential equations as

do

€15

| + 161161 = 171 (59)

In Matlab ® there is no need to define it in more detail about how the capacitances are taken into
. . : : L e
account in the calculation. Equations are solved for the first order derivative of ™ by the help of

an aid solver ode function incorporated into the final equation. Function
ode (ordinary differential equation) is a partial differential equation numerical solver, which is
based on Runge-Kutta method. However, it should be noted that the capacitances occurs only about
half of the node (central point). To solve this allocation there has been made a sub-matrix. Sub
matrix equations are

o R e o o S

Matlab ® can be used to describe the first line relating capacitances differential equations and the
lower line of ordinary equations.
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[C1][91] + [G111[61] + [G121[6,] = [P1] (61)

0 + [G21][61] + [G221[62] = [P,]

The lower equation can be solved in terms of 6, as

[62] = ((—[G22] " [G21D[6:]) + [G271[P,] (62)
When placed it in the upper equation we get a partial differential equation as
[61][91] = [P] = [011([G11] = [G12][G22] 7 [G21]) — [G12][Go2] M [P2] (63)

This can be described briefly as
[61] = Al6,]1+B (64)

Matlab ® functions ode23 and ode45 are used to integrate the above sub-matrix equations [6,] in
time-stride. This may be followed again by equation (62) to return the values [0,] in time-domain
also.
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3 The Proposed Thermal Model

In this chapter, network model in terms of thermal resistances has been presented. Starting with
the concept of suggested lumped parameter model we end up with simplifications made from
geometrical symmetries and suppositions regarding the perfect thermal insulation. Firstly the
thermal model of steady state as well as transient state has been presented and then temperature
distributions of the models have been solved from thermal machine parts represented by thermal
resistances.

Complex machine geometry points to the turbulence model of air stream as it has been examined in
the past sections. To counter this, more detailed investigation should be done in comparison with
numerical and empirical methods that are generally used for basic geometries. If a complete
thermal investigation of high speed machine is to be performed, then the equations should be
solved simultaneously in both the solids as well as in fluid domains. One explanation behind this is
that the temperature rise in the turbulent fluid and the temperature in the solid parts of the
machine intrinsically rely on one another. Actually, the temperature rise of the cooling fluid in a
high velocity machine can't be neglected since the coolant removes a lot of heat because of the high
loss density [7].

FSPM machine in our case has stator windings and PM’s together in the stator region, subsequently,
the nearness of the windings and PM's makes a thermal model essential [15].

3.1 Tools

There are numerous methods that can be considered while implementing the geometry of the
machine to model thermal network analysis.

3.1.1 3-D Model of Heat Transfer [7]

By presenting a 3-D thermal model of a machine, the temperatures in entire space of the machine
can be assessed. The 3D thermal analysis is performed utilizing the COMSOL Multiphysics ®
software and is focused around FEM [8].

The domain involving the fluid has been demonstrated in the heat exchange model by defining
some outer boundary conditions. The fluid parameters like heat exchange coefficients that have an
impact on the thermal behavior of the machine have been mostly taken from existing literatures.

From the above discussion, it can be concluded that the fluid impacts in the 3-D thermal model are
presented as conditions on the boundaries in which the solid area has an association with the fluid
domain. The outer boundary of the solid material in contact with the cooling fluid can be
demonstrated by employing the boundary condition for the heat flux q as

—n.q=h(Tq —T) +q, (65)

Here h is the heat-transfer coefficient between the solid surface and fluid domain which is taken
from existing literature for this sort of machine and Tj is the temperature of the fluid close to the
solid surface. The term q, is a general heat flux entering the domain. The boundary condition for
thermal insulation of the model is
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—n.q=0 (66)

The above mentioned condition is mostly utilized for demonstrating the boundary condition on
which the solid surface domain is insulated. This limit condition is likewise utilized for reducing of
the model size by exploiting the symmetry as will be carried out in our situation to be described in
the upcoming section of the thesis.

An alternate limit condition that is utilized is to consider constant ambient temperature at the
boundary given as

T=T, (67)

This condition is for demonstrating a boundary on which the temperature T, is known in advance.
The boundary condition that describes the heat generated between two solid surfaces is given as

—MNyp. (Qup - de) =dqo (68)

Here q, is the generated heat flux on the surface i.e, the heat flux entering the domain. This
mathematical statement expresses that the difference of the normal component of heat fluxes on
the upper and lower side of the problem domain are equivalent to the heat flux generated on the
surface. The eddy current losses are mostly described with the heat source q,, . If there is no heat
generation between two solid surfaces then g, = 0.

3.2 Suggested Lumped Parameter Thermal Simulation Model
To make the thermal simulation model to work, it can be broadly divided into three parts

e Structuring the thermal model for the machine
e Evaluating the thermal resistances
e (alculating the losses from the electromagnetic model and their location in the machine

In the model developed for evaluation of thermal phenomena, the object under investigation is
partitioned into a few thermal components represented by node arrangements, the elements of
which are then linked together to form complete thermal model comprising of nodes and
resistances [9], [17].

The thermal system is like an electrical system which has current sources as losses infused at
different node points. The temperature of the ambient air is usually taken as a reference
value 0, (T,).

Simulation can also be made for the transient analysis and is based on the following differential
formula as has already been mentioned in (59) [9]

%(AQ) = c-1(AP - G(20)) (69)

Where AP is the loss vector containing the losses dissipated to a specific node and A@ is the
temperature rise vector as given in (27) and (28) respectively and G is the conductance matrix
already defined in (26).
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It must be recognized that when cooling of electric machines are investigated; a cooling matrix
must be utilized to get dependable results. This is on the grounds that the vast majority of the
created hotness is expelled from the inner parts of the machine with the help of fluid flowing
through the machine. Thus a cooling conductance matrix has to be defined for this purpose and the
temperature distributions in the machine can be evaluated by (70). In an unlikely event when the
cooling matrix is ignored, conduction becomes the main source of heat exchange which ultimately
can lead to wrong temperature distribution [18].

0 = (G + Gg)~ 1P (70)

It is vital to consider both the electromagnetic as well as the thermal models when it is desired to
get reliable results because of strong collaboration between the two i.e., losses subject to
temperature rise and vice versa (see Figure 9). Especially sensitive to temperature change are parts
which are in the vicinity of the air, as thermal properties of air are strongly dependent on the
temperature.
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of machine parts [
data store

Figure 9: Block diagram of simulation model consisting of electrical and thermal model [9]

3.2.1 Distribution of Power Losses and their occurrence [12]

A suitable thermal investigation requires faultless assessment of the losses and their occurrence
inside the machine. For low and medium speed machines, copper losses contribute to the major
part of the total losses which can be obtained systematically by the estimation of stator winding
resistance and stator current mostly by experimentation. Since the copper losses depend on the
temperature, the careful measurement of the losses can iteratively be computed with the
temperature adjustment.

The iron losses mostly occur in the stator yoke and teeth. The eddy current losses occur mostly in
permanent magnets and rotor disk, which for low speed applications can be neglected but for high
velocity machines it has to be incorporated in the thermal model. [13] gives some methods to
determine the eddy current losses in PM's and also in the rotor disks lying in the region of
permanent magnets.

The losses obtained in this way must be inserted at various node points in the LP model. The losses
also occur internal to the motor classified as electrical, mechanical and frictional losses with former
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depends on the temperature distribution and the latter two on the rotational speed of the machine
[18]. The resistances of the stator windings are temperature dependent like the resistive losses and
there are two ways to take this temperature dependency into account in loss calculations. In the
first option, the numerical solution of the coupled field circuit equations gives the losses in the
windings by the evaluation of phase resistance with operational temperature. This can give
accurate results, but since the stator windings are usually at lower temperatures as compared to
coil end windings, the losses in the end windings can somehow be underestimated. Another
alternative can be to calculate the losses of the stator windings iteratively in the actual thermal
analysis [18].

In COMSOL the heat sources in the windings have been declared by the loss P, as

P

Py
Ocu

(71)

Where J is the current density and o, is the electrical conductivity of copper. Since this thesis is
only concerned about the thermal modeling so the loss calculations and their origin in the machine
has not been considered in depth.

3.3 Steady State TEC Model of FSPM Machine
3.3.1 Objective

Our main objective is to create a TEC model (thermal equivalent circuit) for an axial flux switching
permanent magnet machine. For this reason we will construct electrical elements
(resistances, current sources and capacitances) analogue to the discretized thermal elements
(thermal resistances, heat power sources and thermal capacitances) and will estimate all of them.
Finally we will solve the circuit to know the temperatures and heat fluxes in the motor.

3.3.2 Main Geometry of the Motor

A typical three dimensional illustration of a dual rotor axial flux switching permanent magnet
machine with 10 rotor poles and 12 stator poles is shown in Figure 10 [34]. As a comparison with
conventional radial PM machines, an axial PM machine has advantages associated with it in the
form of shorter axial length, improved efficiency and better heat dissipation. FSPM machines on the
other hand have experienced a rapid growth in popularity owing to their high power density and
torque capability [34]. The FSPM motor, investigated in this report consists of 6 stator poles and 7
rotor poles. Due to the low number of stator and rotor poles and their geometry, the machine can
be represented in some convenient shapes (see Figure 13). As for the structure of flux switching
permanent magnet machine where the rotor consists of only iron, it can be presumed that no heat
actually flows through the rotor structure [33].
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Figure 10: Three dimensional illustration of axial FSPM with 10 rotor and 12 stator poles [34]
Topology includes 1) stator 2) Rotor 3) Rotor pole 4) Rotor yoke

5) Stator core 6) Permanent magnet 7) Winding

As the stator of the machine under investigation in this thesis has 6" order symmetry around the
main (z) axis (not exactly the rotor, as it is rotating), we will exploit this symmetry for our purpose.
The same symmetry will also be valid for the temperatures and the heat fluxes. A typical thermal
equivalent system of the FSPM motor considering the entire section and the machine parameters is
shown in Figure 11. By utilizing all the machine specifications, as depicted in Figure 11, the thermal
resistances (see Figure 13) and capacitance values (see Figure 14) of various motor elements can
be obtained.
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Figure 11: Machine parameters of the equivalent thermal system of a typical FSPM motor [33]

Where lingings s is the length of primary stator slot whereas A,yinging, Pwinding A4 Cwinging are

the equivalent thermal conductivity, density and specific heat capacity of the primary stator slot
respectively.
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By assuming z-axis to be vertical, the machine under investigation has still two more symmetries:
one is around a horizontal plane (to which main (z) axis is normal and in the middle of the motor),
and the other is around the vertical plane which divides the stator in two equal halves. After taking
into account all these symmetries, we have 1/24" specific elementary cell of the geometry.

The final geometry cell (1/24%" sector of the whole machine), is the one in which we will define and
will estimate the resistances for the thermal model in steady state case and also the capacitances in
the transient state case. Note that the radial/axial heat flux for each tooth of the whole motor will
be two times the flux we will compute model with this reduced version, but the temperatures will
be the same as the computed ones. Of course, this is because that the resistances of the tooth will be
reduced by the same factors.

3.3.3 Heat Generated (in PM) from Induction (by Windings)

As we know, a current carrying conductor when placed in a magnetic field experiences a force.
Same scenario which will occur is that currents will be induced in an electrically conductive body
when it will be placed in magnetic field varying with time, which ultimately would result in thermal
power generation on the surface of the body. This phenomenon, which is typically used in
industries, is referred to as induction heating. To produce time varying magnetic field we must have
some proper arrangement of conductors and the source must also be adjusted accordingly to
provide time varying current in the induction coil. Thus the electrical energy provided to the
induction coil gets converted into thermal power without any physical connection through the
process of induction heating and electromagnetic phenomena. Practically the power sources used
in this process involve alternating current supplied to the induction coil, the frequency of whose
varies from application to application.

The current intensity induced by this way is most critical at the surface of the object under
investigation but decays as we move away from the surface towards the center considering the
limits of thickness/skin depth ratio. As this ratio increases, more and more lost power is scattered
near the surface, a phenomena known as skin depth (§).

Thermal power and induction heat efficiency produced in the induction coil or any particular object
under investigation can be found for general shapes, for instance, round and empty bars or tubes,
cylinders and wide rectangular pieces etc., by the use of some already built empirical and semi
empirical formulas in existing publications. The only drawback that comes with numerical and
analytical methods of existing publications is that they assume material properties to be constant,
while in reality electrical resistivity (p,) and specific heat capacity are among the few variables
which are temperature dependent whereas few parameters like permeability of materials (u) are
dependent both on the magnetic field strength and temperature.

For general solid circular segment resembling square or rectangle with fillets of diameter d and
length L, heated in some encasing having N turns with a current of I A/turn wound around the coil
of diameter D and length L., the induced power Py, is approximately given by [21], [23], [24] as

dp
Py = (NIKc)za_LQrod (72)

Qroq in this expression is an empirical constant which is given in Figure 12 as a function of d/§ and
K. is also an empirical constant which is dependent on the ratios of d/D, d/6 and L/L.. .

e ——————
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Figure 12: Flux factors Q and P for rods and slabs [25]

The TEC model used in this report is based on the following assumptions [13], [14], [15], [18]

e The nodes taken for temperatures are representative of the entire piece to which they are

associated.
When heat power is generated inside a piece, it can be assigned to a central node point.
Heat flux is mainly radial in rotor tooth.
Heat flux is mainly axial in the stator.

Air flow between stator and rotor i.e., in the air gap is laminar and convection phenomena

between their faces are proposed to be equal to the static surfaces with constant

areas (i. e., rotation effect is included in Nusselt number).
o All far temperatures for convection fluxes can be taken just as an ambient temperature.

e The convective coefficients for all horizontal faces are the same, independent of their size,
position (faces are ‘just’ horizontal) or other nearby components. For instance, we neglect

the difference between convective coefficients of parts with different velocities.
e The former point applies for all vertical faces as well.

e Rotation has been taken into account just inside convective coefficients, so they should be

high enough (much higher than in the static case).

o All convection heat fluxes to far air follows the simple Newton’s law (i. e., h is constant).

e Permanent magnets are assumed to have a uniform temperature inside.

e All the symmetries (transversal plane, vertical plane and 1/6" turn — rotation) apply for all

temperatures and fluxes, thus only a 1/24%" part of the motor has been analyzed.

o In transient case, capacitances are assigned to a central node point inside the corresponding

piece.
o Contact resistances between elements are neglected.
e Radiation phenomenon is neglected.

3.3.4 Resistances, Dimensions and Circuit for Steady State Analysis

Table 2 below gives the dimensions, resistances and losses inserted at a particular elementary cell
of the geometry analysed (1/24" part of the machine ) with Figure 13 gives the steady state TEC

model of FSPM machine under consideration.
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Figure 13: Steady State TEC Model of Flux switching PM machine

Table 2: Description of Dimensions, Resistances and Losses inserted

th
Resistances of the elementary cell (i part)

RD_MH1 4 Main conduction resistance in MH (axial direction)
RD_R Conduction resistance (axial direction) in rotor

RD W2 Conduction resistance in winding 2
RD_W3 Conduction resistance in winding 3
RV_MH1 Convective resistance from face 1 of MH to open air
RV_MH2 Convective resistance from face 6 of MH to open air
RV_MH4 Convective resistance from face 2 of MH to open air
RV_MHu Convective resistance from upper face of MH to open air
RV_PM3 Convective resistance between stator and rotor
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RV_R Convective resistance from upper face of rotor to open air

RV_W2 Convective resistance from face of winding 2 to open air

RV_W3 Convective resistance from face of winding 3 to open air

th
Losses inserted at the elementary cell <i part)
P_PM2 Heat power in PM2, due to induction, in W
P_PM3 Heat power in PM3, due to induction, in W
P_W2 Heat power in W2, due to Joule losses, in W
P_W3 Heat power in W3, due to Joule losses, in W

The model in figure 13 has been built keeping in view one elementary cell of the geometry and
assuming modeling techniques that have already been discussed in section 2.5 with few exceptions
regarding the heat flows in the analysis.

Table 3 nicely describes the parameters of the TEC model of FSPM machine given in the Figure 13.

Table 3: Parameters of TEC Model

Region Parameter Heat Transfer Losses inserted at
mechanism node points
Magnetic Holder Rp Mu1-4 Conduction Tvuz ~ Ppmz
Magnetic Holder Ry mu1 » Rv mu2 Convection Tmuz ~ Ppms
Ry MHa (vertical faces)
Magnetic Holder Ry Muu Convection -

(horizontal faces)

Windings

Rpwa2,Rpws Conduction

Tw2i ~ Pw2

Windings

Rywz,Ryws Convection

Twsi ~ Pws
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Rotor Rpr Conduction -
Rotor Ryr Convection -
Air-gap Ry pms Convection -

3.4 Transient State TEC Model of FSPM Machine

In problems which are time dependent, thermal energy stored in a system is represented as
thermal capacitances [1]. Some nodes are assigned with thermal capacitances from that particular
node to the ambient. The thermal capacitance of a particular element or part is usually obtained

from material properties and geometrical data available.

3.4.1 Circuit for Transient State Analysis
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Figure 14: Transient State TEC Model of Flux switching PM machine

The main five knots of the transient state circuit shown in Figure 14 are represented by green-red

dots to which capacitances have been added.
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3.4.2 Heat Capacity and Electrical Analogue

A heated body when cooled drops its temperature or changes its state. As we don’t consider here
any change of phase, we will consider only temperature increase.

The relation between the heat absorbed by the body (Q) and the increment in temperature (6) at
constant pressure is given here as in (15)

Q=mcy0 (73)
By dividing both sides of last equation by the elapsed time, we get the relationship between the
heat power source and the ratio of temperature increase as
AB .
P=mcpA—t=mcp9 (74)
For a (electrical) capacitor we have the following expression
Q=CV (75)
Where Q is the electric charge stored, C is the capacitance and V is the capacitor voltage.
Taking derivative w.r.t time

I=CV (76)

Thus the thermal analogue of the electrical capacitance is: mc, V‘ q

_9|
il
C —_

Finally, a good electrical model for a solid body could be the following one given in Figure 15.

1/2 Ry
BN T] |

NZ
=  1/2R, Cc =

Figure 15: Electrical Model for a solid body

Where Ps is possible heat power source inside the body (generally due to Joule’s effect), C is the
thermal capacity of the body, Rpis the conductive resistance (there would be others, if heat
conduction takes place in other directions) and T is a representative of inner temperature of the
body.
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3.5 FEM-Simulation

The settings done while implementing the FEM-simulations follow the rules which have been
described in the scope of this thesis with couple of few special cases. Some comments on how they
were realized in COMSOL are as follows

e The coolant was simulated by setting a constant steady temperature of the external
boundary.

o The temperatures utilized when comparing the FEM-simulation results with the thermal
network models were obtained by taking the temperatures of a central point of the nodes
placed at nearly the same location on the system, the actual node point would correspond
to.

e To decrease the simulation time the study module was run only for “heat transfer in
solids (ht)”, “heat transfer in liquids” and for “laminar flow”.

o The mesh was refined to the degree that further refinement did not fundamentally change
the reenactment of results.

e The simulation of windings was assumed by considering a domain to be defined over the
stator bars and permanent magnets. The thermal conductivity of the materials was also
declared for both the sectors as in the thermal resistance network.

e In COMSOL Multiphysics model, air was considered as solid by defining an outer box
boundary. It doesn't however handle the way that the air was always moving and generally
homogenous in its temperature distribution. As it doesn’t, it implies that hardly any heat
will flow in the segment of the air gap and AT over the air gap will hence not be reliable and
to be precise will somewhat be overestimated.

3.6 Computational Procedure

The computer program for the thermal analysis of FSPM machine is written by using Matlab ®.
Figure 16 represents the flow chart of the program for the FSPM electrical machine. The input
parameters are the dimensions, physical parameters and cooling methods of the machine. Based on
the input data, the coefficients of heat exchange and losses are determined. After this, thermal
resistive components are calculated and solved for temperature distribution. The final output of the
computation is the temperature rise distribution of the machine as a function of flow rate and heat
transfer. Additionally the flow rate between various node points can also be specified.
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Figure 16: Flow chart for the computation of temperature rise in FSPM electrical machine
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4 Structural Optimization

Structural optimization in the field of electromechanics is a combination of several nomenclatures.
Optimization in a broader term is referred to as to "making things the best". Consequently,
structural optimization is a subject of gathering of materials, plans and actions identified with
machine geometry in the most idealized way. The task in this section of the thesis is to find a
machine structure that is most optimal to work out with. Clearly such optimizations i.e.,
maximizations and minimizations can't be performed without any starting lower bound and upper
bound indicated. For example, if there is no limit on the number of winding turns, the length of the
PM's and different parameters that have a close relationship with the optimization algorithms, then
we have an unbound optimization problem which don't have a well-defined result.

Constraints in structural optimizations are mostly linked with the geometry of the machine. Most
quantities that are treated as constraints can be used in the optimization algorithms as an objective
function. Thus the designer can check the performance criteria of the design structurally by
checking the imposed limits, and then the structural optimization can be achieved by having an
objective function that needs to be optimized i.e., maximized or minimized by using few or more
parameters that directly affect the efficiency of the machine.

e Objective function (f ): An objective function is a function that can be used to classify
designs. For every particular design, f shows the decency of the design. Usually f is chosen
such that a small value i.e., minimization is better than a large one. In our particular
scenario f measures the losses which are to be minimized by genetic algorithm or
simulated annealing (to be described later in this section) to improve the overall efficiency.
It is also named as fitness function in some standard optimization algorithms.

e Design variable (x): A vector of parameters that portrays the design employed, and which
can be made variable during optimization. It may represent geometrical dimensions or
physical quantities.

e State variable (y): A function or vector that represents the response of the structure for a
given design x.

A general structural optimization (SO) problem takes the form [29] as,

minimize f(x, y)with respect to x and y

behavioral constraints such as lower bounds and Upper Bounds
initial values as in simulated annealing

(
(SO) 1 {subject to {
\

4.1 Global Optimization

Global optimization uses that sort of strategies that allows the designer to discriminate between
global optimum point and several local optimum points in a specific area under investigation.
Global optimization problem generally follows unconstrained optimization.

e ——————
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Conventional global optimization methods can generally be classified into two types which are

1. Deterministic methods
2. Stochastic methods

An outline of the design in which efficiency is most elevated is not generally the best plan as there
can be numerous angles to be considered in motor design procedure including simple assembling,
reliability, dependability etc. Generally discovering an acceptable approach to consider all these
parameters into a single objective function is extremely troublesome, so a powerful multi-objective
optimization algorithm is needed.

There are indeed issues to develop multi-objective optimal configuration for a particular machine.
The first and foremost reason is that all geometrical constraints such as lower bounds, upper
bounds and behavioral considerations can't be considered. Additionally, the time-consuming
analyzes such as transient temperature rise analysis cannot be performed in the course of
optimization process because of time cost.

We, in this manner, utilize just the most relevant parameters in building an objective function and
in applying strategies [29] that distinguish different variables by locating local as well as global
optima. That is to say, the planner can utilize numerous criteria and his experiences to select the
best design among generated solutions.

Two particular algorithms employed in this thesis are

e Genetic Algorithm (ga)
e Simulated Annealing

While general optimization algorithms have the capacity to converge to the highest one and discard
others, genetic algorithms and simulated annealing can identify multiple optimal profiles.

4.2 Genetic Algorithm (ga)

Genetic Algorithm is among the methodology of Artificial Intelligence that uses a computer to
simulate the nature's process of development and selection. Genetic Algorithms are used to solve
the issues which are ill-behaved, discontinuous and non-differentiable [31]. Since the rise of genetic
algorithms was in the late 1970s, global optimization has been one of the real targets and tons of
exertions have been dedicated to create effective algorithmic models to handle global optimization
issues. Simulated Annealing is one of the effective models among these.

4.2.1 Working Procedure of Genetic Algorithms

As has already been mentioned that, genetic algorithmic calculations are focused around the
methodology of natural selection, they take the essential properties of natural selection and apply
them to any issue under consideration. The basic process for a genetic algorithm includes following
steps

1. Initialization - Create a random initial population (array of individuals) [30]. This
population is normally arbitrarily produced and could be any size, from just a couple of
individuals to thousands. ‘PopulationSize’ tags how many numbers of individuals there are

e ——————
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in each generation. With a huge ‘PopulationSize’, the genetic algorithm looks for the result
space more thoroughly, consequently lessening the risk that the calculation will return
neighborhood minima that is not global minima.

Evaluation - Each individual of the population is then assessed to ascertain a fitness value
for this individual in the generation. The fitness value is computed by how well it fits with
outlined prerequisites.

Selection - There is always a need to continually improve population’s fitness function
value. Selection helps to do this via disposing the bad designs with the help of few selection
methods and just keeping the best individuals among the generations in the population.
Some individuals, named as elite individuals [30], in the current generation that have best
fitness value to minimize the losses are selected for next generation automatically.

Crossover - During crossover we create new individuals by combining the properties of our
chosen individuals.

Mutation - We need to add a little bit randomness into our populations' genetics else each
blend of results we make would be in our introductory population. Mutation typically works
by introducing little improvements to parents.

And repeat! - Now we have our next generation of individuals, we can start again
from step 2 till we have an end condition.

The genetic algorithm over and again adjusts a population of individuals. At each one stage, the
genetic algorithm chooses parents from existing individuals in the generation and uses them to
produce children by crossover and mutation processes in the next generation until an optimal
solution is found. The algorithm stops when stopping criteria (stall generations) is met, which is the
point at which the normal relative change in the fitness function value over stall generations is

short of tolerance function value, whose default quality is 1E-06 [30].

The genetic algorithm differs from traditional optimization algorithm in two main ways, as

summarized in the following Table 4.

Table 4: Difference between Traditional Algorithm and Genetic Algorithm

Classical Algorithm

Genetic Algorithm

A single point is created during each single
iteration, with a succession of points created
during iterations that approaches an optimal
result.

Generates a population of points
at each iteration. The point having the best
fitness function value approaches an ideal or
optimal result.

Chooses the next point in the sequence of
events by deterministic computation.

By using random number generators, selects
the next population of individuals.
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The flow diagram of the Genetic algorithm (ga) is described in Figure 17 as

Describe Problem

STEFP 1 Generate Inifial Solutions
(initialization & Evaluation)

STEP 2 Test: Is initial solution good

enough ?

Select parents fo
reproduce {(Selection)
STEP 4 - Apply cross-over
| and mutation and creale a
sefl of offsprings
STEP 5 - Apply random mutation

Figure 17: Flow diagram of Genetic Algorithm
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4.3 Simulated Annealing

For streamlining issues of optimization, finding some optimal result can be at times very
troublesome. This is on the grounds that when an issue gets sufficiently extensive we have to look
for a large number of acceptable answers to find which one best suits our problem. Indeed with the
present day processing power of computers there can still be excess of possible answers to
consider. In this situation where we can't sensibly hope to discover an optimal result in a
reasonable length of time, what we can do is to settle for something that is close enough i.e., one of
the local optima.

To discover a good enough result in a sensible span of time we have to utilize such a calculation
algorithm that is able to do so. It has already been defined in the previous section that such a
problem can be solved by the use of genetic algorithm. Additionally there are other less difficult
calculation strategies that we can use to get nearly ideal results. In this section the algorithm
concept introduced is simulated annealing.

The algorithm of simulated annealing is motivated from the concept of metal piece annealing which
includes warming and cooling a piece of metal or any material to change its physical characteristic
because of progressions in its inside structure. In simulated annealing, heating methodology is
employed by considering a temperature variable. We at first set it high and afterwards permit it to
gradually cool as the calculation proceeds. As long as the temperature parameter is reasonably high
enough the algorithm will be permitted with more recurrence, to acknowledge results that have
worse values as compared with the present values. This gives the algorithm a capacity to bounce
out from any nearby local point. The likelihood of acceptance of higher values of objective function
i.e.,, the worse solution points as compared to the current one is reduced as the temperature is
reduced. This permits the calculation to steadily concentrate on the inquiry space in which there is
a chance to find close to a global optimum result.

4.3.1 Working Procedure of Simulated Annealing

Simulated annealing is a strategy for explaining the optimization issues which are either
unconstrained or bound constrained. The basic steps [31] are

1.  First and foremost there is a need to set the 'initial temperature' and make an arbitrary
starting result (initial values).

2. At that point it starts to decrease the temperature until termination criteria is met.
Normally it is such that either the framework has cooled enough, or a sufficient result has

been obtained.

3. Next step is the selection of neighboring point by making little improvement to our current
result.

4.  If the neighboring point yield result that is better as compared to the current point solution,
shift to that point otherwise not.

5.  Lastly, decrease the temperature and follow the same procedure.
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Each iteration creates a new point haphazardly. The distance between the two points or the in
depth search through the space to find a global optimum is based on the probability distribution
function. The calculation algorithm acknowledges all new points that bring down the value of the
fitness function in case of minimization problem. Additionally, with certain likelihood, also
acknowledges the points that raise the value of objective function in an attempt to move out of any
local minima. The probability of acceptance is [31]

1

1+ exp (ﬁ)

(77)

Where,
A= new objective function value — old objective function value
T = Temperature at the instant of iteration

An annealing timetable is chosen to deliberately lower the temperature as the calculation
continues. As the temperature gets lower, the calculation algorithm decreases the degree of its
search to find an optimal result in the search space. The algorithm stops when stopping criteria is
met [31].

The flow diagram of the Simulated Annealing algorithm is described in figure 18 as

START

O Lower TEMPERATURE
bound reached >

Figure 18: Flow diagram of Simulated Annealing

e
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5 Results

The results presented here are all based on investigations on steady state as well as on transient
analysis, implying that the purpose of operation has stayed steady long enough for all the
parameters and temperatures to reach to their final operating states. Furthermore, the ambient
temperature is assumed to have a constant value of T,,,;, = 40°C. For some particular application
where cooling phenomena of different parts of the machine is not that constructive, the
temperature increase beyond ambient in the simulation would be higher, and thus there would be
less border line before maximum thermal limits.

The results presented here are both from the solutions of network analysis as well as from FEM
simulations and care should be taken while making a comparison between the two. The network
analysis gives the nodal temperatures which normally mean the temperature of the central node or
body. The FEM simulation on the other hand, furnishes us with the precise value of temperature at
any specific point in the concerned machine. As the differences between the two mentioned
strategies are not very large, the results presented should also display less arbitrariness. Having
the capacity to see compliance of results between the thermal resistance network model and the
FEM model, the latter gives useful evidence towards the reliability of results.

The steady state simulation of the machine is done with the solution methods presented in Section
3. The results are produced for the machine when it is simulated with all parameters set to their
typical values. The idea behind this is to check the results obtained from the thermal resistance
network modeling considering nodalization, in terms of quality of the network developed. Table 5
contains the output from the steady state and transient analysis and presents how well the FEM and
the network solutions agree. The highest discrepancy between measurements and finite element
analysis occurs in the magnetic holder (horizontal) which is about 19 °C followed by the magnetic
holder (vertical) about 12 °C with all other component temperature differences less than 10%. The
network results are higher compared to those obtained using finite element analysis, and the
reason would probably be the assumptions for the end regions and the effect of convective heat
transfer in the finite element model. In the lumped parameter model, however, axial heat flow was
also considered for better agreement of the results.

Investigations between the lumped parameter and finite element analysis demonstrate that in all
parts of the machine the lumped parameter model yields higher temperatures. Possible reasons for
this are the consideration of convective resistances to ambient in the lumped network since this
will result in an increase in the temperature. Moreover, in addition to convective coefficients to be
same for all vertical faces and also same for all horizontal faces, the thermal conductivity in the axial
direction was taken to be exact as that in the radial direction since the FEM analysis does not
permit the details of anisotropic thermal conductivities [23].
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Table 5: Comparison of the simulation results from thermal resistance network model
and the FEM-simulation

Nodes FEM [°C] Thermal Resistance Network
Steady State Transient
Temperature Temperature
T[°C]
TMu1 117.473 °C
(vertical face) TuuVertical
TuuVertical
TyH4 117.053 °C 117.8235°C
MagnetiC (vertical face) 105.0948 °C
Holder
Tmu3 119.397 °C
(vertical face) TyyHorizontal TmuHorizontal
T2 98.8491 °C 117.823 °C 119.3973 °C
(horizontal face)
Tw> 115.027 °C
Twoai Twoi
Twoai 126.4224 °C 129.8179 °C
Windings (Inner windings) 129.818 °C
Tws 116.440 °C
Twsi Twsi
Twsi 132.016 °C
([nner Windings) 131.4463 °C 132.0164 °C
Tr 66.380 °C
Tru Tr
Rotor (tip of the rotor disc facing ambient) Tr
66.337 °C 66.3799 °C
40°C
Trq 66.423 °C
(tip of rotor facing airgap)
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To talk about the expressions for heat power inside the windings and PM'’s, it can be assumed that
each winding has a heat source caused by Joule’s law (heat generation due to current and electrical
resistance of the body: ohm’s law) as

NoLwro?

=— 78
wa =~ 2 (79)

NsLwns 2

=— 79
wa =~ 1 (79)

Also permanent magnets are affected by the varying magnetic field produced by the windings. The
result is the eddy currents, which also yield heat by Joule’s law. The expressions for the heat powers
induced in the PM’s are

— KcerodIZZ\/ 8m SPMZ

P 80

M2 201r0n6 LPM1 ( )
K2Qp0ql2+/81 S

PPM3 _ ¢ Qrod 3 PM3 (81)

201r0n6 LPM1
K.and Q,,q are empirical constants which depend on the coil as well as on the core of the
geometry. In the Matlab ® code developed, product of K2Q,,4 have been taken as 0.25 but in actual

scenario, this value should be estimated by experimentation as given in Figure 12.

Table 6 gives the values of losses used to obtain the temperatures of Table 5 by considering the
formulas (78) - (81) and using the defined values of the variables.

Table 6: Values of losses inserted at various node points

Heat Power Sources (W) Description Value
Ppm> Heat power in PM2, due to
induction in W 6.2822 W
Ppms Heat power in PM3, due to
induction in W 5.8759 W
Py Heat power in W2, due to
Joule’s losses in W 0.1200 W
Pyy3 Heat power in W3, due to
Joule’s losses in W 0.1248W
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By applying Kirchhoff’s law to the five knots ( Tyuz, Tmus, Twzir Twsi Tr) of Figure 14, we come up
with loss vector having the terms defined as

Tam Tam Tam Tam Tam
P=[PPM2+R_1b;PPM3+R_Zb;PW2+Tb;PW3+Tb;Tb] (82)
Where,
Rp MH1-4
a= RV,MHl + T
Rp MH1-4
e = RV,MH4 + T
Ry = a ll Rymuu Il Rymu2 (83)
R, =Rymnuz Il € (84)
1
g =Ryw2 + ERD,WZ (85)
1
k= Ryws +5Rpws (86)
1
q=Ryr+ ERD,R (87)

5.1 Calculation Results

The thermal resistance network is obtained by the method described in Section 3 for steady state
and also for transient state. For steady-state analysis the temperature rise vector is obtained by
(30). The temperature of 40 °Cis chosen as a reference ambient temperature. The calculated
temperatures of the different parts of the machine for steady state and transient analysis are
presented in the Table 5 with the values of losses given in Table 6. The temperatures for transient
state are obtained by writing equations for the transient circuit described in section 3.4 including
the effect of thermal capacitances. Figure 19 shows the calculated nodal temperatures in transient
state at normal operating point of the machine with ambient temperature of 40 °C.
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TEMPERATURES IN AXIAL FLUXMOTOR
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Figure 19: Temperatures in various parts of FSPM motor in transient state

As it is evident from Figure 19 that approximately one hour is required for the heat transfer i.e., the
temperature rise to reach its steady state. Thermal failure in FSPM machine is known to occur in
the stator (windings) as this is in fact the most heated region.

One important concept here is that it is not only the magnitude or the uncertainty of resistances
that matters, their placement in the thermal design of the motor can also be of even greater
significance. Since windings of the machine are considered as a source of heat (losses), the winding
losses and the other additional losses in the machine are eventually very important to the
temperature rise and are highly dependent on the loading. High speed as an example increases the
windage and iron losses, while the copper losses are proportional to torque. What is more
important is perhaps the estimation of the total temperature increase in the body. In order to see
the absolute temperature of various parts of the machine, Figure 20 gives us a nice overview. Here

W2 is the name given to windings 2 corresponding to PM2 and W3 for windings 3 corresponding
to PM3.
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Figure 20: Absolute Temperature of various machine parts

Apart from this fact that FEM-results are possibly more reliable and accurate in some sense, they
are in a few ways subject to the same instabilities and inaccuracies in the data information about
the machine as the network system model itself. An example would be an error in the estimation of
the interface gap between two materials which would result in the same error for both the models.
But when simulation of the air gap is concerned, the network system model is presumably more
dependable and gives reliable results, as it handles the flow of air better than the FEM.

Looking at the nodes in Figure 21, it can be seen that the network temperatures are higher as
compared to the FEM solution. This can be justified that if a thermal network model is properly
developed, then it will give the average temperature rise of a certain part when total losses of that
part are inserted at that point, whereas in FEM it will give exact temperature at that particular point
of interest, which is not the average temperature and hence there might be some overestimation in
the developed thermal equivalent circuit.
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Figure 21: Comparison between the Analytical model and the FEM Analysis

The magnetic holder’s (vertical and horizontal) node temperature does not agree well between the
models and there is somewhat large difference between the two. This can be expected from the
overestimation of the shape of the magnetic holder. Additionally the heat transfer would have been
improved if it was actually all surrounded by iron rather than some air, which is the case with our
current geometrical shape.

5.2 Sensitivity Analysis

In order to check how the errors in the parameters of the developed thermal model affect the
temperature predictions a sensitivity analysis was performed. The sensitivity of the developed
thermal model to evaluate the correctness of the various thermal coefficients of different parts of
the machine under investigation was evaluated by changing the convection coefficients by 20%
from what was previously used in calculating the temperature of various parts. Equally it is evident
from Figure 22 and Figure 23 that changing the convective heat transfer coefficients have
significant effects on the calculated nodal temperatures. When the convection heat transfer
coefficients are increased by 20% (+20%) the nodal temperatures have decreased approximately
by 11% whereas when the coefficients are decreased by 20% (—20%) the nodal temperatures have
increased by approximately 14%. The convective resistance between the rotor and the stator
(air gap) has some influence on the temperature, especially on the rotor temperature as permanent
magnets are linked to rotor disc surface via the air gap. Larger air gap will eventually increase the
cross sectional area of the permanent magnets that would result in larger heat accumulation across
the permanent magnets lowering the convective resistance. Since the heat is dissipated through this
resistance this ultimately would result in lower heat dissipation across the rotor disc and hence
increase in rotor temperature.
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Figure 22: Comparison of calculated temperatures with nominal heat transfer coefficients and
when coefficients are increased by 20%
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Figure 23: Comparison of calculated temperatures with nominal heat transfer coefficients and
when coefficients are decreased by 20%
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The surface area of permanent magnets has an effect on the resistance. In order to check the
influence of cross sectional area of the permanent magnets on the nodal temperatures, consider the
effect when surface areas of permanent magnets have changed by 30%. When the cross sectional
areas of the permanent magnets have increased by 30% (+30%) the nodal temperatures have
increased approximately by 6% and rotor by 11% and when decreased by 30% the nodal
temperatures have decreased by 10% and for rotor by 15% as depicted in Figure 24 and Figure 25.

The correct estimation of motor losses is of even greater importance in the thermal network model.
To have a glimpse of this we have changed the losses defined by Joule’s law for permanent magnets
and also for the windings by +50% . When the losses have increased by 50% then the temperature
of the nodes have roughly increased by 40% whereas decreasing the losses by 50% have decreased
the temperature of the nodes by 50% as shown in Figure 26 and 29.

The variations of thermal conductivities and the dimensions have only a minor effect on the
temperature prediction.
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Figure 24: Comparison of calculated temperatures with surface area of permanent magnets
increased by 30%
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Figure 25: Comparison of calculated temperatures with surface area of permanent magnets
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Figure 26: Comparison of calculated temperatures with the nominal losses and when losses
increased by 50%
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Figure 27: Comparison of calculated temperatures with the nominal losses and when losses
decreased by 50%

To talk about the validation of the modeling results by measured results it can be concluded that,
for sensitivity analysis to be performed a number of parameters have been chosen and swept. The
results show that the model developed has some nonlinearities and uncertainties because the input
data is either uncertain or the network developed has low resolution. An example could be
interface gap and its coefficients which may differ greatly between individual machines and is
mostly evaluated by the electromagnetic demands of the designer. The model has assumed a
laminar flow however turbulence phenomena might be among the more uncertain aspects of the
design, for which reason the nodal temperatures in various parts of the machine are not certain to
be precise.

5.3 Optimization Results

After properly defining the minimization problem of optimization, few initial simulations were run
to check whether the generated results are reliable and valid and that the yield gives what sort of
output in light of in-feasible sets of configuration variables, bounded and unbounded constraints
and defects in the lower limits and upper limits. Experience has demonstrated that this is vital
keeping in view the fact that it happens frequently that as the designer tries to fluctuate the
estimated values of the outline variables, the configuration model does not remain valid. Under
such circumstances we can get the results by just changing the limits or by modifying configuration
variables as some percentage of other parameters in the design constraints.

After the establishment of valid setup for investigation, the accuracy of the optimization has been
increased by using non-linear constrained analysis with constraints on temperature of the
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permanent magnets and the windings and by using finer lower and upper bounds. Two
optimization algorithms have been employed to optimize the machine, so that results can be
compared. These two methods as discussed previously are genetic algorithm and simulated
annealing respectively.

Genetic Algorithm (ga) and Simulated Annealing allow constraints in the input vector
(here the input vector is the six variable fitness function, whose elements are all dimension and the
non-linear constraints that have been added globally as the temperature of permanent magnets and
windings. Non-linear constrained optimization can only be done for genetic algorithm as simulated
annealing allows only bounding the vector of parameters.

The machine program code for the structural optimization of the machine is composed in Matlab ®.
Figure 28 represents the flow chart of the program for an electrical machine.

If we want to have constraints on torque also, a good estimation of power produced (mechanical)
and power consumed (electrical) can only be obtained from complete electromechanical study. As
the model under consideration is only thermal, real power and torque cannot be computed from it
alone.

The results from two optimizations are summarized below. The quantity of inspections or
iterations needed to achieve the ideal configuration i.e., optimal result can likewise be seen by using
display commands in the algorithms used for optimization calculations in light of the fact that it is
an essential measure of the efficiency of the optimization processes. To achieve the design goals, an
objective function has been created, the sensitivity of whose depends on the six input
arguments (variables) selected. The arguments chosen to optimize the dissipated losses are:

L_W8 % Height of windings, in m.

N2 % Number of turns of winding 2.

N3 % Number of turns of winding 3.

S_PM?2 % Cross section area of (half) section of narrow PM,in m?.
S_PM3 % Cross section area of (half) section of wide PM, in m?.
S_MHu % Horizontal upper area of (half) section of MH, in m>.
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5.3.1 Optimization Result of Unconstrained Genetic Algorithm

Optimization terminated: average change in the fitness value less than options.TolFun.

fval (Total dissipated power) = 57.4302 W, x == [0.097367003 5.0000007
1.0160474e-005 1e-005 0.0077196038]

SOLUTION OF OPTIMIZATION (UNCONSTRAINED GENETIC ALGORITHM):
The number of generations was: 151

The number of function evaluations was: 228000
The best function value found was: 57.4302
Best L_W8: 0.097367

Best N2: 5

Best N3: 5

Best S_PM2: 1.01605e-005

Best S_PM3: 1e-005

Best S_MHu: 0.0077196

Temperature at W2i: 44.968 °C

Temperature at W3i: 45.7673 °C

Temperature at MH2: 44.3299 °C
Temperature at MH3: 44.9965 °C

Temperature at Rotor: 40.0836 °C

5.0000011
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Figure 29: Figure representing the results from unconstrained genetic algorithm with the optimal
value of the objective function found at 57.4302

5.3.2 Optimization Result of Constrained Genetic Algorithm

The optimization result for constrained genetic algorithm with constraints on temperature of
permanent magnets and windings for finding the temperatures lower than the set ones
(T_PMset = 80°Cand T_Wset = 90 °C) is given below. It can clearly be seen from the results,
that the maximum temperature on the permanent magnets and the windings are below the set ones
and it describes the temperatures at specific regions with the corresponding values of the design
variables.

Optimization terminated: average change in the fitness value less than options.TolFun and
constraint violation is less than options.TolCon.

fval (Total dissipated power) = 57.2284 W, x =: [0.099999989 5 5 1.0006904e-005
1.0003382e-005 0.0099999925]

SOLUTION OF OPTIMIZATION (CONSTRAINED GENETIC ALGORITHM):
The number of generations was: 6

The number of function evaluations was: 343000

The best function value found was: 57.2284

Best L_W8: 0.09999
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Figure 30: Figure representing the results from constrained genetic algorithm with the optimal
value of the objective function found at 57.2284

5.3.3 Optimization Result of Simulated Annealing

Optimization terminated: change in best function value less than options.TolFun.

fval (Total dissipated power) = 57.2288 W, x =:
1.0000004e-005 0.0075540996]

[0.099613897 5.0436824 5.0007476 1e-005
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SOLUTION OF OPTIMIZATION (SIMULATED ANNEALING):
The number of iterations was: 4013

The number of function evaluations was: 4056
The best function value found was: 57.2288
Best L_W8: 0.0996139

Best N2: 5.04368

Best N3: 5.00075

Best S_PM2: 1e-005

Best S_PM3: 1e-005

Best S_MHu: 0.0075541

Temperature at W2i: 46.1378 °C
Temperature at W3i: 46.529 °C
Temperature at MH2: 45.3335 °C
Temperature at MH3: 45.6465 °C

Temperature at Rotor: 40.0947 °C

Best Function Value: 57.2288 Current Function Value: 61.1291
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Figure 31 Figure representing the results from simulated annealing algorithm with the

optimal value of the objective function found at 57.2288
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It can be seen from the results of the optimization (Figure 29 — 31) that both the genetic algorithm
and simulated annealing generates nearly the same results for the same parameters used in the
objective function. The main task was to minimize the dissipated power i.e. the losses to maximize
the efficiency and it can be seen that the best objective function value found in all the cases is
roughly 57 W, when the input arguments to the objective function like the number of windings,
height of the PM’s etc. are at their optimal values. The slight differences in the values of some
parameters are obvious from the fact that both the algorithms use random sampling methods to
create random solutions.

By running the algorithm of constrained genetic optimization it can be seen that it is much slower
in this case and gives nearly the same value of objective function as compared with the case of
unconstrained optimization. An important point to mention here is that unconstrained optimization
strives only to get low value of power dissipated as the objective function value, while constrained
optimization also tries to limit the temperatures within bounds.

Also one more thing that is of importance in both the algorithms is that it is better to run these
algorithms several times before arriving at a final conclusion. The reason is that since they are
based on random generators in which we could get consistently different solutions using the same
parameters.

We can replicate the results produced if we reset the states of arbitrary number generators by
utilizing the data given by genetic algorithm or simulated annealing. Genetic algorithm gives the
final condition of the random number generators. The data provided by the algorithms could then
be utilized to bring the states back to original.

The OPTIMTOOL in Matlab ® gives the options to carry out experimentation and then comparing
them by simulating with different solver techniques.
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6 Conclusions

This report has explored the thermal behavior and structural optimization of FSPM machine. Other
than getting genuine temperature forecast of the machine parts being referred to, it has been
possible to address some vulnerability in the data information, essential observations while
modeling thermal resistance network and most importantly what machine parameters ought to be
taken into account while considering the optimal design.

Similar to other modeling techniques, thermal model is inherently questionable as even by
spending a lot of time and resources in building a model and perform experiments, it might be hard
to acquire faultless estimations for few parameters. In this report, all such estimations have been
taken from similar comparable machines. But there are of course few drawbacks to these sorts of
assumptions as almost every motor has different design concept and they also vary between
individuals related to the same design group. Moreover, there are constraints which should be
taken into account while considering the developed model, for example, the way how axial heat
flows and the corresponding temperature, which have not been researched in great depth in the
scope of this thesis.

Both analytical models as well as FEM simulations have this sort of uncertainty. However as the
FEM simulations are considered more accurate because of the exact temperature prediction at the
point of interest, they suffer from some serious drawbacks, including errors and limitations in input
data and in the thermal model. The FEM-result can consequently not be considered as the reliable
result in a manner that these simulations cannot compensate the actual measurements carried out
during the experimentation phase. The definite number of the nodes introduced in the machine
under investigation should not be viewed as the imperative section of the result rather what is
important is perhaps pointing out the important machine parameters and the comprehensive
explanation of thermal behavior of FSPM machine.

Windings are probably the most important part of the machine in the design of a motor as majority
of losses in the form of heat starts to take place here which ultimately sets the upper limit
constraints on the output power. The temperature in the windings is dependent on many factors
which the designer has to consider as these parameters are difficult to estimate and accordingly
constitutes an extensive instability in the model.

Air gap is considered one of the most important machine design part in terms of thermal accuracy
and behavior of the FSPM machine. The most significant source of vulnerability, while considering
the air gap is the turbulence of the air stream which requires simulations in computational fluid
dynamics (CFD) medium and the effects of rotor expansion by thermal impact. As air has high
thermal resistance, the air gap has a noticeable effect on the rotor temperature and makes it
extremely delicate to increment in losses in the rotor.

Besides having detailed information about distinctive parts of the machine, some general
techniques for thermal resistance network modeling have been inspected. Among these is the
complete transient investigation by including thermal capacitances which provide an additional
heat transfer path in dynamical states at different node points. It was found out that it requires
nearly an hour for the temperatures to reach to their steady state values. For basic shapes with well
characterized heat transfer paths, the analytical method of building a thermal model with
resistances is found to be precise. But for more complicated shapes where the high temperature
ways can differ more, the results have a tendency to be more estimated. One investigation where
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the conclusion turned out to be the same as the proposed strategy was when examining the losses
injected in the windings 2 with a distributed heat generation. Exact information of the losses is an
essential for the accuracy of the model. The thesis work was not related to the calculation of the
losses, so the model was limited to only the main measurements defined in the losses by the Joule’s
law and by the electromagnetic model.

The work of optimization presented in this thesis deals with an optimization based design of a
FSPM machine. An optimization code for electrical machine has been proposed to maximize the
efficiency and to minimize the losses. To achieve the design goals, an objective function has been
created, the sensitivity of whose depends on the number of input arguments (variables). The
genetic algorithm, based on the fitness function value, lower limits, upper limits and behavioral
constraints, changes the genetics of the population to search for an optimal value from the search
space. On the other hand, simulated annealing based on heating and cooling processes, accept new
randomly created trial points by the process of Annealing and Reannealing.

As indicated by the examination and the displayed results, it might be presumed that the both the
algorithms are exceptionally suitable for configuration and structural streamlining of FSPM
machine and in general to all electrical machines. By utilizing Genetic calculation or Simulated
Annealing the danger of trapping in a neighborhood maxima or minima is to a great degree
diminished, which is exceptionally hard to eliminate with in deterministic systems.

6.1 Future Work

The thermal model described in the scope of this thesis covers most parts of the test machine, yet
commonly there are things that need to be developed further. The most evident is the expansion of
the nodes in the thermal resistance network to have deep insight knowledge of temperature
distributions in different parts of the machine. This basically means including nodes for the end
windings, the air and maybe for the motor case, bearings and so on. The heating of the cooling fluid
and the effect of cooling method is something else that could be applicable to research.
Furthermore, the effect of thermal temperatures on various parts can be investigated in more detail
by including thermal capacitances nodes in the transient model to empower performing transient
analysis in more detail.

At the time of writing of the thesis, the machine under investigation has become available for
experimenting task and temperature measurements will be available soon. This will help to
distinguish any frail spots in the network. Further tests on the machine will likewise enhance the
input information of the machine utilized as a part of the software simulation. The most important
thing that can be improved is the losses which we can have by mixing the strategies of the
electromagnetic model and COMSOL Multiphysics ®. The suppositions and the use of symmetries
made in the model can further be improved by contrasting it with experimental results. Finally at
the end, the nature of the Genetic calculation or Simulated Annealing model can be improved by
comparing it will FEM data analysis of the initial design of the motor and the optimized solution.
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