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Abstract

This research report focusses on the thermal management of the electrical machine, which
is another important aspect of the machine design. The machine components are often influenced
by the variation of temperature, especially for permanent magnet machines. Researchers and
engineers have spent many efforts in predicting the temperature distribution and variation in the

machine as well as controlling the temperature rise.

The first part of this report recapitulates the commonly used thermal analysis methods,
including lumped-parameter thermal network (LPTN), finite element analysis (FEA) and
computational fluid dynamics (CFD). The most challenging part for LPTN is the modeling of the
machine. Thermal resistance equations for different geometry and different nature of heat
transfer (conduction, convection or contact) are given. Example of LTPN is given to illustrate the
usage of this method. FEA and CFD tools are more widely used today because of the
development in computing capability. Commonly used FEA and CFD tools are introduced,

advantages of these numerical tools over the LPTN are presented.

Cooling technologies for electric machines are presented in the second part of this report.
Depending on the power rating and the size of the machine, simple cooling such as air cooling as
well as advanced high-performance cooling like direct winding cooling are reviewed. The
passive cooling has a more reliable structure because of its simplicity, whereas the advanced
active cooling has more component. There is a balance between the simplicity, efficiency and
cooling requirement. New cooling technologies with simple structure, working principle and

high performance are desirable.



After the literature review for thermal analysis method and cooling technology, a case
study is conducted for a dual-stator 6-slot 4-pole flux-switching permanent (FSPM) machine. A
water jacket integrated housing is used to cool the machine. Since most of the heat source of
FSPM machine is on the stator side, therefore, a water jacket could do a good job in removing
the heat. Thermal analysis is done based on the cooling design mentioned previously. LPTN and
FEA are done and compared. Both steady state and transient temperature distribution are
predicted by FEA. The flow characteristic of the coolant in the water jacket is also presented. A

prototype machine has been built, the manufacturing design is presented at the end.
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Nomenclatures

EM

PM

FSPM

IPM

SPM

LTPN

FEA

CFD

Rcond

I:QCOI'W

RCOI’]t

Ra

Pr

Nu

Electromagnetic

Permanent magnet

Flux-switching permanent magnet

Interior permanent magnet

Surface permanent magnet

Lumped-parameter thermal network

Finite element analysis

Computational fluid dynamic

Thermal resistance for conduction heat transfer
Thermal resistance for convection heat transfer
Thermal resistance for contact surface
Rayleigh number

Prandtl number

Nusselt number

Specific heat of material

Thermal conductivity

Dynamic viscosity of fluid

Heat transfer coefficient



Ks slot filling factor

Aslot Stator slot area

Leore  Stator core length

EV Electric Vehicle

FSCW Fractional slot concentrated winding
AFM  Axial flux machine

SRM  Switch reluctance machine

SbTCM Silicon-based thermally conductive material
AIN Aluminum nitride

DWC Direct winding cooling

DWHX Direct winding heat exchanger

TSFF  Temperature sensitive ferrofluid



Introduction

1. Research overview
Electrical machine design has always been considered belonging to electrical

engineering, since the majority of the designing work is related to electromagnetic (EM)
analysis, and a lot of work has been done in this area. Thanks to these efforts, nowadays the
electrical machines could reach an efficiency as high as more than 90% in ideal condition
[1]1[2][3]. However, to guarantee the machine performance or further increase the power/torque
density, mechanical conditions and limitations of the machine should be taken care of. For
example, the mechanical stress of the moving parts and the thermal behavior. For most of the
time, mechanical conditions are results of the EM operation, i.e. the rotation speed affects the
stress, losses determine the machine temperature. In return, the mechanical conditions also
influence the EM performance, e.g. the winding resistance usually increases with temperature,
the most permanent magnet is subject to partially demagnetized under high temperature. This
research will discuss the thermal management of a Permanent Magnet (PM) machine with high
power density. To have a better understanding of the thermal management of electric machines, a
review on the thermal analysis methods and cooling technologies are made in the first two
chapter. Then a case study on a novel high-speed dual-stator flux-switching permanent magnet
(FSPM) machine is conducted, with thermal network, finite element analysis and experimental

test.

2. Research contribution
This research focuses on the thermal management issue of a high-speed FSPM machine.
This type of PM machine has its windings and the PM located on the stator [4][5][6], therefore, it

is inherently easier for cooling (for the critical components such as permanent magnet and the



armature winding), comparing to other types of PM machines such as Interior Permanent Magnet
(IPM) machine and Surface Permanent Magnet (SPM) machine. Besides, the rotor structure of
this type of machine is simple and robust, which makes it suitable for high-speed application
[71L8].

As mentioned previously, thermal management is critical for machines with high power
density. However, the thermal analysis and cooling management of FSPM machine are not as
well developed as the other type of PM machine. One of the reason could be that IPM and SPM
have been commercially used in industrial application such as Electrical Vehicles [9]-[12], but
FSPM is still a relative novel machine topology. This report will discuss the thermal analysis of
the FSPM machine and present a few novel cooling technologies for the machine. The use of the
proposed cooling scheme is proven to be sufficient for the high-speed application by the
prototype machine. The knowledge gathered in the first two chapters also helps to develop more

advanced cooling technologies for electric machines in the future.

3. Chapter overview
Chapter 1 presents a review of the thermal analysis for electrical machines. Analytical
method with lumped parameter thermal network, numerical method such as finite element
method and computational fluid dynamic. For certain model parameters, empirical methods are

also presented and compared.

Chapter 2 shows the state of art of cooling technologies for electrical machines. Passive
cooling and active cooling are reviewed. The strength and weakness of each type of cooling

technologies are discussed.



Chapter 3 gives the thermal analysis of a novel high-speed FSPM machine with a
designed water jacket integrated housing. Steady state thermal behavior is predicted by both
analytical and numerical method, transient behavior is simulated by the numerical method.

Prototype machine are presented in this chapter as well.

Chapter 5 summarizes this research’s work and results. Future work related to this

research is also suggested.



Chapter 1 Commonly Used Methods of Thermal
Analysis of Electric Machines

One important aspect of electric machine design is thermal management. In the past, the
electromagnetic design has been paid more attention than thermal design because of low power
density. The efficiency of machine could be largely increased by more appropriate
electromagnetic design. Machines could be mostly cooled by passive design such as cooling fin.

Fan cool and water jacket cooling are enough for high performance machine at the time.

Thermal management is usually done by limiting the current density in the winding
according to manufacturer manual [13]. With the increase in power density of electric machines,
thermal design is receiving more and more attention. Electrical machine thermal analysis can be
divided into two basic types: analytical lumped-circuit and numerical methods. The analytical
approach has the advantage of being very fast in the calculation, however, the developer of the
network model must invest effort in defining a circuit that accurately models the main heat
transfer paths, and the result is usually relatively coarse compared to numerical approaches. With
a complex machine geometry, this method is either inaccurate or has a large circuit. The main
strength of numerical analysis is that any device geometry can be modeled in 3D, which could
capture the three dimensional heat transfer and the heat source distribution. Therefore, it is
inherently more accurate than the analytical method. However, it is very demanding in terms of

model setup and computational time.

In this chapter, commonly used thermal analysis methods such as lumped-parameter
thermal network (LPTN), finite element analysis (FEA) and computational fluid dynamics

(CFD). Examples are given for illustration.



1. Lumped-Parameter Thermal Network (LPTN)

Before the advent of modern computational machine and software, LPTN is used because
of its simplicity in the calculation which enables human beings to calculate by hand. Even today
the LPTN still exist because it gives the result rapidly. The disadvantages of LPTN is that the
accuracy of the results strongly depends on how good the model is. If one wants to have an
accurate result, he needs to divide the machine into smaller parts, then the time required for

calculation arises.

A. Establishing thermal network
Generally speaking, the heat transfer network is similar to an electrical circuit. The

analogous relation between the parameters of the two systems is as follow:

e Temperature difference [K] vs Voltage difference [V]
e Heat flux [W] vs Current [A]

e Thermal resistance [K/W] vs Electric resistance [Q]

Therefore, the modeling of thermal network consists of the determination of different
thermal resistance due to the conduction, convection and radiation in the network. Following the
conduction path of the heat in electrical machines, various thermal resistances can be defined.

The following thermal resistance is usually considered based on previous experience:

e Resistance due to conduction heat transfer within stator/rotor lamination and
winding

e Resistance due to convection heat transfer between stator/rotor/winding and air
inside machine housing

¢ Resistance due to contact heat transfer between adjacent parts



Table-1.1 Thermal resistance modeling for common geometry
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cond — E
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R 1
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hcontact

A

Convection thermal resistance

Contact thermal resistance

The modeling of different types of thermal resistance is presented in most heat transfer

textbook, recapitulated here in Table 1.1. The value of the thermal resistance depends on the
machine/coolant material properties and the machine geometry. Notice that some parameters in

the equations above are empirical, because some thermal characteristics are highly related to the



manufacturing process. For example, the smoothness of the stator lamination and the inner

housing surface greatly affect the contact thermal resistance.

The thermal resistance is the most critical part in a thermal network. In addition to the
thermal resistance, the heat source is usually modeled by a current source, or to be accurate, a
heat flux source, in the unit of [W]. In the steady state, the thermal network is made up of the
thermal resistance and heat flux source. As a matter of fact, all the machine components have
certain heat capacity, which will affect the temperature transient response. Similar to the electric

capacitor, thermal capacitor could also be placed in the thermal network.

The nomenclature of thermal inductance could be found in the literature, it involves in the
change of heat flux and the surrounded fluid flow behavior. This topic is beyond the thermal

analysis of electric machine, therefore, we are not going to include this in our discussion.

B. Thermal network parameters derivation
As mentioned in the previous section, some of the parameters are straight forward such as
the thermal conductivity in conduction resistance model. However, for convection and contact

thermal resistance model, the heat transfer coefficient is not simply given in the datasheet.

1) Heat transfer coefficient for natural convection
The heat transfer coefficient is in the domain of mass and energy transport, fluid
mechanics expertise is required. Luckily, this topic has been investigated deeply in the literature.
In microscopic view, the convection heat transfer is caused by molecular movement, which

could be divided into two categories: natural convection and forced convection.



Natural convection is driven by the fluid internal stress. The temperature difference in the
fluid will cause a density gradient, and an internal stress is created due to gravity, which induces

the fluid flow. This process is illustrated in Fig. 1.1.

quj\
\
.

stagnant fluid

I¢
Fig.1.1. Natural convection in fluid due to temperature difference [14]

Of course, the stress needs to be large enough to overcome the viscous dragging force of
the fluid. Fluid engineers have come up with a dimensionless number Rayleigh number (Ra) to

characterize natural convection, given in equation 1-1

1-1
Ra= 921, 7, )x o
vo
where f is the thermal expansion coefficient, v is the kinetic viscosity, a is the thermal

diffusivity, g is the gravity acceleration, Ts and T are the surface temperature and surrounding

temperature, X is the characteristic length.

The convection phenomena depend on many fluid parameters, Prandtl number (Pr)
assemble them together (equation 1-2) and is used to simplify the expression.
Gkt 12

k
where ¢; is the fluid specific heat, p is the dynamic viscosity and k is the fluid thermal

Pr=

conductivity.



Fig.1.2. Geometry for natural convection example

Heat transfer efficient could be then calculated using these dimensionless numbers, based
on empirical equations. These empirical equations are derived from experimental results done by
engineers, and vary for different geometry. As an example, for a vertical heated plate (Fig. 1.2),

the heat transfer coefficient h could be calculated by the following equations [14]:

1-3

" h_kL (1-3)

Nu = (Nu’, +Nuf )" (1-4)

1-5

Nulam = 2 2 ( )

lam

c 0.671 (1-6)

fam [1+ (0'492)9/16]4/9
Pr
Nu _ Cturb Ra1/3 (1'7)

turb

1+(1.4><109)ﬂ
Ra

0.13Pr%? (1-8)
lam — (l+0.61PI’0'81)0'42

where Nu is another dimensionless number called Nusselt number. Equations for other

geometry could be found in the literature and textbooks.
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2) Heat transfer coefficient for forced convection
Force convection usually happens in a closed channel, similar to natural convection,
forced convection heat transfer coefficient is also determined by empirical equations. In this
case, Reynold number is used to determine the status of the flow, whether it is laminar flow or

turbulent flow:

1_
Re:pD“u (1-8)
u
_4A (1-9)
" Perimeter

where u is the mean flow velocity, Ac is the channel section area.

If Re is smaller than a critical Reynold number (typically 2700), then the flow would be
laminar. Laminar is mostly preferred, since it causes a lower pressure drop. And the Nusselt

number for forced convection with laminar flow is

Nu =1.86x (Re Pr)? (%)1/3 (Mo yois (1-10)

w

where pp and pware the fluid viscosity at bulk temperature and tube wall surface

temperature. Then the heat transfer coefficient could be calculated with equation 1-3.

3) Contact heat transfer coefficient
Contact heat transfer is another parameter in the thermal network which is strongly
depended on the manufacturing process. As shown in Fig.1.3, the randomness of airgap between

the two contact surfaces makes the heat transfer behavior hard to predict precisely.
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ITI. = d’:ﬁ -l'rdli
oMy = I:Iygmx -'

Fig.1.3. Randomly distributed gap in a microscopic view of contact surface [15]

-—

For decades, engineers have been trying to get an accurate estimation of contact heat
transfer coefficient. There are mainly two methods, by experiments and by geometry. Reference
[15], [16] derive an approximate expression for the heat transfer coefficient base on an
equivalent gap. Whereas [17], [18] use experiments to give empirical values. It is interesting to
see that experimental approach is used more often by later researchers, whereas early researchers
prefer geometric derivation. Table-1.2 gives the typical contact heat transfer coefficient for the

various interface.

Table-1.2 Typical contact heat transfer coefficient for different interface

[86]
Interfacial Effective Interface
Conductance Gap
[W/m%C) [mm]
Ceramic-Ceramic 500-3000 0.0087 — 0.0052
Ceramic-Metal 1500-8500 0.0031 -0.0173
Graphite-Metal 3000-6000 0.0043 - 0.0087
Stainless-Stainless 1700-3700 0.0070-0.0153
Aluminum-Aluminum 2200-12000 0.0022 - 0.0012
Stainless-Aluminum 3000-4500 0.0058 — 0.0087
Iron-Aluminum 4000-40000 0.0006 — 0.0060
Copper-Copper 10000-25000 0.0010 - 0.0026
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4) Thermal capacitance model

As mentioned previously, thermal capacitance affects the transient behavior of the
temperature response. For example, the loss generated by the winding need to first heat up the
winding itself to create enough temperature difference for the conduction and convection heat
transfer. Similar to the thermal resistance, capacitance is also influenced by the material
properties and the mass of the component. The common heat capacity related property for a
given material is its specific heat, which has a unit of [J/kg K], whereas the thermal capacity has
unit of [J/K], therefore, these two quantities are related by the mass of the material. In the
thermal network, the thermal capacity is usually put in parallel with the thermal resistance. At
steady state, it only holds up the temperature difference between its two terminals, and has no
influence on the temperature distribution. Machines with large thermal capacity are less
vulnerable to the short-time overload, the heating of components takes more time. In contrary,

small machines might reach a very high temperature and damage the insulation.
An example of the usage of the thermal capacitance is given later in this chapter.

C. Equivalent component modeling
For part like machine windings, which is made up of many coils turns, each wire is
composite of copper or aluminum, varnish for insulation. And there is random space between
coils. These variants make it impossible to model the windings as a whole volume. There is a
large difference between the thermal conductivity of axial direction and that of radial direction.

And these two values are both a fraction of the bulk conductor material.

Many researchers have been trying to create an equivalent winding model. In reference
[19], an empirical factor is used for the axial and radial thermal conductivity. As mentioned

previously, the heat transfer in windings is largely affected by the manufacturing process.
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Therefore, this approach is not very accurate. Many researchers and engineers use experimental
results to interpolate curves for thermal properties of winding [20]-[23], given in equation (1-
11). This is a more rigorous method, but it seems to not having taken the thermal conductivity of

insulation material as a variable.

Keoir = 0.2425[(1— K ) Ay Ligre 2 (1-12)

cu—ir

where K is the slot filling factor, Asiot and Lcore are the slot area and core length

respectively.

Other researchers derive the equivalent thermal conductivity base on winding geometry
[24]-[27], as shown in Fig. 1.4, winding is decomposed into several layers to get an equivalent
thermal conductivity. This method is used for the thermal analysis of the dual-stator 6/4 FSPM

machine, which will be presented in detail in chapter 3.

I Air gap

l Copper

/ L/ Impregnation
Lslot )

i | Liner+slot insulation

Fig.1.4. Winding model for calculating equivalent heat transfer coefficient [26]



2. Finite Element Analysis (FEA)

A. Finite element analysis overview

14

For an actual machine design, the geometry could be much more complex than rectangular

volume or cylindrical tube described previously. The thermal network modeling becomes

inaccurate or too complicated in this case. Nowadays, with increasing computing capability of

computers, finite element method is an alternative solution. Based on the geometry entered by

3D modeling tools, local differential equations are established automatically, steady state or

transient solution could be derived with boundary conditions specified by the user.

There are many commercial software packages doing FEA thermal analysis, such as

FLUX, Infolytica-ThermNet, IMAG-Designer, ANSY'S etc. The procedure is almost identical,

user first needs to input the geometry, then set up the boundary condition and mesh size. Fig.1.5

gives an example of thermal simulation from two software. In chapter 3, another detailed FEA

study on a novel dual-stator FSPM machine will be given.
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Fig.1.5(a). FEA thermal simulation with Infolytica-ThermNet [28]
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Fig.1.5(b). FEA thermal simulation with FLUX[29]
The FEA could provide detailed information like temperature contour and heat flux in a

specific point. The disadvantage of FEA is its time-consuming computing time, but with the
rapid development of CPU capability and parallel computation technology, the FEA speed could

be comparable to the LPTN.

Due to the nature of FEA, it is good at conduction heat transfer, but for convective heat
transfer, the user needs to enter the heat transfer coefficient which is coming from the empirical
equations in the previous section. To have a more accurate result, computational fluid dynamic

need to be used to get local heat transfer coefficient.

Another advantage of FEA is that the thermal simulation could be coupled with
electromagnetic simulation. For electric machine design, this is an important advantage, since the

temperature strongly affects the machine component properties.
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3. Computational Fluid Dynamics (CFD)

Knowledge in fluid dynamic provide engineers with tools to analytically estimate the heat
transfer coefficient for simple geometry. However, it is hard to study the transfer properties for
complex geometry, where CFD is more reasonable to employ. As mentioned in the previous
section, CFD is needed for accurate convection heat transfer coefficient for complex parts. Same
as FEA, CFD also needs geometry and boundary conditions entered in the software. In addition,
CFD simulation helps the engineer to have a better view of flows in the machine. For high-speed
machine, windage loss is not negligible. Same as the thermal FEA simulation, CFD could also be
coupled with the electromagnet simulation. Actually, the electromagnetic, thermal and fluid
dynamic simulation could be coupled together, which makes the numerical method more

powerful since it’s closer to the reality.

A widely used commercial CFD code is ANSYS Fluent, Fig. 1.6 gives an example of CFD
simulation result done by ANSYS Fluent. More information could be found online. Note that

there is other possible choice of CFD software as well.

- oy @ e

Fig.1.6. Computational fluid dynamics simulation with ANSYS Fluent [30]
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Chapter 2 State of art of machine cooling
technology

The cooling design has always come together with the electrical machine design, since the

thermal behavior influences the performance, especially for high-performance machines and
harsh condition application. In the old days when electrical machines are large and relatively low
power, the cooling requirement could be accomplished mostly by air-cooling. And even for
today, air-cooling is still widely used because of its simple design. The first section of this
chapter presents the commonly used air-cooling design for electrical machines. And as an

extension, other gas cooling technology like hydrogen-cooling will be mentioned.

For high power density electrical machines, simple air-cooling might not be sufficient to
maintain the operation temperature, or the working condition demand sealed enclosure, which
might impede the air-cooling. In these cases, liquid-cooling could be applied. Normally, liquid
has a larger heat capacity and a higher heat transfer coefficient under the similar condition
comparing to gas. Therefore, liquid-cooling could provide better cooling capability than air-
cooling. However, liquid generally has a higher viscosity and density than gas, a liquid-cooling
system usually consumes more energy than the air-cooling system. Therefore, the efficiency of
the overall system will be drawn down. In the second section, different liquid cooling technology

will be presented and compared.

Air-cooling and liquid-cooling could be regarded as traditional cooling technology, since
they have been applied for many decades. Recently, high power density electrical machines have
been studied intensively to replace traditional combustion engine. Especially the development of
Electrical Vehicle (EV) has driven the research in high-performance electrical machine. Besides

the electromagnetic (EM) performance, thermal management is also becoming a limitation.



18

Researchers came up with new technologies to cool the machine, increasing the cooling
capability as well as improving the efficiency. The third section of this chapter will introduce the

existing novel cooling technologies.

1. Air/Gas Cooling

A. Natural air-cooling
When Michael Faraday and Peter Barlow first invented a rotating device powered by
electromagnetism [31], they probably didn’t think of how to cool it. One reason for this might be
the power rating of device at that time is relatively low. The heat generated could be easily

dissipated through the surrounding air governed by the convective heat transfer equation below:

P=AT-hS (2-1)
where P is the heat dissipated in [W], AT is the temperature difference between the

machine surface and the surrounding air in [K], S is the contact surface area between the
machine and the air in [m2], h is the heat transfer coefficient in [W/m2K]. From equation (2-1)
we see that the cooling capability of natural air-cooling method depends on the surface area of

the machine and the heat transfer coefficient.

The heat transfer coefficient of air is mainly a function of relative speed, in this part we
discuss natural air-cooling, so the air velocity is set to be 0, the speed influence will be discussed
in next part (forced air-cooling). At standstill, air has a heat transfer coefficient of approximately

5-10 [W/m2K].

One way to dissipate more heat with natural air is increasing the surface area. Many
machines employ fins at the outer surface for better cooling. Fig. 2.1 shows different fins design

for electrical machines.
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Fig.2.1. Electric machine housing fin design examples [32]
To keep the cooling effect, we need to maintain the temperature difference between the air

and the machine surface. Therefore, nature air-cooling is usually used on machines located in a

relatively open area.

B. Forced air-cooling
As mentioned before, the heat transfer coefficient of air is dependent on the relative speed,
Fig. 2.2 shows the dependency of air heat transfer coefficient and the speed, from work of many

researchers around the world [33].
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Fig.2.2. Dependency between heat transfer coefficient and air velocity [33]
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Researchers have summarized an empirical equation (equation 2-2) for the relation

between heat transfer coefficient and speed.

2 2-2
h=Pr’Re3 (2-2)
Shaft-mounted fan is usually used for driving airflow through the machine. The fan will
consume certain shaft torque and its rotation speed will depend on the machine speed. The
windage loss of the fan is proportional to the cubical of rotating speed. Therefore, this method is

not quite suitable for high-speed application.

The fan blade design is the critical point, Computational Fluid Dynamic (CFD) is widely
used for this purpose. For example in [34], different types of blade shape are investigated and

compared, as shown in Fig. 2.3.

Fig.2.3. Different fan blade shaped being investigated [34]

Because of the simple structure and robust operation, shaft-mounted fan is widely used in
the low-cost application. One of the disadvantages of the fan-cool method is that it exposes the
inner parts of the machine to the ambient, tiny particles inhaled into the gap could damage the

machine.
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In order to have an airflow which doesn’t depend on machine speed, researchers have
proposed to use external blowers to provide the pressure [35], the topology is shown in Fig.2.4.
By decoupling the cooling fan and the shaft, cooling can be controlled in a closed loop by

sensing the machine temperature. However, the drawback is obvious, it increases the complexity

of the system and will harm the reliability.
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Fig.2.4. External air blower for forced air-cooling [35]

Besides conventional rotating fan, [36] has proposed an electric field driven piezoelectric
fan, shown in Fig.2.5. The fan blade is fabricated by bonding of a piezoelectric patch to a
lightweight cantilever beam. By applying an alternating current, the piezoelectric patch will

vibrate and the movement is amplified by the cantilever beam, thus generating air flow.

Piezoelectric
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Fig.2.5. Electric field driven piezoelectric blade fan cooling [36]
The main advantage of this technology is its small size and low noise, which makes it

suitable for aerospace application.
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Air has a thermal conductivity of 0.026 [W/mK] at 25 C, which is relatively low, to

increase the cooling efficiency, gas with higher conductivity could be used. The most commonly

used cooling gas is Hydrogen because of its low price, and Helium for the steady chemical

Table-2.1. Thermal and Mechanical properties of different gases for cooling

Temperature Conductivity Density Specific Heat Kinetic Viscosity
[C] [WImK] [kg/m3] [J/kg K] [m2/s]

Helium 93 0.169 0.133 5.2e3 173.6e-6
Helium 204 0.197 0.102 5.2e3 259.3e-6
Hydrogen 77 0.206 0.07 14.4e3 141.9e-6
Hydrogen 127 0.228 0.061 14.5e3 177.1e-6
Air 80 0.03 1.0 1.01 20.94e-6
Air 140 0.034 0.854 1.01 27.55e-6

properties. Another benefit is that, compared to air, Hydrogen and Helium have a lower density.

Therefore, the required driving force is lower. Table 2.1 gives the thermal and mechanical

properties of different gases used for cooling at different temperatures. However, because these

gases are not the major component of the atmosphere, a total enclosed fluid loop is required,

which increase the cost of maintenance. Besides, the sealing could be another challenge, the

liquid-film type of sealing is the most commonly used method.

Since the coolant fluid is enclosed, it requires additional heat exchanger to reject the heat

in the coolant. Therefore, the entire system could be bulky, so this approach is usually used in

large electrical machines such as hydraulic power generators [37]or large turbine generators [38].

Fig.2.6. shows the scheme and actual installation of a Hydrogen cooled turbine generator.
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Fig.2.6. Scheme and installation of a Hydrogen cooled turbine generator [38]

2. Liquid-Cooling
Generally speaking, liquid usually has higher thermal conductivity and thermal capacity

than gas. For high power density machines where gas-cooling is not sufficient, liquid cooling

Table-2.2. Thermal and Mechanical properties of common liquid coolant [90]

Fluid Conductivity | Specific Heat | Density Kinetic
[W/m K] [kd/kg K] [kg/m3] Viscosity

[m2/s]

Brayco Micronic 0.1344 1.897 835 1.35e-5

Dynalene HF-LO 0.1126 2.019 778 3.2e-6
EGW 50/50 0.37 3.0 1088 7.81e-6

PGW 50/50 0.35 3.5 1050 1.9e-5
Engine Qil 0.147 1.796 899 4.28e-3

Silicone KF96 0.15 1.5 1000 8e-5

Skydrol 500-4 0.1317 1.75 1000 3.5e-5
Water 0.56 4.217 1000 1.78e-6

could be applied. On the other hand, liquid is normally more viscous than gas. Therefore, it

needs more energy to drive. A trade-off is made between the cooling capability and the device
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(b)
Fig.2.7. Nissan Leaf electric motor CFD simulation (a) 3D structure of Nissan-Leaf electric
motor (b) Computational Fluid Dynamic of the cooling system [91][90]

overall efficiency. The thermal conductivity and viscosity are the main metrics for selecting the

liquid coolant. Table-2.2 gives the commonly used liquid coolants’ thermal properties.

As a more aggressive cooling approach, liquid cooling has been used in many
applications, in this section, water jacket will be explained in detail. Other liquid cooling

technologies are being presented in the section of End-winding cooling technologies.

Water jacket cooling has been widely used for high-performance electrical machines and
electronic devices, mostly because of its low price. Besides, the non-toxic fluid property makes it
easier for maintenance. Usually, the water jacket not only takes the responsibility of heat
dissipation but also mechanical support and protection. Fig.2.7. shows the Nissan-Leaf electric

motor with water jacket cooling and its CFD simulation.

The performance of water jacket mainly depends on the flow rate (mass or volume) of the
coolant running through the channel and the cooling channel design. It is obvious that higher
flow rate will lead to better cooling capability, but comes with higher drive power consumption.
For thermal engineer, it is meaningful to design the cooling duct to achieve higher heat

dissipation with given flow rate.
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3. End-winding cooling technologies
With the rapid development of electric vehicles (EV), electrical machines with high torque

density and small size are gaining more and more attention [39], [40], [41], new designs with
different topologies such as IPM [42], SPM [43] and FSPM [44] are emerging rapidly. Most
literature was focusing on electromagnetic design. Besides the electromagnetic design, another
challenge for high-torque machine design is thermal management, since with the increase of
torque density, current in the windings is grumping up. The peak current due to the frequent
acceleration of EV also makes thermal management challenging. The reduction of machine size
leads to even a higher power density, and the room left for cooling shrinks. Without efficient

cooling method, the machine only works in the simulation.

Many papers on thermal analysis show that windings are usually the hot spot inside a
machine [45][46]. The difficulty in winding cooling is that it is buried inside the machine and
because of the impregnation material coated outside the wire and limited slot-filling factor, the
heat is difficult to be transferred to the outside. Furthermore, In EV applications, for the safety
consideration, the electrical machine is usually enclosed in the housing, which makes the heat
exchange more challenging. Traditional ways of high power machine cooling such as water-
jacket liquid cooling might not be enough for the future’s high torque machines because the

windings heat could not be removed efficiently.

A. Different Winding topologies for easy cooling
1) Thermal Performance Comparison among Concentrated Wining, Distributed Winding
and Toroidal Winding
Generally, AC machine windings could be divided into two categories, either overlapping

or non-overlapping. The overlapping windings could be further classified into distributed and
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concentrated windings depending on the slot/pole number relation. The distributed windings
have the advantage of lower harmonic distortion in the electromagnetic aspect. From the sense of
thermal management, Joule loss is more evenly distributed in the stator, and therefore, the
overheat won’t focus on some specific part of the machine. However, the distributed windings
usually have longer end-windings and incur higher Joule loss, which will degrade the thermal

performance.

(b)
Fig.2.8. Comparison of SRM with concentrated winding and toroidal winding
(@) Convectional wound SRM (b) Toroidal wound SRM [49]

The non-overlapping windings, also referred as Fraction Slot Concentrated Winding
(FSCW), has the advantages of a higher slot-filling factor, better flux-weakening capability and
shorter ending-winding [47]. Since there is no overlapping among the windings, FSCW could be
pre-formed, comparing to random wound windings, preformed windings’ internal thermal
conductivity is much higher, because of the smaller air gap. Use of highly thermal conductive

impregnation and potting material could further increase the heat dissipation.

All concentrated winding, distributed winding and FSCW have the copper wounded
around the stator teeth. An alternative winding topology is called toroidal winding, where the

winding is wound on the stator yoke. This type of winding is usually used in Axial Flux
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Machines (AFM) [48]. Fig.2.8.(a) [49] shows the winding structure of a Switch Reluctance
Machine (SRM), and Fig.2.8.(b) gives a toroidal winding version of SRM. This winding
topology offers better cooling capability because the winding has a larger exposure surface [50],
and the outer part of the winding has a close contact with the outer case, which significantly
reduces the thermal resistance between the windings and the heat sink. Note that for
concentrated/distributed winding, the heat from the windings needs to travel through the
insulation layer and the stator yoke to reach the heat sink. Besides, toroidal winding is easier to
wound, which leads to a higher filling factor[51]. However, for conventional radial flux machine,
toroidal winding usually leads to low torque, the trade-off is made between the easy cooling and

torque density.

2) Hairpin Winding
Round conductor windings will inevitably leave unused space in the slot, for a given
machine volume and power level, low slot-filling factor causes high current density. For this
reason, hairpin winding has been used [52], so that the slot area could be more effectively used.
Fig. 2.9 gives a comparison among hairpin, round wire and Litz-wire winding. Lower current
density will lead to lower copper loss and ease the cooling of the machine. However, the hairpin
winding installation is more complex since the winding needs to be pre-formed and inserted into

the stator slot.
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Fig.2.9. Slot area view: comparison among different winding types
(a) hairpin winding (b) round wire and (c) Litz-wire winding [92]

B. Enhanced Indirect Winding Cooling

Besides considerable Joule loss from the winding, another reason that leads to winding’s
overheat is that there is no effective way to bring the heat out of the buried windings. Winding
wires are usually coated with impregnation material for electrical insulation. And materials with
good electrical insulating property usually have degraded thermal conductivity. For random
wound windings, numerous air gaps exist between the adjacent turns, the air exist between the
wires makes the heat dissipation even worse since air has a very low thermal conductivity (0.026
[W/mK]). Slot liner used for separate stator core and different sets of windings also impede the
heat transfer. Therefore, reducing the thermal resistance between the windings and the heat sink
will largely increase the winding thermal behavior. This could be done by using insulation

material with higher thermal conductivity.
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1) Alternative Impregnation Material with High Thermal Conductivity
Varnish has been used as impregnation material for years because it can be easily applied

to the windings and it has good electrical properties. Although varnish has a poor thermal

Table-2.3 Electrical and thermal properties of various impregnation material [54]

Material Varnish | Epoxylite | SbTCM
Thermal conductivity | =0.25 ~0.85 3.2
[W/mK]
Dielectric strength =~ 80 =20 =10
[kKV/mm]
Volume resistivity > 101 >10™ >10M
[Q.cm]
Viscosity [Pa.s] - 3.5 25
Price (P.U) 1 ~2.0 ~4.0

conductivity (~0.25 [W/mK]), it is still widely used in most of the low power density machines
because of the easy manufacturing process and the low price[53]. Epoxy is being used recently
as an alternative to varnish on some high-performance electrical machines because it provides

higher thermal properties (~0.85 [W/mK]).

With further increase in power density, more effective heat transfer material is needed. In
[54], a silicon-based thermally conductive material (SbTCM) with a thermal conductivity of 3.2
[W/mKk] is presented and three prototype machines with impregnation of varnish, epoxy and
SbTCM were manufactured to prove the good thermal behavior of this material. Table-2.3 gives
the electrical and thermal properties of the three impregnations material. We can tell from the
table that the better thermal property comes with the price of sacrificing electrical properties and

higher cost.

In [55], a multi-component composite which combines the advantage of individual
component is introduced. This composite is based on Epoxy with nano/micro fillers with high

thermal conductivity such as Silica (SiOz). The overall thermal conductivity could reach 1.5
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[W/mK] with a filling factor of 1%. The experiment results also indicate that the composite has

better dielectric capability comparing to the pure epoxy resin.

Potting Potting
Material Material

Liquid Jacket

Stator Iron

Magnet

Fig.2.10. Potting material on end-winding[56]

2) Potting Material between Windings and Housing

Table-2.4 Electrical and thermal properties of New Potting Material[56][57]

Material Thermal Heat Specific Temperature Dielectric Volume
conductivity Capacity Density Limit [K] Strength Resistivity [Q
[W/mK] [J/kg K] [kg/m?] [kv/m] m]
Ceramacast 100 740 3260 1200 1.2e4 10e11
675N
Epoxy 58 1000 1800 185 1.9e4 10el14
2315
Alumina 20-25 - - - - 10e15
Filled
Epoxy
AIN Filled 3.8 - 2470 143 - 10e16
Epoxy
Silicone 2.0 - 1960 250 - 10e16

A better impregnation material facilitates the heat conduction through the windings,
potting material can be used to fill the air gap between the winding and the outer components to
further enhance the heat transfer between the windings and the stator/housing [56]. Fig. 2.10
illustrate the placement of the potting material. The placement of potting material also helps to
increase the mechanical stability of windings under vibration, thus benefits the reliability. In the

early years,
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Bitumen has been used for coil potting, later polyester and silicones material are used for
their higher thermal conductivity [57]. In recent years, more novel materials with higher thermal
conductivity have been investigated and used as a potting material, such as special ceramic
material [56] and Aluminum Nitride (AIN) composite [58]. Aluminum Oxide such as Alumina

has also been used as filler to epoxy resin to increase the thermal conductivity [59].

Same as the impregnation material, potting materials also need to have a satisfactory
electrical as well as mechanical properties for the machines to work properly. Besides, the
designer needs to pay attention to the melting temperature of the material, it should be away
from the operating temperature of the machine to maintain sufficient structural strength.

Different possible potting materials and their properties are recapitulated in Table-2.4.

3) Slot Liner Selection

Table-2.5 Slot Liner Properties Considering Interface Gap Between Components [60]

Slot Liner Nomex 410 (Dupont) ThermaVolt (3M) CeQUIN I (3M)
Thickness [mm] 0.25 0.25 0.25
Dielectric breakdown 0.249 0.366 0.270
voltage [kV]
Thermal conductivity 0.139 0.230 0.195
@180 C [W/mK]
Tensile strength [kN/m]” 29.6/16.1 9.3/6.0 2.1/0.7
Insulation class R (220C) R (220C) R (220C)
Equivalent thermal 0.046 0.067 0.053
conductivity [W/mK]

“Fibre machine direction of paper/across fiber direction of paper

Besides wire impregnation and winding potting, slot liner placed between windings and
stator slots also plays an important role in the thermal resistance of the heat path. Note that the
slot liner might interact with the impregnation material and alter the overall thermal property of
the stator winding region, i.e. the slot liner will absorb some of the impregnation material,
especially when the working temperature increases. In [60], several stator-winding samples have

been made and tested to evaluate the heat transfer from the winding body to the machine
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periphery. The actual thermal performance depends not only on the slot liner/impregnation
material properties, but also the manufacturing process. The interface between different
component largely determines the overall performance. This influence could be captured as

contact resistance in the Lumped-parameter thermal network (LPTN) for thermal analysis.

Table-2.5 shows the experimental results from [60], the electrical and thermal properties of
different commercially available slot liner as well as their equivalent thermal conductivity taking

the contact resistance into consideration.

4) Graphite Heat Pipe in Windings
Recently with the development of carbon material, graphite sheet is widely used in various
applications. [61] inserts thin graphite sheet of 100 um into the winding pack to conduct the heat
to the outer heat sink. The graphite sheet has a thermal conductivity of 700 [W/mK] which is
even higher than copper. This technology is brought up here just as a reference, because this is
an ultra-high-speed motor application instead of EV application. The fragile thin graphite sheet is

not suitable for machine subject to vibration.

Section Coolant

' Graphite heat pipes \
‘ \

H & H
|1 1

Fig.2.11. Graphite sheet acting as heat pipes between windings [61]

c. Direct Winding Cooling
Methods recapitulated in the previous sections help in reducing the thermal resistance

between the windings and the outer part, and facilitate the heat transfer. A more efficient way to
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cool the windings is removing the heat away directly from the coils, and this approach is usually
called Direct Winding Cooling (DWC). With the increasing demand for more effective ways to
remove the heat, different direct winding cooling topologies have been proposed. As the name
has suggested, for DWC, coolant will be in direct contact with some sort. Therefore, the choice
of coolant is more critical, it needs to be at least non-conductive and non-corrosive. For most

cases, oil-based coolant is chosen.

1) Oil-spray Cooling

Oil spray cooling has been applied to high-performance power unit for aircraft for a long
time [62], and recently to Electric vehicle (EV) motors. The cooling system injects coolant directly
on the windings to remove heat directly. A reservoir is placed at the bottom of the housing,
collecting and cooling the dropped coolant. A pump is placed at the side and circulates the coolant
from the reservoir to the nozzle again. Oil-spray cooling turns out to be an extremely efficient way
to dissipate heat, and many literatures focus on this cooling technology with Computational Fluid
Dynamic analysis and experiment, predicting the flow of coolant [63]. Fig.2.12 gives an example

of oil spraying cooling with nozzles.

Fig.2.1. Oil-spray cooling [63]
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Although this is an effective way of cooling, its drawback is obvious: it needs extra nozzles
inside the housing which will increase the size of the system and degrade the power density. And
for high-speed machines, the coolant flow needs to be well controlled to prevent it from hitting the

rotating parts.

For a large electric machine, two-phase oil spraying could be applied [64]. The phase
change of coolant further increases the cooling capability. An extra condenser needs to be installed.

Therefore, this method is more practical for machines such as the hydraulic power generator.[65]

2) In-slot Cooling Channel between Windings
In [66] a Direct Winding Heat Exchanger (DWHX) is introduced for a high torque density
machine. It consists of micro-features channel placed between the windings, shown in Fig. 2.13.
The micro-features on the tunnel brings a heat transfer coefficient as high as 10 000 [W/m?K]
between the coolant and the winding. The terminal of each channel is connected to an insulating

bulkhead to reduce eddy current induced.

N DWHXs

Conductive , Flow Channel
Bulkhead ‘

Micro
Features

Fig.2.13. Direct Winding Heat Exchanger placed between windings [66]
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The channel’s material needs to be chosen carefully to avoid short-circuit between phase.
In [66] another layer of insulating material was applied between the channel and the winding.
Besides, the cooling channel has a tiny hydraulic diameter from 0.1mm to 0.5 mm. This in turns
requires significant pumping power to achieve certain flow rate. Therefore, the overall system

might be bulky due to the large pumping power source.

Other types of in-slot cooling channel have been proposed, in [67], flat conductor is used,
and cooling channel is inserted in the space between windings to remove the heat directly (Fig.
2.13(a)). As mentioned in the previous section, the use of rectangular wire could help to increase
the slot filling factor thus decrease the copper loss. A similar concept has been introduced in
[68], where the cooling channel is embedded in a Litz wire, shown in Fig. 2.14(b). Similar as the
DWHX, this system also needs large pumping force to drive the coolant, and it can only remove
the heat from the windings of the machine. Heat in stator/rotor due to the core loss still need to

be dissipated through another heat path.

Cooling channels

48.2 mm2
Flat wire

/
Cooling channel/ Litz wires (kcu = 0.77)

(a) (b)
Fig.2.14. Direct slot cooling with in-slot cooling channel
(a) Channels between flat copper wire (b) Direct winding cooling channel embedded in
Litz wire [67][68]
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3) Laminated Windings with Forced Convection Cooling

The in-slot cooling channel mentioned above still requires an extra fluid guide to run the
coolant, which adds thermal resistance between the heat source and the sink. In [69], a laminated
winding (Fig. 2.15) is presented. Flat conductors are specially placed to enable cooling air
flowing directly through the windings. However, this requires precise manufacture to maintain
the space of air channel, and the fabrication process is much more complex than conventional
windings. The unsupported winding structure makes this machine more vulnerable to vibration.
In this design, the windings are directly exposed to air. Therefore, there is a risk of

contamination. And due to the moderate heat transfer coefficient of air, the cooling capability is

limited.
w _‘C'ool :
inlet air
ol
=
|
x ,
Heated \ Natural ";A convection’!
outlet air ¥ \‘Elecmc 7

current 7

Forced
convection &

5 ~ Magnetic core
Main insulation

:
}.' aminated winding

Fig.2.15. Laminated winding with forced air cooling [69]

However, this approach could be used in the hydrogen-cooled machine where the machine
is enclosed in a sealed housing, filtered hydrogen is used as coolant flow through the windings.

Hydrogen has a higher thermal conductivity than air (0.182 [W/mK]).
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4) Direct Cooling with Magnetic Fluid/Ferro-Fluid
Most of the technologies presented previously requires additional driving force to circulate
the coolant, which reduces the system’s overall efficiency (although not much, the pumping
power is usually smaller than 1% of the output power) and more importantly increases the
volume of the system. Self-driven cooling system using temperature sensitive ferro-fluid (TSFF)

has been largely investigated for electronic circuit cooling [70], [71].

Ref. [72] applied this technology to electric machine cooling. It encloses the TSFF at the
end-winding region of the machine, as shown in Fig. 2.16. As the magnetic fluid used is
temperature-sensitive, the fluid close to the end winding will be first heated up and lose its
magnetic properties, then the cool fluid will be attracted towards the magnet, which drives the
flow of fluid. It is using the waste heat to be the driving force. Therefore, no extra pumping
power is needed. Besides, cooling with magnetic fluid is “self-regulated”, which means the flow

rate depends on the temperature difference between the hot and cold fluid.

End Winding
parts \

Enclosed End
Winding parts

Iron part

Fig.2.16. End winding cooling with magnetic fluid [72]

Note that a dissipater still needs to be designed and added to the system to reject the heat in
the fluid. The TSFF only helps to bring the heat inside the machine to a more convenient place to
dissipate. This is a relatively new cooling technology for electric machine, and few reference

could be found. The interaction between the TSFF and the varying magnetic field of machine



need to be taken care of. Thermal and electromagnetic properties of TSFF also need to be

investigated.

38
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Chapter 3 Cooling design and thermal analysis for a
high-speed dual stator 6/4 FSPM machine

After having reviewed the commonly used thermal analysis methods and state of the art of

the cooling technologies, in this chapter, a specific design and thermal analysis of a high-speed

dual-stator 6/4 FSPM machine with water jacket integrated housing is presented.

Flux-switching permanent magnet (FSPM) machines have been investigated over decades
for its high-power density. Different typologies have been proposed and investigated since first
proposed in 1955 [73]. This machine has armature windings and permanent magnets in the
stator, and the rotor has only stack laminations which make its structure simple, robust, and
suitable for the high-speed application. Three of the main heat sources are the copper losses at
armature windings, core losses, and permanent magnet eddy current losses. One needs to pay
special attention to the stator side, since all these three heat sources are located there, and the
magnets are vulnerable to demagnetization under high temperature. There is a limited thermal
analysis done on FSPM machine in the past few years [74], [75]. However, the anisotropic
thermal conductivity is neglected in the analysis. Reference [76] discussed moderate speed

operation without showing results under high-speed conditions.

The majority of research on FSPM machine focus on 12-slot/10-pole (12/10) topology
[77], [78]. However, having 10 rotor poles for very high-speed conditions requires formidably
high switching frequency, which is very hard to achieve with a silicon-based inverter. In
addition, the high fundamental frequency of the 10-pole machine results in more high-frequency
losses, excessive generated heats, and cooling challenges. A novel structure of dual-stator 6/4
topology is proposed to make the 4-pole FSPM machine feasible for operation [79]. This

proposed novel dual-stator 6/4 topology is particularly amenable for high-speed operation due to
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the required lowest fundamental frequency and switching frequency for a three-phase operation.

Fig. 3.1. shows the 3-D model of this dual-stator 6/4 FSPM machine.

1. Sizing and Loss Distribution in The Novel 6/4 Dual-Stator FSPM Machine
The sizing of a machine is vital for its thermal design. Table-3.1 presents the geometry
information and the power rating of the machine under study. This is a very compact design for

the given power rating, which shows that the power density is relatively high.

As has been mentioned previously, the loss of this machine is mostly located at the stator
side. The rotor is simple and robust, only have iron loss inside, which is also minimized with
lamination. Table-3.2 resumes the loss from different parts. These losses will be used later in the

thermal network as a heat source.

Fig.3.1. 3D model of novel 6/4 FSPM machine.
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Table-3.1 Basic Design Parameters of Novel 6/4 FSPM Machine[79]

Parameters Value
Stator outer radius [mm] 65
Total rotor length [mm] 110
Rotor outer diameter [mm] 30
Total stator length [mm] 80
Magnet Thickness [mm] 9
Rated power [kW] 10
Rated current [A] 68
Rated speed [rpm] 15000
Total active mass [kg] 7.453

Table-3.2 Loss Distribution in Novel 6/4 FSPM Machine

Copper loss (winding) [W] 126
Stator part 1 iron loss [W] 56
Stator part 2 iron loss [W] 112
Rotor iron loss [W] 84
Magnet eddy current loss [W] 129
Windage loss [W] 36
Total loss [W] 543

2. Stator Heat Extraction System Topology
One commonly used cooling approach is shaft-mounted fan. But at high-speed operation, a
mounted fan on the rotor will no longer be a good idea, since that will create lots of windage
loss, and the cooling performance will be highly dependent on the rotor speed. In addition, for a
compact machine stator design, the air flowing through the stator side is very limited. Therefore,

cooling method like water jacket is preferable.
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Fig.3.2. shows the water jacket applied to this machine. Besides the water jacket attached
to the stator iron, the end caps also have fins to enhance the natural convection. Openings are

presented on the end caps, to facilitate the air flowing through the rotor, as well as the

Fig.3.2. Cut view of the proposed dual-stator 6/4 FSPM machine with water jacket housing.
measurement of the rotor and end windings temperature.

To calculate the coolant flow in the water jacket, over-design principle is employed, i.e. we
assume that all the heat from the machine will be taken away by the water jacket. The
temperature rise between the inlet and outlet of water jacket is assumed to be 5 degrees. The
necessary volume flow rate needed is calculated using equation (1) and (2), where Q is the heat

need to be dissipated by the water jacket.

ratémass = Q/(prater AT) (3'1)

rate,, = ratemass/Pwater (3'2)

Where Cpwater is the specific heat and pwater IS the density. The section area of the water

channel is 42mm?, then the flow velocity can then be derived.

3. LPTN and FEA Model Parameter Derivation for Novel 6/4 FSPM Machine

Thermal analysis is usually carried out with two approaches, analytical method using the

thermal network and numerical method using FEA. The thermal network is beneficial for its
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short calculation time, and the quasi-instant results enable designers to work with fast iterations.
However, engineers need to spend more time on setting up the appropriate thermal model for the
machine. Whereas finite element analysis has better accuracy and is geometry-based, and
engineers only need to draw the geometry of the machine and define the boundary condition.
However, finite element analysis is very time-consuming, which is more appropriate for design

verification. In this section, both approaches are employed, and their results are compared.

1) Lumped-Parameter Thermal Network (LPTN)

The thermal network is similar to an electrical circuit, where one can analogize heat source
to current source, heat flow to current flow, temperature reference to voltage reference, heat
insulation to electrical resistance. The critical component in a thermal network is the thermal
resistance. Depending on the heat transfer mode, it can be put into three main categories:
conduction, convection and radiation heat transfer. Many literatures have covered the derivation
of these three kinds of thermal resistance [80][81]. Below are the equations used for calculating
different types of thermal resistances. Radiation is not considered here since it is negligible

compared to the other ways of heat transfer.

conduction (rectangular shape) R =L/Ak (3-3)
conduction (cylindrical shape) In (Q (3-4)
2
akL
convection R= 1/hA (3-5)

In equation (3)(4)(5), L represents the conduction path length, A represents section area of

the path, k means thermal conductivity, h is the heat transfer coefficient, and o is the angle in rad.

Based on the 3D geometry of the machine, a thermal network could be generated with
varies thermal resistances and heat sources. We are interested in the steady state thermal

behavior, so the thermal capacitance is not modeled. The Lumped Parameter Thermal Network



44

STTNTs ] IERI o

= Rsh-ee
Tam

Fig.3.3. LPTN in x-y plane

in x-y plane and x-z plane are shown in Fig. 3.3. and Fig. 3.4. Note that they are complementary

to each other, together they form the complete thermal network of the machine. In the next few
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subsections, some critical thermal resistance models are presented that are not simply conduction

heat transfer.

Fig.3.4. LPTN in x-z plane

1) Anisotropic Thermal Conductivity in Stator/Rotor Lamination
Nowadays, to reduce eddy current, laminated steel is used in the stator and rotor iron.
However, the insulation in between each steel layer degrades the heat transfer. This results in an
anisotropic property of the thermal conductivity. An equivalent thermal conductivity along the
lamination direction could be calculated with equation (6). The conductivity vertical to the
lamination direction can be calculated with equation (7), where K is the lamination factor.
kequverticat = KironK + Kinsui (1 — K) (3-6)

keq,parallel = kironK (3'7)
The stator of FSPM machine is C-shape, to simplify the thermal model, we divide it into

two sub-parts, as shown in Fig. 3.3, the heat is assumed to be generated uniformly in the stator.

Each sub-part has its heat source.
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2) Equivalent Rotor Modeling

Equivjlent
surface

o

Fig.3.5. Equivaléﬁftﬁft—(_)ﬁr representation.

The shape of the rotor is not uniform circumferentially, and the pole number are different
from the stator slot number, which makes it difficult the form the partial thermal network model.
Since the heat generation of the rotor can be considered as uniform, and the heat dissipation is
mostly through convection on the rotor surface, we could model the rotor into a cylinder shape as
shown in Fig. 3.5 radeq is set in such a way that the equivalent surface is the same as the area that

in contact with the air in the real rotor (Srotor-air). In equation (8), Lstack is the length of the rotor.

Srotor—air (3'8)

rad,, =
277:Lstack

eq —
3) Winding Equivalent Thermal Resistance Model
The coil has always been a difficult component to model since it is sometimes not
regularly placed and has insulation coating. The thermal conductivity along the wires can be
easily calculated using equation (3-9), Krin represents the filling factor.
keq = kcuKrin (3-9)
The winding thermal model has also been largely discussed in the literature. Some use

empirical correlation equation [82][83], some benefit from the use of FEA tools [84]. The model
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is done in [85] is based on based on approximate wire placement in the slot area. In the author’s

opinion, this method is more general and is easy to be extended to other designs.

A section view of winding coil is shown in Fig.3.6, area factors are first calculated for
different parts as equation (3-10). Then an equivalent conductivity vertical to the alinement of

the wires could be calculated:

¢ — Acu ) — Ainsul ¢ = Aair
o Atotal $ it Atotal e Atotal (3_10)
k) = ¢insulkinsul + ¢airkair
2 ¢insul + ¢air (3_11)
1-F !
_ ko ks
ky = 2V/3{ dy +
i o U —k)JF?—y? + 3k,
fl/z klké dy} (3_12)
1-r (ky — kp)(V3 —[F2 — y2 — JF?2 — (y — 1)?) + 3k,
2 [(VBF kyk,
k, =—{ f dx +
V3Jo (kg — kKDVFZ=xZ + k;
f@ﬂ kik

dx} 3-13
Vacr (kl—k;)(l—\/Fz—xz— /FZ—(x—\/§)2>+k§ (43

k= (ke +ky)/2 (3-14)
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Pokyimide Copper Air

Fig.3.6. Section view of winding model [85]

4) Contact Resistance Between Surface

Due to manufacturing limit, the surface of the machine parts cannot be perfectly flat, the
gaps between surface impede the heat transfer. The most commonly used method to capture this
resistance is using average air gap [86], and this layer is treated as air to calculate the equivalent
thermal resistance. A table of effective interface gap of common contact surface is provided in
Table-3.3 [87]. Another estimation method could be found in [88]. But it is highly depended on
the parameters such as the radius of contact spot, which is hard to get an accurate value due to its
microscopic nature. Here the look-up table method is used since it is based on empirical results

and is easy to calculate.

Table-3.3 Interface Gap for Commonly Seen Contact Surface [87]

Contact surface Effective interface gap
[Hm]
Stainless - Steinless 7-15.3
Aluminum — Aluminum 12-22
Stainless — Aluminum 5.8-8.7
Iron — Aluminum 06-6
Copper — Copper 1-26



49

Table-3.4 Heat source inside the machine

Copper loss (winding) [W] 126
Stator part 1 iron loss [W] 56
Stator part 2 iron loss [W] 112
Rotor iron loss [W] 84
Magnet eddy current loss [W] 129
Windage loss [W] 36
Total loss [W] 543

5) Lumped-parameter thermal network results
With the critical thermal components discussed above, Table-3.4 gives the value of the

heat source in the machine. Table-3.5 shows the value of thermal resistance of different machine

Table-3.5 Thermal resistance for the LTPN model of 6/4 FSPM machine

Re Location of [K/
Rs Outer side of 5.9
Rs Inner side of 6.4
§ Rs Outer side of 0.4
é Rs Inner side of 0.4
S Rr Outer side of 0.2
© Rr Inner side of 0.1
Rs Outer side of 2.3
Rs Inner side of 2.3
Rr Rotor axial 4.2
Rs Stator side and 5.7
= Rrs Rotor side and 5.2
B Rw Windings and 11
% Rs Stator part 2 and 17.
8 Rr- Rotor and inner 1.7
Rg Inner airgap and 6.9
Re End cap and 6.9
Rg Air gap and 9.8
Rs Stator part 1 and 1.3
= Rs Stator part 2 and 25
E Rs Stator part 1 and 1.8
3 Rs Stator part 2 and 1.0
Rs Stator part 2 and 8.1
Rs Shaft and end 0.6
Rr- Rotor and shaft 4.5
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components. One can use LT-Spice to solve the equivalent circuit. The results are put in Table-

3.5, together with the results from FEA.

D. Finite Element Analysis Verification
LPTN model is built with many assumptions but provides quick results. To have a more

accurate result, FEA should be implemented.

There are many software available for the FEA, their setup process is similar one to
another, in this report, JIMAG-designer is use to do the FEA simulation. This software is also
used for the electromagnetic design, and from that the losses are put into the thermal model.
Therefore, we don’t need to map the losses from the electromagnetic simulation to the thermal
simulation. JMAG has its limit in thermal simulation, such as in doesn’t include CFD, which is
useful to get the convection heat transfer between the rotor/stator and the air, as well as between
the water jacket channel and the cooling water. The CFD simulation is done in ANSY S-Fluent.

Heat transfer coefficients are extracted and put into JMAG as a heat transfer boundary condition.

1) Setup in the FEA
First a 3D model is drawn in Solidworks and imported to JMAG, as shown in Fig. 3.7.
Then materials for different components are assigned. For stator and rotor, lamination steel is
used, therefore, in the material properties, lamination factor and lamination direction need to be
specified. And equivalent thermal conductivity also need to be assigned manually, for axial
direction and radial direction. Same for the armature winding, in the model, the windings are put
as a bulk of copper, the equivalent thermal conductivity for different direction need to be

specified manually.
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Fig.3.7. 3D structure of the dual-stator 6/4 | Fig.3.8. Heat transfer and heat
FSPM machine source conditions

Heat transfer and heat source condition is then setup, as shown in Fig. 3.8. Heat source set the
heat generation from different part of the machine, which is coupled with the electromagnetic
simulation. The conduction heat transfer is automatically assigned, by setting the thermal
conductivity of the material. However, the convection heat transfer is simulated by the boundary
condition. The heat transfer boundary condition contains heat transfer coefficient and reference
temperature. As mentioned previously, the FEA tool could not calculate the heat transfer
coefficient, therefore, it is calculated with empirical equations or CFD tools. The reference

temperature is determined by the node temperature of different part.

Unless conduction heat transfer, the convection heat transfer could not be modeled directly on
the geometry. Therefore, an additional thermal circuit is needed. As shown in Fig. 3.9, the
thermal network captures the heat transfer between the coil surface, rotor surface, stator surface
and the inner air, heat dissipation from the water jacket, and the contact thermal resistance

between the stator core and the winding.
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Meshes are assigned respectively for the rotor, stator, coils and permanent magnet, the heat
transfer at the surface of rotor and the stator teeth are more complex, therefore, smaller surface
mesh are specified. The resultant meshes for the entire model is shown in Fig. 3.10. The total

number of meshes element is 238214, over 60% of the elements have quality factor of 0.5 or

more. Then the FEA model is ready to run for simulation.
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2) FEA results

The average temperatures in different parts of the machine is recapitulated in Table-3.6,
together with the results from LPTN. The temperature calculated by LPTN agrees with that from
FEA package, which validates the assumptions we made in the fast LPTN model. Fig. 3.11 gives
the temperature contour of the machine.

As shown in Table-3.6, the discrepancy between the finite element analysis and the
thermal network is not significant, but the temperature contour shown in Fig. 3.11 is absolutely

more helpful for finding the hot spot inside each component.

Table-3.6 Temperatures Calculated from LPTN and FEA

Steady State Temp [C] | FEA LPTN
Rotor 120 137.1
Stator 82 91
Windings 87.5 85.4
Magnets 91.1 88.5
Water jacket 50.5 47.9
Air gap 92.7 105.6

Temperature
Gontour Flot : deg G

190.0000
1825000
175.0000
167.5000
160.0000
1525000
145.0000
137.5000

1300000
1225000
| 115.0000

107.5000
100.0000
92,6000

85,0000
77.5000
70.0000
62.5000
§5.0000

47.5000
40.0000

Fig.3.11. Temperature contour from steady state thermal simulation
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3) Transient thermal simulation
Although both thermal network and finite element analysis could do transient simulation,
but the temperature contour plot from FEA gives a more intuitive indication about the hot spot
inside the machine, and the temperature surge during abrupt transient. Here we study the
transient temperature distribution during the start process. Machine runs from stall to rated speed

with rated torque.

Fig. 3.12 shows the temperature variation along time for different parts.
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Fig.3.12 Temperature variation during machine start up
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As shown in the graph, the temperature reaches equilibrium after around 1000s (17min).
Since the thermal capacity of the components are close, the temperature rise almost with the

Same pace.

E. Coolant flow characterization in the water jacket

The water jacket used for cooling the prototype machine has spiral cooling channel, shown in
Fig. 3.13. The channel employs rectangular section with 42mm?area. The total length of the
channel is 1832mm. The flow rate and the pressure drop are calculated based on the total heat
that need to be dissipated using equation (3-14).

P=c,-AT-p-V (3-14)
where P is the total heat that need to be dissipated, cp is the specific heat of the coolant, AT is the
temperature rise from inlet to outlet of the channel, p is the density of the coolant and V is the

volume flow rate.

To leave some extra cooling margin for the design, we assume that all the 500W heat is

dissipated through the water jacket. Another assumption is the temperature rise from inlet to

Fig.3.13 Spiral cooling channel in the water jacket
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outlet is 5 degree Celsius. The volume flow rate is 2.39e-5 m?/s, with the give cross section area,

the corresponding flow velocity is 0.57 m/s.
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Chapter 4 prototype machine design and
manufacture

A prototype of the high-speed dual-stator 6/4 FSPM machine is built for experimental test.
The prototype machine comes together with the water jacket integrated housing describe in the
previous chapter. In this chapter, more practical design aspects will be presented, for example the

tolerance, fixation, thermocouples placement etc.

Fig. 4.1 shows the overall machine design, as a whole body as well as its exploded view.
Each part will be presented in the following sections. There have been several iterations between
the first 3D print draft and the final print, there is always small manufacturing details to pay

attention when comes to the real fabrication step.

" exploc

(2) ° ’ ()
Fig. 4.1. CAD print of the overall machine design (a) assembled machine (b) exploded view
1. stator design
As can be seen in the previous chapter and Fig. 4.1, the stator of the FSPM machine is in

small module, as shown in Fig. 4.2. Laminations of the unit stator is made and stacked. Then the
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stator unit is put together with the permanent magnet in a sandwiched way. The geometry

parameters could also be found in Fig. 4.2.

There will be 12 stator units for this machine, 6 for the front stator and 6 for the rear stator.
Each group of stator unit is held together by two circular frames, shown in Fig. 4.3. The circular
frames are fixed with the stator units by M4 bolts and nuts. They not only provide the fixation of
the stator units but also prevent the stators from rolling inside the housing. This is realized by the
keys along the circumference of the frame. The position of the fixing hole is carefully selected
based on the electromagnetic simulation. The hole is punched at the place where the flux is less

dense. Enough margin is needed for the sake of mechanical strength.

The stator is made up of lamination steel, since this is a machine designed for high-speed
application, majority of the iron loss comes from the hysteresis loss. Therefore, thin laminations
are required to minimize the loss. In this design, Arnon 5 lamination steel from Arnold Magnetic

[89] is used.

4010.10

Fig. 4.2. Stator unit design and geometry parameters
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Fig. 4.3 Circular frame for stator

2. rotor design
Similar to the stator, the rotor is also made up of lamination steel. The geometry and the
dimension of the rotor is given in Fig. 4.4. Although the rotor is simply a stack of lamination
steel, it has five different sections, as illustrated in Fig. 4.4(c), the F1 and F2 are the front rotor
that interact with the front stator. R1 and R2 are the rear rotor and M is the middle part that holds
the front and rear rotor together. Since there is no axial magnetic flux flowing, therefore the

middle part is only for mechanical connection and support.

To reduce the torque ripple, the front is skewed 5 degrees in two steps. Therefore, there are
5 types of lamination for the rotor in total. A square cavity is left in the rotor to place the shaft.
The square blockage provides symmetric torque transmission from the rotor to the shaft. The

shaft geometry and dimensions are shown in Fig. 4.5.
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3. winding specification
There are two coils connected in series for each phase of the machine, and each coil
contains 20 turns of wire. In order to reduce the AC loss in the winding, stranded wires are used
to reduce the skin effect and proximity effect. There are 7 or 8 strands per turn, the gauge for a
single strand is #22. A slot filling factor of 35% to 40% is desired. A winding diagram is given in

Fig. 4.6.

(b)
Fig. 4.6. Winding configuration of the dual-stator 6/4 FSPM machine

4. Bearing
Bearings are carefully selected for this prototype since this is for high-speed application.
Ball bearing is chosen because of the low friction. And considering the size of the machine, the
radial shaft stress won’t be significant. The chosen AST-F63801 ball bearing has a maximum

speed of 33,000 rpm, which is more than 2 times of the prototype’s rated speed.

Fig. 4.7. show the geometry and the dimensions of the chosen bearing.
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Fig. 4.7. Ball bearing chosen for the prototype machine

5. water jacket integrated housing
Water jacket is a commonly used cooling technique for electric machines. Due to the
specified outer dimension of our machine, it is hard to purchase an off-shelf product and mount

on the prototype. A water jacket is designed, manufactured and mounted directly on the
prototype.
A spiral channel water jacket is constructed in this design. It is impossible to drill the

whole channel directly from a whole piece of aluminum. The water jacket integrated housing is

then built in two parts: an inner part with channel carved and an outer part with no channel. The

inner and outer water jacket are shown in Fig. 4.8.
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(a) (b)
Fig. 4.8. Water jacket integrated housing (a) inner part (b) outer part
The two parts are then assembled together by heat shrink. Notice that the inner part will be
first put onto the stator, then the outer part will be mounted afterwards. There is a step inside the
inner water jacket, this is for preventing the stator from moving axially. The dimensions of the

water jacket is shown in Fig. 4.9.
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Fig. 4.9. Dimensions of the water jacket (a) inner part (b) outer part

6. end cap fin design
One innovation of this design is combining the active water jacket cooling with the passive
natural convection. In addition to the water jacket, cooling fins are placed at the end cap of the
housing. One major heat source of the machine will be the armature winding, since the ending is
not in contact with the stator iron, the cooling of end winding is more difficult comparing to the
in-slot part. The end cap fin could help to dissipate the heat from the end winding better. Fig.

4.10 shows the end cap design.
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Fig. 4.10. End cap with cooling fin (a) 3D geometry of the end cap (b) dimensions of the
end cap
Openings are left on the end cap, they are left for the purpose of observing the coils and
for the terminals of the thermal sensing. Normally for high-speed machine, the housing is totally

enclosed for the security consideration.

7. thermal sensor placement

In order to better monitor the thermal behavior of the prototype machine, 10 thermal
sensors are placed in the critical parts of the machine. There are two types of thermal sensor that
are commonly used: thermocouple and resistive temperature detector (RTD). Thermocouple are
more often used in industrial application because of its wide temperature measuring range, fast
response property and rugged structure. The thermocouples are classified into many categories
based on the operating temperature. It could measure up to serval thousand degree Celsius.
Whereas RTD could provide a more accurate measurement and good repeatability. However,
RTD is usually more fragile, it is made up of thin platinum wire that change resistivity as a
function of temperature. Since the prototype is placed in a lab working condition, RTD is chosen

for its long-term accuracy.
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Table-4.2 gives the parameters of the RTD chosen for the prototype.

Table-4.2 Characteristics of the RTD

Model Temperature range Dimension
TE connectivity -100 C to 250C D: 1.8mm
GX518 L: 10mm

The size of the RTD is small enough to be placed inside the prototype, and it is resistant to
vibration, which is an important property since FSPM machine usually has large torque ripple

because of the salient structure.

In order to have a good track of the temperature variation, 10 RTDs are placed inside the

machine. Fig. 4.11 shows the placement of the 10 RTDs.
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1 sensor between phase B/C

Fig. 4.11. Placement of thermal sensor

The manufacture print is attached in the annex.
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Chapter 4 Conclusion and Proposed future work

1. Research conclusion
In this work, thermal analysis method for electrical machines is reviewed. Lumped-
parameter thermal network (LPTN) is first introduced as a rapid method to do the preliminary
thermal study. The results might be not very accurate, but is enough to predict the temperature
distribution trend, i.e. to find the hot spot. The results are highly depending on the accuracy of

the model. Equivalent geometry and heat transfer coefficient are usually needed.

Finite element analysis (FEA) is an alternative to LPTN. More details could be obtained
from FEA. However, the calculation time is much longer than LPTN. Same as LPTN, convection
heat transfer is also modeled by convective heat transfer coefficient, which is coming from the
experimental result or empirical equation. Many commercial softwares could do the finite
element analysis for electrical machine, most of them also have the capability doing the
electromagnetic analysis. Therefore, another advantage of FEA over LPTN is that it could
provide thermal-electromagnetic coupled simulation. Since the permanent magnet and iron core
properties depend on temperature, coupled simulation is a critical improvement. In this study,

results from a steady-state FEA

Another tool for thermal analysis is computational fluid dynamic (CFD). CFD provides the
capability to get a more accurate and local convective heat transfer coefficient which is related to
the fluid motion. It is also possible to couple CFD with the other thermal and electromagnetic

simulation, which makes the system more complete and close to reality.

In the second part of this report, electrical machine cooling technologies are reviewed,
from conventional air cooling, indirect liquid cooling to advanced direct cooling. The

development of cooling technology is due to the increasing of machine power density.
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Nowadays, smaller machine is widely required in transport and manufacturing industry.

Therefore, efficient and high-performance cooling technology is highly needed.

The last part of this report shows the thermal analysis of a high-speed dual-stator 6-slot 4-
pole FSPM machine. This type of machine has armature windings and permanent magnet on the
stator side, and its rotor structure is very simple. The topological properties make this machine
easy to cool from outside with water jacket. A lumped-parameter thermal network is established,
steady state thermal analysis is done with the results from electromagnetic simulation. Results
from these two methods shows the validity of both. In addition, a two-way coupling transient

thermal analysis is done by FEA, which gives thermal information during the transient operation.

2. Future work
As mentioned in the previous section, more efficient and high-performance cooling
technology is needed for higher power density machines. According to the cooling technology
review in Chapter 2, direct cooling could provide the best cooling performance. However direct
cooling like spray oil cooling requires extra component as spraying nozzles and coolant tank, oil
pump. These components increase the volume of the system and drag down the overall
efficiency. Future work of this project will mainly address to more efficient cooling technology

for electrical machines.
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