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chronous Machine for High-Speed applications

TANMAY MOTHARKAR

Department of Electrical Engineering
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Abstract

This thesis delves into the operational dynamics of Electrically Excited Synchronous
Machines (EESMs), which are increasingly favored in high-speed applications due
to their controllable rotor flux characteristics. However, high-speed operation in-
troduces significant challenges, including the cooling of the rotor and end windings,
as well as ensuring the mechanical integrity of joints under substantial centrifugal
forces. This study aims to thoroughly investigate various losses inherent in EESMs,
namely copper losses, iron losses, and mechanical losses, alongside the design and
optimization of a cooling circuit specifically for the end winding. A comprehensive
analysis employing Computational Fluid Dynamics (CFD) simulations was under-
taken to evaluate dilerknt duct designs for cooling e [Cciehcy. These simulations
varied flow rates to determine the most e [edtive duct design based on key param-
eters such as outlet velocity, flow rate, and the pressure head required for coolant
pumping. Among the designs evaluated, an elliptical-shaped duct emerged as the
most e [cieht, olering optimal cooling by balancing the flow rate and minimizing
resistance, thereby enhancing the overall performance and reliability of EESMs in
high-speed applications. This research not only contributes to the advancement
of EESM technology but also provides a framework for future exploration in the
optimization of cooling systems within high-speed electric machinery.

Keywords: Electrically Excited Synchronous Machine(EESM), high-speed operation
copper losses, iron losses, mechanical losses, cooling circuit.
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1

Introduction

This chapter presents the section levels that can be used in the template.

1.1 Background

Conventional fossil fuels Mobility options have always been contributing towards pol-
lution and environmental impacts for about a century. According to the European
Environmental Agency(EEA) about 25% of the total greenhouse emission is caused
due to the transportation sector[1]. The contribution of di erent transportation
systems have been shown in Figure 1.1. Therefore the adoption of Electric Vehicles
is necessary to drive towards a cleaner Environment. The European Commission's
"Fit for 55" initiative targets an ambitious reduction in greenhouse gas (GHG) emis-
sions, aiming to decrease these emissions by 55% by the year 2030, relative to levels
recorded in 1990 [3]. Electric Vehicles provide a zero emission advantage while op-
erational as well as provide e ciency of about 90 percent[4]. Electric Vehicles have
less moving parts therefore they require less maintenance cost as compared to their
engine counterparts[5]. The heart of the electric propulsion system is the electric
machine which started its journey with Michael Faraday discovering the electro-
magnetic rotation in 1821, in simple words he discovered that a current carrying
conductor placed in a magnetic eld could experience force that tries to rotate it[6].
This discovery and along with the contribution of other scientists like William Stur-
geon and Thomas Davenport led to the development of the electric machine that
we use today[7]. Electric motors have applications in Energy, household appliances,
aerospace, automobile and more, but in this paper we focus on the automotive part.
In this sector the electrical machine has several advantages that includes higher ef-
ciencies, environmental friendliness, low operational cost, high torque at low rpm,
quiet operation as well as less vibrations as compared to conventional fossil fuel
engines.

1.2 Aim and Scope

The purpose of this thesis is to design a cooling circuit capable of preventing exces-
sive heating of the rotor and stator end windings in high-speed applications. The
target for the cooling circuit is to get a channel output velocity that can e ectively

hit the end-winding and cover the maximum surface area of the end-winding for
better cooling, keeping the pressure di erence within the pump limits. To achieve

1



1. Introduction

Figure 1.1: Greenhouse gas emissions from transport in the EU[2]

the project's objectives, detailed calculations were conducted to determine the nec-
essary ow rate, pressure, and velocity within the channel, along with the trajectory
of the coolant. Subsequently, multiple designs were developed using SolidWorks and
SpaceClaim, taking into account various parameters. Computational Fluid Dynam-
ics (CFD) simulations were then performed to ensure the attainment of the required
outlet velocity, ow rate, and pressure drop. To align with the cooling design param-
eters, calculations for the pump head were conducted to identify the suitable pump
for the cooling circuit. Once the cooling circuit was nalized, a housing was designed
to withstand the high mechanical stresses associated with high-speed applications,
while also facilitating easy maintenance.



2

Theory

2.1 Permanent Magnet Synchronous Machine(PMSM)

Numerous automobile manufacturers select motors based on their speci c needs,
with the Permanent Magnet Synchronous Machine (PMSM) being a favored choice
due to its compact dimensions, high e ciency, and superior performance [8]. The
concept of utilizing PMSM in automotive applications is well-established; however,
recent improvements in magnet materials, such as neodymium-iron-boron (NdFeB),
have enabled the creation of even more e cient and powerful motors in smaller pack-
ages [9]. This machine features permanent magnets a xed to its rotor core, creating
multiple pole pairs for the rotor. The incorporation of these magnets negates the
need for brushes or commutators, resulting in silent operation, reduced mainte-
nance, minimized mechanical losses, and a higher power-to-weight ratio compared
to brushed motors. The magnets in the rotor generate a magnetic eld that interacts
with the stator's rotating magnetic eld, causing the rotor to rotate in synchroniza-
tion with it [10]. Such machines are widely used in electric and hybrid vehicles,
robotics, and renewable energy systems. While magnets o er numerous bene ts,
they also present several challenges. The magnets employ rare-earth materials like
neodymium, which can be costly and whose availability is in uenced by geopoliti-
cal, economic, and regulatory factors. Materials such as NdFeB, despite constituting
roughly 5% of the motor's components, may account for about 25% of its greenhouse
gas emissions. This impact varies with the design and use of the magnets. Further-
more, the cost per kilogram of NdFeB exceeds that of copper and steel combined
[11]. The extraction of these materials is environmentally detrimental and often
involves unethical labor practices [12]. Additionally, magnets are sensitive to tem-
perature and may demagnetize under high temperatures, particularly in conditions
of heavy load or high speed, necessitating robust thermal management systems [13].
The control of machines for variable speed applications becomes more complex,
as the magnetic elds of the magnets are immutable. Moreover, managing these
high-power magnets during manufacturing and assembly phases poses signi cant
challenges [14].

2.2 Electrically Excited Synchronous Machine(EESM)

An alternative approach involves exciting the rotor with an external DC source,
eliminating the need for a mechanical connection. This method entails installing
electromagnets instead of permanent magnets in the rotor, which are then powered

3



2. Theory

by an external current to generate a magnetic eld. The motor's speed and torque
can be precisely controlled by varying the current supplied to these electromagnets.
This adjustment alters the magnetic eld strength of the rotor, thereby in uencing
the interaction between the rotor and stator's magnetic elds [15]. This function-
ality enables the Electrically Excited Synchronous Motor (EESM) to achieve high

e ciency across a broad spectrum of speeds and deliver high torque at low speeds,
while its robust design, devoid of magnets, eliminates the risk of demagnetization
[16]. Unlike other designs, the EESM does not require the generation of negative
d-axis current in the eld weakening region; it can merely reduce the current ampli-
tude. This feature makes the EESM a compelling choice for high-speed applications
[17]. High-speed applications present several challenges, including the need for a
mechanical design robust enough to withstand the signi cant centrifugal forces en-
countered at high speeds[18], along with managing the heat generated from copper,
iron, and mechanical losses. Copper losses, which arise from the resistance in the
copper windings, can be represented by the formuldR . At high load conditions,

the current through the rotor and stator windings increases substantially, leading
to heightened copper [19]. Iron losses in the Electrically Excited Synchronous Mo-
tor (EESM) result from hysteresis and eddy current losses. Hysteresis loss occurs
due to the core's repeated magnetization and demagnetization, while eddy current
losses are induced by circulating currents within the core as the magnetic eld
changes. These losses increase with the magnetic ux density, especially under high
load conditions, thereby elevating heat loss [20] . Additionally, mechanical losses,
such as friction in bearings and other moving parts at high velocities, contribute to
heating. These factors underline the necessity for an enhanced cooling system in
EESM, particularly for high-speed applications. In high-speed applications, select-
ing the appropriate material for rotor lamination is crucial. The chosen material
must exhibit high tensile strength to withstand the substantial centrifugal forces en-
countered [21]. Additionally, it should possess high fatigue strength to manage the
cyclic stress resulting from uctuating magnetic elds [22]. E ective heat dissipa-
tion is essential, necessitating a material with high thermal conductivity to mitigate
the heat generated by electrical and mechanical losses. Preference is given to ma-
terials with a low coe cient of thermal expansion (CTE), as they exhibit minimal
dimensional changes when subjected to temperature uctuations. Furthermore, a
high elastic modulus (sti ness) is desirable to ensure the rotor maintains its shape
under the dual pressures of centrifugal and magnetic forces, minimizing the risk of
deformation[23]. Such deformation could lead to imbalances and vibrations during
operation, underscoring the importance of these material properties.

2.2.1 Stator

The stator is a crucial component in an Electrically Excited Synchronous Machine
(EESM), primarily responsible for generating the magnetic eld necessary for the
operation of the machine. It consists of a cylindrical frame and a series of electrical
windings. These windings, when energized by an external power source, produce a
magnetic eld that interacts with the rotor to produce torque and rotation. The
stator's design and functionality are vital for the e cient transformation of electrical
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2. Theory

Figure 2.1: Rotor Design of (a)lnduction Machine.(b)Permanent Magnet
Synchronous Machine(PMSM), (c) Electrically Excited Synchronous Machin]

energy into mechanical energy.

The stator cores are typically made up of laminations, thin layers of electrically
insulated steel stacked together to reduce eddy current losses. Eddy currents are
loops of electrical current induced within conductors by a changing magnetic eld in
the conductor, according to Faraday's law of induction. These currents within the
metal of the stator can generate signi cant heat and energy losses. By laminating the
core, the pathway for these currents is broken up into thinner, less conductive slices,
signi cantly reducing these losses. This lamination helps improve the e ciency
of the EESM by minimizing unwanted thermal and energy ine ciencies, thereby
enhancing overall performance.

2.2.2 Rotor

The rotor in an Electrically Excited Synchronous Machine (EESM) plays a pivotal
role in the electromechanical energy conversion process, central to the operation
of the machine. Structurally, the rotor consists of a shaft equipped with magnetic
poles, which can be con gured using either permanent magnets or electromagnets,
depending on the design speci cations of the EESM. In the case of electromag-
netically excited rotors, the magnetic poles are formed by windings that, when
energized, interact with the magnetic eld generated by the stator. This interaction
produces electromagnetic torque, causing the rotor to rotate and thus converting the
electrical energy supplied to the stator into mechanical energy at the rotor shaft.
Electromagnetically excited rotors in EESMs utilize laminated steel cores to mini-
mize eddy current losses, enhancing e ciency and performance. This construction
reduces heat and energy dissipation, ensuring optimal operational control and e -
ciency. The careful design of these laminations is crucial for the machine's overall
performance.

2.2.3 Windings

In Electrically Excited Synchronous Machines (EESM), windings play a crucial role
in the machine's functionality by facilitating the electromechanical energy conversion
process. These windings, typically made of copper wire, are wound around the core
of both the stator and rotor. In the stator, windings are energized to create a

5



2. Theory

rotating magnetic eld, which in turn induces torque in the rotor. For the rotor,
windings may either be excited by a separate DC source or via slip rings and brushes,
depending on the machine design.

The con guration and design of these windings determine the machine's electrical
characteristics, such as its torque capabilities, e ciency, and operational stability.
Properly designed windings optimize the magnetic eld distribution within the ma-
chine, enhancing performance and reducing losses due to electrical resistance and
magnetic saturation. Additionally, the insulation and thermal management of wind-
ings are vital to prevent overheating and ensure long-term reliability and safety in
operation. Hence, the design, material selection, and implementation of windings
are critical aspects that signi cantly in uence the overall performance and e ciency

of EESMs.

2.2.4 Housing

In Electrically Excited Synchronous Machines (EESM), the housing is crucial for
ensuring structural integrity and operational e ciency. Our design utilizes an alu-
minum housing, chosen for its strength-to-weight ratio and high thermal conductiv-
ity. This material not only robustly protects the internal components from environ-
mental factors but also facilitates e cient heat management.

A distinctive feature of our design is the integration of a cooling uid inlet directly
into the casing, allowing for e ective heat transfer. Upon entering through this inlet,
the cooling uid ows into a network of channels embedded within the stator core.
This channel network is strategically designed to maximize surface area contact
with the stator, enhancing the heat absorption from the core components. The alu-
minum's thermal properties expedite the heat dissipation process, ensuring that the
cooling uid e ectively lowers temperatures throughout the machine. This e cient
cooling system is vital for maintaining optimal operational temperatures, preventing
overheating, and thereby safeguarding the EESM's longevity and reliability, while
sustaining high performance and e ciency.

2.2.5 Copper Loss

Copper Loss in EESM takes place in two ways Copper DC and Copper AC loss.
Copper DC loss, technically known as?R loss, represents the thermal energy dis-
sipated due to the inherent electrical resistance of the copper windings within the
stator and rotor of Electrically Excited Synchronous Machines (EESM). This phe-
nomenon occurs when electrical current traverses the conductor material (copper),
encountering resistance that converts a portion of the electrical energy into heat.
The magnitude of copper loss is quantitatively expressed by the formula P 2R,
where "P' denotes the power lost as heat, 'I' indicates the current, and 'R' symbol-
izes the resistance of the copper windings. These losses are pivotal in determining
the thermal and e ciency characteristics of EESM, as excessive heat generation
can lead to reduced operational e ciency and potential damage to the machine's
components.

Copper AC loss is caused due to skin e ect and proximity e ect in the stator and

6



2. Theory

end winding. The skin e ect occurs when alternating current (AC) ows through

a conductor. Due to electromagnetic induction, the AC creates a changing mag-
netic eld around the conductor. This changing eld generates circulating eddy
currents within the conductor itself, which oppose the main current. The current
tends to concentrate near the surface of the conductor (the skin), rather than being
uniformly distributed across its cross-section. In the active winding of an EESM,
the current is alternating (AC), and it ows through the stator winding that are
directly interacting with the machine's rotating magnetic eld. This leads to a
strong skin e ect because the winding experiences the full impact of the machine's
alternating magnetic eld. This alternating eld is responsible for generating torque
and is constantly changing in direction and intensity, which makes the skin e ect
more pronounced in the active part. The proximity e ect arises when conductors
are placed close to each other, which is common in stator winding. When AC ows
through these conductors, each one generates its own magnetic eld. These mag-
netic elds interact with the nearby conductors, inducing circulating currents within
them. As a result, the current distribution within each conductor is distorted, often
concentrating the current on one side of the conductor, near the adjacent wire. This
distortion increases the e ective resistance of the conductor, leading to additional
losses.

In the active winding, both the skin e ect and proximity e ect are strong because
the winding experiences a high-intensity alternating magnetic eld, which distorts
the current distribution and increases resistance. This leads to signi cant Copper
AC losses.

In the end winding, these e ects are much weaker because the winding is outside
the main magnetic eld. The reduced exposure to alternating elds means that skin
e ect and proximity e ect cause only minor losses, hence the assumption of around
20% of the Copper AC losses compared to the active winding was considered.
The higher the frequency of the AC, the more pronounced the skin e ect becomes,
causing the current to ow closer to the surface and leaving the center of the con-
ductor with little to no current.

Importantly , the resistance 'R’ for copper DC loss is not a constant value but varies
with temperature according to the below relationship

R=Ro(l+ (T To) (2.1)

whereRy is the resistance at a reference temperatuiig, T is the operating tempera-
ture, and is the temperature coe cient of resistance for copper. This temperature
dependence implies that as the machine operates and heats up, the resistance of the
copper windings increases, leading to greater copper losses. Additionally, copper loss
is also in uenced by the number of phases in the machine. In a multi-phase EESM,
the total copper loss is the sum of the losses in each phase. Typically represented
in a three-phase system as,

Piota = 3 R (2.2)

This formula underscores that each phase contributes to the overall heat generation,
impacting the machine's thermal management and e ciency.

E ective management of copper losses is therefore essential for enhancing the per-
formance and longevity of EESMs.
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2.2.6 lron Loss

Iron loss, also known as core loss, in Electrically Excited Synchronous Machines
(EESM) encompasses the energy dissipated due to the magnetic properties of the
iron used in the machine's stator and rotor cores. It comprises two main components:

hysteresis loss and eddy current loss.

Hysteresis loss occurs due to the lagging of magnetic induction behind the magne-
tizing force as the magnetic eld in the core alternates, causing molecules in the

iron core to realign with each changing cycle. This loss is dependent on the material

properties of the core, the frequency of the magnetic reversals, and the maximum
ux density. It is mathematically described by the Steinmetz equation,

Ph= B uf (2.3)

where is the hysteresis coe cient, Bnhax IS the maximum ux density, is the
Steinmetz constant (usually ranging between 1.5 and 2.5), aridis the frequency of
magnetic eld reversals.

Eddy current loss results from circulating currents induced within the core material
due to the changing magnetic eld. These currents create their own magnetic elds
which oppose the original eld, leading to energy dissipation in the form of heat.
The power loss from eddy currents can be expressed as

Pe = K o(Bmax)?t?f 2 (2.4)

, whereK is the eddy current coe cient, t is the thickness of the lamination, and

f is the frequency.

The total iron loss is thus the sum of hysteresis and eddy current losses, each in u-
enced by factors like frequency, core material, core geometry, and lamination thick-
ness. Managing these losses is critical for the e ciency and thermal performance of
EESM.

E ective control and reduction of iron losses are vital for enhancing the operational
e ciency and durability of EESMs, making them a focal point in the design and
operation of these machines.

2.3 Fluid Mechanics

The concept of uid mechanics and the equations associated with it are necessary
for thorough understanding of CFD simulations. The primary equations govern-
ing these simulations are derived from the conservation laws of physics speci cally,
conservation of mass, momentum, and energy.

2.3.1 Continuity Equation

The continuity equation is fundamental in uid dynamics to ensure mass conserva-
tion in uid ow, especially signi cant in incompressible ow analysis:

u=0 (2.5)
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This vector equation states that the divergence of the velocity eld is zero, implying
that the mass ow into any control volume is equal to the mass ow out, signifying
mass conservation.

2.3.2 Momentum Equation

The momentum equations, often referred to as the Navier-Stokes equations for vis-
cous ows, describe the force balance on a uid particle:

@u+u ru =r p+ r2u+f (2.6)

@t

Here, is the uid density, u is the velocity vector, p is the pressure, is the
dynamic viscosity, andf represents body forces (e.g., gravity). In steady-state
simulations, the time derivative term %‘t’ is zero, simplifying the equation to only
include convective and viscous forces, along with any external forces.

2.3.3 Energy Equation

The energy equation is used to determine temperature distribution within the ow
and is particularly relevant for ows where heat transfer is involved:

Cp %} urT =r (krT)+ (2.7)

In this equation, T is the temperature,c, is the speci ¢ heat at constant pressurek
is the thermal conductivity, and represents heat generated by viscous dissipation.
For steady-state analysis, the time-dependent term is eliminated.

2.3.4 Bernoulli's Equation

Bernoulli's Equation is a fundamental principle in uid dynamics that describes the
behavior of a uid moving along a streamline. This equation is derived from the
conservation of energy principle and states that for an inviscid ow (where viscous
forces are negligible), the total mechanical energy of the uid along a streamline
remains constant. Bernoulli's Equation can be expressed as follows:

1
P+ §V2+ gh = constant (2.8)

Where P is uid pressure, is the density of the uid, v is the velocity of the uid,

g is the acceleration due to gravity andh is the height above a reference level. In
the equation each term is associated with a type of energy, th® in the equation
symbolizes the potential energy due to pressure of uicg v 2 represents the kinetic
energy of the uid and gh is the potential energy due to the height of the uid
above a reference level.
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2.3.5 Reynold Number

In the study of uid dynamics and heat transfer within the context of computa-
tional uid dynamics (CFD), two dimensionless numbers are particularly crucial,
the Reynolds number and the Nusselt number. The Reynolds number (Re) is a
dimensionless quantity that helps predict ow patterns in di erent uid ow situ-
ations. It is de ned as the ratio of inertial forces to viscous forces and is given by
the formula

UL

Re= (2.9

where is the uid density, U is the ow velocity, L is the characteristic length,
and is the dynamic viscosity. It serves as a criterion for determining whether the
ow will be laminar or turbulent. Flows with Reynolds number less than 2300 are
typically laminar, while Re values greater than 104 indicate turbulent ows.

2.3.6 Nusselt number

Nusselt number (Nu) is a measure of convective heat transfer relative to conductive
heat transfer across a boundary. It is expressed as
hL

= (2.10)
where h is the convective heat transfer coe cient, L is the characteristic length,
and k is the thermal conductivity. The Nusselt number is essential for analyzing the
e ciency of heat transfer processes, allowing for the evaluation and enhancement of
equipment design in engineering applications. Together, these numbers play pivotal

roles in the characterization and optimization of ow and thermal processes in CFD
simulations.

Nu

2.4 Heat Transfer

Heat transfer is a critical process in many engineering applications, involving the
movement of thermal energy from higher to lower temperature regions. The three
primary modes of heat transfer are conduction, convection, and radiation, each
characterized by distinct mechanisms and described by speci ¢ equations.

2.4.1 Conduction

Conduction is the heat transfer through a material without the movement of the
material itself, occurring via molecular or electron motion within the substance. It
is quantitatively described by Fourier's Law, which states:

q= kr T (2.11)

Where q is the heat ux (amount of heat transferred per unit area per unit time),
k is the thermal conductivity of the material (a measure of its ability to conduct
heat), andr T is the temperature gradient within the material. The negative sign
indicates that heat ows from higher to lower temperatures.

10
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2.4.2 Convection

Convection involves the transfer of heat between a solid surface and a moving uid,
depending on the relative motion between the surface and the uid. The heat
transfer in convection is expressed using Newton's Law of Cooling:

g= h(Ts T¢) (2.12)

whereqis the convective heat ux, h is the convective heat transfer coe cient (which
depends on the type of uid motion and properties of the uid), Ts is the surface
temperature, andT; is the uid temperature far from the surface. Furthermore,
convection can be classi ed into two types, natural and forced convection. Natural
convection, where uid motion is caused by buoyancy forces that result from density
variations due to temperature di erences within the uid. Forced convection, where
uid motion is induced by external means, such as fans or pumps.

2.4.3 Radiation

Radiation is the transfer of energy by electromagnetic waves and can occur through
a vacuum. All bodies emit, absorb, and transmit radiation, depending on their
temperature and surface properties. The amount of energy radiated by a body is
given by the Stefan-Boltzmann Law:

q= T 4 (2.13)

whereq is the heat emitted per unit area, is the emissivity of the material (a mea-
sure of a material's ability to emit energy as radiation), is the Stefan-Boltzmann
constant andT is the absolute temperature of the body.

2.5 Computational Fluid Dynamics

Computational Fluid Dynamics (CFD) is a crucial simulation tool for analyzing uid

ow and associated phenomena, using advanced numerical methods to overcome the
limitations of traditional experimental approaches. In my thesis, the k-epsilon tur-
bulence model was adopted, a widely-used method for handling turbulent ow due
to its robustness and accuracy across a range of ows. This model uses two equations
to resolve the turbulent kinetic energy (k) and its dissipation rate (epsilon):

Turbulent kinetic energy (k) equation:

@), @ku) _ @

+ — +

t
@t @x @x Tk

#
@k
@x

(2.14)

Dissipation rate (epsilon) equation:

11



2. Theory

@), @ui)_ @ ,. @
@t+ a@x = k(CiPk Gy +@—?( +—@—?(

(2.15)

Here, represents the production of turbulence kinetic energy,; is the turbulent
viscosity, andC; , C, , «, and are model constants. The k-epsilon model o ers

a practical balance between computational e ciency and the ability to accurately
predict ow features such as recirculations and pressure drops, making it invalu-
able for optimizing designs and enhancing performance across diverse applications,
including aerospace, automotive, and energy sectors.

12
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Methods

In the computational uid dynamics (CFD) analysis of the cooling model, the simu-
lation was segmented into two distinct phases Figure 3.1. The rst phase focused on
the uid dynamics within the channels embedded in the stator core. Given that the
uid behavior in these channels exhibits minimal temporal variation, it was deemed
appropriate to employ a steady-state simulation. This approach not only aligns
with the expected physical phenomena but also o ers signi cant savings in terms of
computational resources and time.

The second phase of the simulation addressed the uid dynamics as the coolant exits
the stator channels and interacts with the end windings. Unlike the rst phase, the
uid behavior in this region is highly transient, characterized by complex interactions
with air and the physical structures of the end windings. As the coolant emerges
from the outlet, its trajectory and subsequent impact on various sections of the
end windings necessitate a transient simulation to accurately capture the dynamic
behavior and transient thermal e ects within this part of the cooling system. This
methodological division ensures that each segment of the model is analyzed under
the most appropriate computational approach, enhancing both the e ciency and
accuracy of the simulation results.

Figure 3.1: Regions for Steady State and Transient Simulation

13
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3.1 Steady State CFD Simulation

In contrast to transient simulations which require time-dependent calculations to
observe uid behavior, steady-state simulations assume that uid properties remain
constant over time. This is advantageous in scenarios where ow conditions are
stable or the interest lies in the nal equilibrium state. In Ansys Fluent, conduct-
ing a steady-state simulation involves a series of straightforward steps designed to
accurately represent static conditions, simplifying the computational process and
focusing on the equilibrium outcomes Figure 3.2.

Figure 3.2: Methodology for Steady State CFD Simulation

3.1.1 Geometry

The initial phase of the project involved designing the geometry of the cooling chan-
nels within the stator core, utilizing SolidWorks software. This design served as
the foundational model in an iterative process aimed at achieving the most opti-
mal con guration. Initially, the cooling channels were conceptualized with minimal
constraints to establish a reference design. Subsequent simulation results informed
a series of design modi cations to accommodate practical constraints and desired
outcomes.

Adjustments to the design parameters were made incrementally, based on iterative
simulation feedback, to converge on the nal design. An essential aspect of the de-
sign process was ensuring manufacturability and cost-e ciency. This was addressed
by minimizing the number of laminations required for the stator core to reduce
production costs. Additionally, the dimensions of the channels were carefully cho-
sen to facilitate manufacturability, and material usage was optimized to minimize
waste. Each step of the design re nement was strategically implemented to balance
performance, cost, and manufacturability.

The subsequent step involved preparing the geometry for the simulation, which was
executed using ANSYS SpaceClaim. In this stage, the speci ¢ volume through which
the coolant would ow was delineated Figure 3.3. The process included identifying
and specifying the inlet and outlet faces of the geometry, setting the stage for detailed
CFD simulation. This preparation ensured that the simulation environment was
accurately structured to re ect the real-world uid dynamics scenario.

3.1.2 Mesh

In my research, the model was imported into ANSYS Fluent Meshing for mesh
generation. This software notably automates several meshing steps, such as local
sizing adjustments, detection of inlets and outlets, boundary layer addition, and

14
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Figure 3.3: Fluid Region of Cooling System

volume mesh creation. Despite its automation capabilities, user intervention is still
required to specify certain parameters.

For this study, a 'Watertight Geometry' was selected during import. This term refers
to a 3D geometry that is completely enclosed without any gaps or holes, which is
crucial for generating an e cient mesh conducive to accurate simulations. Given
the simplicity of the model, local sizing was deemed unnecessary, as the standard
mesh settings provided satisfactory results.

The quality of the surface mesh was quanti ed by a skewness factor, with a target
value of 0.6 achieved, indicating good mesh quality unlikely to cause computational
issues. The geometry setup was straightforward, encompassing only uid regions
without voids, negating the need for multi-zone settings or shared topology.
Automatic detection of boundary types facilitated the identi cation of regions such
as inlets and outlets, although manual adjustments were possible if required. The
software also correctly recognized the model as comprising solely uid regions.

15
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The addition of boundary layers was a critical step, essential for accurately capturing
turbulence, viscous e ects, and velocity gradients in near-wall regions. The volume
mesh was nally generated using a poly-hexcore method, culminating in a mesh
structure optimized for the subsequent uid dynamics simulation Figure 3.4. This
comprehensive setup ensured the delity and reliability of the simulation results,
pivotal for the analytical objectives of this thesis.

Figure 3.4: Volume Mesh Section

3.1.3 CFD Setup

The next step involves setting up the model using our study conditions. This involves
selecting the appropriate type of simulation such as transient model or steady state
model etc. In this study steady state study was selected. There are options to
select models or equations we want to use, for this case k-omega model was selected,
this was due to its good predictions in near wall regions, its less sensitivity for free
stream conditions and its robustness in adverse pressure gradients. Furthermore, the
materials properties used in this study were de ned including the coolant properties
at 65 deg C. The cell zone for the model was kept as uid, as only the volume
involving the coolant ow was extracted. Then in the boundary conditions, the inlet
velocity was given as 1.618 m/s, which was calculated using the pump ow rate to
the machine. The SIMPLE (Semi-Implicit Method for Pressure Linked Equations)
was used for the simulation as it o ers e cient handling of incompressible ows,
stability and robust handling of pressure-velocity coupling.

16
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3.1.4 Solution

This is the nal step where we observe the results obtained. Inlet pressure and
outlet velocity are the main variables that are observed. In case of outlet velocity, it

is important to look for per outlet average velocity and not just the average velocity

combined of all outlets. Another thing to consider is to check if the per outlet

average outlet velocity reached the target being set by the projectile calculation.

3.2 Modeling of Cooling Channels

This chapter outlines the methodology employed to design the cooling circuit for the
Electrically Excited Synchronous Machine (EESM) Figure 3.5. Initially, a prelimi-
nary stator core design was established using Ansys Maxwell, based on achieving the
requisite electromagnetic performance targets. Subsequently, endwinding models for
both the driver-end (DE) and non-driver-end (NDE) were developed in Ansys Space-
claim, utilizing drafting dimensions provided by the manufacturer. The third phase
involved calculating the projectile motion of coolant particles to ensure targeted
cooling of the end windings. This analysis determined the necessary target pressure
drop and outlet velocity from the cooling channels. A parameter-driven design ap-
proach was then applied to create various channel con gurations within the stator
core, which were iteratively simulated in Ansys Fluent to re ne the design. Upon
nalizing the design, a 3-D printed model was constructed to empirically validate
the coolant ow simulations, ensuring the design met its intended speci cations.

Figure 3.5: Methodology for Modeling of Cooling Channels

3.2.1 Stator Core Design

Designing a stator in Ansys Maxwell involves a systematic approach that integrates
electromagnetic theory with practical engineering constraints to optimize perfor-
mance, e ciency, and manufacturability Figure 3.6. The initial step involves de n-
ing the geometric parameters such as the outer and inner diameters, core length, and
slot dimensions. This is followed by specifying the electrical parameters including
the number of slots, slot pitch, type of windings, turns per coil, and wire gauge.
Material properties for both the core and the windings need to be selected based on
their magnetic and electrical characteristics.

The design process in Ansys Maxwell utilizes nite element analysis (FEA) to simu-
late and analyze the electromagnetic behavior of the stator. The simulation helps in
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assessing magnetic ux distribution, core losses, and electromagnetic forces, provid-
ing insights into how changes in design variables a ect performance. The software's
parametric and optimization tools are leveraged to ne-tune the design parameters,
aiming to minimize losses and maximize e ciency.

Throughout the design iteration, particular attention is paid to the e ects of har-
monics on the magnetic and electric loading to ensure that the machine will operate
e ciently under various loading conditions.

Figure 3.6: Stator Core Design

3.2.2 End Winding Design

End Windings in electric machines are crucial for connecting coil turns or phases be-
yond the stator or rotor core, forming loop connections between successive coil turns
and phases. Their design is pivotal in a ecting electromagnetic elds, cooling e -
ciency, and mechanical stability. In this project, detailed drafting speci cations for
both the driver-end (DE) and non-driver-end (NDE) end windings were supplied by
the manufacturer. Utilizing these speci cations, the Computer-Aided Design (CAD)

of the end windings was meticulously executed in SolidWorks, adhering closely to
the provided dimensions Figure 3.7. Subsequently, the designed end windings were
accurately assembled with the stator core and housing, ensuring a precise integra-
tion of components within the overall machine assembly. This process was critical in
achieving optimal alignment and functionality of the electrically excited synchronous
machine.

3.2.3 Projectile Calculation

To optimize the cooling of the end winding in the electrically excited synchronous
machine, precise targeting of coolant drop was critical. By employing kinematic
equations of motion, the trajectory of coolant per second was calculated, allowing
for an accurate estimation of the necessary outlet velocity from the cooling channels.
This calculated velocity aimed to ensure the droplets reached the midpoint of the end
winding, which was determined as the optimal target region to enhance coverage and
e ciency. The ability to approximate the target outlet velocity from these initial
calculations gave a target that design had to meet for proper cooling of the end

18



3. Methods

Figure 3.7: DE Endwinding Design

winding. This strategic approach streamlined the development process, provided
direction and expediting the achievement of desired thermal management objectives
in the machine design.

Taking ow rate as Qm, that is the amount of uid owing(Liters) from a cross
section for every minute.

103
Qms = Q|60 (3.1)
Vis = ?\;‘j (3.2)

Where Qn,s is the amount of uid owing(m3) from a cross section for every second,
Vs is the total volume of uid owing from a single slot (m3) per second.Ng is the
number of slots in the machine.

From kinematic equations of motion in Y direction,

1
s=ut+ Egt2 (3.3)

Where s is the height of the slot in Y direction in m/s, u is initial velocity of the
uid in Y direction in m/s, g is acceleration due to gravity andt is time taken to
reach s distance.

. S
t= % (3.4)

(3.5)
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Flow rate Q), of the coolant entering the inlet from the housing is 12 Liters per
minute(Lpm) and the density of the coolant at 60C. Using the above equationsyy
of uid comes out to be 0.9899 m/s (Appendix A).

3.2.4 Pump Height Calculation

Pump height, often referred to as total dynamic head in hydraulic systems, is a crit-
ical parameter for ensuring the e cient operation of a pumping system. Figure 3.8
illustrates the coolant ow path within the machine. The coolant enters the system
through the inlet located in the casing, proceeds through the designated channels,
and strikes the end windings to provide cooling. Afterward, it is collected in a
reservoir and directed to the pump, which recirculates the coolant back to the inlet,
maintaining a continuous cooling cycle. It represents the total height that a pump
must lift a uid, combining the static lift, the height the uid must be elevated, and
the resistance due to friction and other components in the system like valves and
bends.

The total dynamic head TDH can be calculated using the following equation:

TDH = Pressure HeafH ) + Friction Head(H;) + Discharge HeadH,) (3.6)

Pressure head is the head required by the pump to overcome the pressure di erence

Hp= — (3.7)

H, is the head required to overcome the pressure di erence between the inlet and
the outlet of the pump, P is the pressure di erence (in Pascals), is the density of
the uid (in kg/m 3), g is the acceleration due to gravity (approximately 9.81 m#A.
Friction head losses occur due to the resistance to ow within the pipe and other
components like ttings, valves, and bends in the system. These can be calculated
using the Darcy-Weisbach equation:

_ fLv?

"= 2bg (3.8)

where f is the friction factor (which can depend on the pipe's material and the ow's
roughness), L is the length of the pipe, D is the diameter of the pipe, v is the ow
velocity, and g is the acceleration due to gravity.

Discharge head is the vertical distance from the pump's discharge or the centerline
up to the highest point of the outlet pipe or the discharge point. It essentially
measures the elevation the pump needs to overcome to push the uid to its intended
height.

Hi=2 2z, (39)

For the above mentioned inputs, a pump height of 5.44 m was obtained (Appendix
B).
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Figure 3.8: Coolant Flow Diagram

Inputs Value
Diameter of pipe at outlet(D) 0.012 m
Velocity at outlet(v) 1mls
Acceleration due to gravity(g)| 9.81 m/s’
Density of coolant() 804.33 kg/n?
Friction factor(f) 0.07
Length of Pipe 1 0.030 m
Length of Pipe 2 0.250 m
Fitting factor for bends(k) 0.5
Pressure at outlet 40000 Pa
Pressure at inlet 0 Pa
Height of the outlet(z,) 0.260 m
Height of the inlet(z,) Om

Table 3.1: Design parameters and their values

3.2.5 Parameter Based Design of Cooling Channels

The primary objective in designing the cooling circuit for the electrically excited
synchronous motor (EESM) was to regulate the temperature of both the windings
and the stator core to maintain operational e ciency and minimize thermal stress.
The stator core is made up of several laminations, reducing eddy current losses,
enhancing overall performance. A key goal was to achieve desired coolant velocity
and pressure drop at the outlet using the minimal number of lamination types to
simplify manufacturing and reduce costs.

In designing the cooling channels, it was crucial to minimize the removal of stator
core material to preserve the magnetic ux density and, consequently, the machine's
torque. The coolant ow begins at an inlet within the housing Figure 3.9 and
Figure 3.10, progresses into a main channel, and then divides into secondary type
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2 channels before entering the narrower type 1 channels, ensuring the uid exits
at the target speed. A larger main channel could result in uneven coolant ow
distribution, where channels closer to the inlet receive more ow than those farther
away, leading to variations in cooling e ciency. Rapid lling of the main channel
was essential to establish uniform pressure that drives coolant evenly through all
subsidiary channels.

To optimize the cooling of the windings, channel outlets were strategically located
near the winding slots. Type 2 channels facilitated the transfer of coolant from
the main channel to these outlets, conserving stator material and transforming the
coolant's potential energy into kinetic energy, thereby increasing its velocity. Finally,
the type 1 channels were designed to ensure a consistent and smooth laminar ow,
optimizing the heat transfer from the stator and windings to the coolant. This ap-
proach not only enhances the cooling e ectiveness but also maintains the structural
integrity and performance of the motor.

Figure 3.9: Model Design Parameters (a)

Figure 3.10: Model Design Parameters (b)

3.25.1 Design 1

In the optimized design, only two types of laminations are necessary, simplifying
manufacturing and reducing costs. The type 1 channels are engineered with a 13 mm
height to maximize coverage of the end windings, ensuring uniform cooling across
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Figure 3.11: Design 1 Channel Cross-Section

Figure 3.12: Cross Section of Design 1 Outlet Face

this critical component Figure 3.11 . The channel's cross-section is designed as
trapezoidal wider at the top and narrower at the bottom Figure 3.12. Figure 3.13
illustrates the lamination design. The Type 1 lamination, depicted on the left of
(Figure 3.13 left) extends from the termination of the main coolant channel to the
end of the stator core's active length. This lamination features active winding slots
and incorporates 48 trapezoidal channels speci cally designed to facilitate coolant
ow. The type 2 (Figure 3.13 right) covers the main channel's width and also
contains the slots for active winding. This idea was to help maintain a consistent
uid velocity across the outlet cross section, enabling more e cient cooling coverage
of the end windings. By adopting this shape, the design counters the e ects of
gravity that might otherwise cause coolant to concentrate more heavily at the lower
part of the outlet, ensuring that the coolant ow is distributed more evenly despite
the gravitational pull. Material Utilized = 6.75%

The design was simulated with an 11 L/min coolant ow rate at the inlet from the
pump. However, the results indicated that the design failed to achieve the target
velocity. An analysis based on Bernoulli's equation reveals that the high volume of
the type 1 channel does not create the necessary pressure drop to propel the coolant
with su cient velocity towards the outlet Figure ?7?. This insight highlights the
need for adjustments in the channel dimensions.

3.2.5.2 Design 2

In this revised design, three types of laminations are utilized Figure 3.18. Previously,
insu cient velocity at the outlet prompted a modi cation: the thickness of the type
2 channel was decreased to narrow its cross-section, thereby increasing the pressure
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Figure 3.13: Laminations for Designl

Figure 3.14: Velocity Distribution for Design 1

Figure 3.15: Pressure Distribution for Design 1

drop from the main channel and consequently the coolant velocity within the type

2 channel. However, this alteration could result in a jet-type ow from the outlet,
which might cover a smaller surface area of the end winding. To mitigate this, a
wider type 1 channel was implemented. The larger cross-section of the type 1 channel
signi cantly reduces the pressure, transforming the narrow jet into broader, more
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Figure 3.16: Design 2 Channel Cross-Section

Figure 3.17: Cross Section of Design 2 Outlet Face

dispersed streams of coolant. This design adjustment enhances coverage, ensuring
more e ective cooling across the maximum surface area of the end winding. Material
Utilized is 5.6%.

Figure 3.18: Laminations for Design2

In this design iteration, improvements were noted in the average outlet velocity
Figure 3.19, and a discernible sprinkling e ect was visible in the velocity contours.
Despite these enhancements, the average velocity remains below the target, primar-
ily due to the expanded cross-section of the type 1 channel. Also, a non-uniform
velocity distribution across the outlet cross-section was observed, with higher veloc-
ities observed in the upper regions compared to the lower. Furthermore, this design
necessitates the use of three types of laminations, an increase from the two types
required in the previous con guration.
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Figure 3.19: Velocity Distribution for Design 2

Figure 3.20: Pressure Distribution for Design 2

Figure 3.21: Design 3 Channel Cross-Section

Figure 3.22: Cross Section of Design 3 Outlet Face

3.2.5.3 Design 3

In response to the shortcomings of the previous iteration, this design utilizes two
types of laminations to construct cooling channels within the stator core Figure 3.21.
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