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Abstract

With environmental and energy issues becoming increasingly prominent,
environmentally friendly transport is receiving progressively more attention and research.

This thesis concentrates on a study of the motor used in the electric tail rotor of helicopters.

The concept of ‘More Electric Aircraft’ (MEA) has gained attention because of the many
advantages it brings, such as enhanced aircraft performance, increased reliability,
decreased operating and maintenance costs and reduced greenhouse gas emissions. All
these advantages it brings have attracted a lot of attention to it. Helicopter technology has

also been influenced by this conceptual approach.

This study proposes a Permanent Magnet (PM) motor design for a helicopter electric tail
rotor with fault-tolerant performance. The performance of this type of motor was
analysed using Finite Element (FE) simulation, paying particular attention to rotor losses

and their mitigation, along with topologies which offer fault tolerance.

Due to the harsh working environment of motors, it is essential to prevent damage caused
by high temperatures, such as insulation failure, demagnetisation of PMs. Losses were
minimised and the heat dissipation performance of the motor was obtained by
Computational Fluid Dynamics (CFD) simulation based on the finite element simulation
results. A new hybrid cooling design was proposed that showed excellent cooling results

in simulations.

Finally, considering the complexity of the model, part of the stator winding was
manufactured with the hybrid cooling design and tested in a wind tunnel. The
experimental and simulation results were compared, and the design was validated. The

predicted and measured results showed some consistency in the cooling performance.
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Chapter 1 Introduction

1.1 Background

The transportation sector is considered responsible for more than 20% of global CO>
emissions. Moreover, the global aviation industry contributes around 2% of global CO-
emissions from human activities, according to the Intergovernmental Panel on Climate
Change [1]. Traditional aircraft modes are becoming increasingly problematic in the face
of global warming, air pollution, and energy constraints. Among the most critical
challenges to reducing the environmental impact of aviation are aircraft mass and fuel
consumption. For total aviation traffic, one less kilogramme per aircraft saves roughly
1700 tonnes of fuel and 5400 tonnes of CO2 emissions per year [2]. To keep up with the
global economic development trend, governments, universities, and corporations aim to
develop new energy modes of transportation. Electric motors and associated drive
systems are critical components of new energy modes, such as electric-, hybrid-, and fuel

cell-driven transportation.

The More Electric Aircraft (MEA), which prioritises the use of electrical systems
throughout the aircraft while minimising the need for traditional power like hydraulic,
pneumatic, and mechanical systems, has many claimed benefits that are far from new [3].
MEA has become a well-known alternative for enhancing aircraft performance,
increasing reliability, decreasing operating and maintenance costs, reducing greenhouse
gas emissions and offering safe services and a comfortable environment [4]-[6].
Meanwhile, the development of power electronic systems, fault-tolerant motors and fault-

tolerant electrical systems is attracting more interest in the development of MEA [4].

In addition, the MEA concept has an impact on helicopter technology. However, because
of the power constraints of motors and batteries, an all-electric propulsion system, which
is popular for many small-scale rotorcrafts and multirotor platforms, is not feasible for
full-scale rotorcrafts [8]. Therefore, the proposed hybrid propulsion systems in [9]-[11]
will be a viable option for helicopters. With parallel and series designs, the electric drive
can be applied for the tail rotor or both the main and tail rotors. Electric drives provide
equivalent performance and weight to mechanical links, including various shafts and
gearboxes, but significantly reduce maintenance costs, boost operating flexibility and

provide future advancements to the current system.



As the central component of the electric drive system, the motor is critical to the overall

driving performance of the system. However, because of the size of air transportation and

the operational environment, the high-performance requirements of these motors exert

more substantial demands on motor design and analysis than industrial motors.

1.2

Aim and objectives

This research aims to develop a fault-tolerant PM motor for helicopter Electric Tail Rotor

(ETR) systems. Furthermore, a novel cooling mechanism is required to increase the

system’s competitiveness.

The specific objectives of this research are as follows:

1)

2)
3)
4)

5)
6)

1.3

Design and analyse a PM Synchronous Machine (PMSM) with high power, torque
and current densities, and which is fault tolerant.

Study and optimise the PM losses by adding a rotor copper cage.

Evaluate the machine performance in normal operation and fault mode.

Investigate the effects of airflow velocity, air turbulence intensity and air channel size
between coils on air cooling performance.

Design a distinct hybrid cooling topology by CFD simulation.

Validate the thermal simulation results experimentally.

Contribution to knowledge

Based on the knowledge gathered, the study has made the following contributions:

1)
2)

3)

4)

5)
6)

Proposing a proper PM motor for the electric tail rotor of a helicopter.

Through the study of the rotor copper shield, the rotor cage is presented and
compared.

The fault-tolerant design was carried out on the proposed motor and was verified in
simulation.

Demonstrating the air-cooling performance under different conditions such as air
turbulence intensity, and the width and shape of the air channel.

A new hybrid cooling system is proposed and simulated for the first time.
constructing and testing the proposed new hybrid cooling system in the wind tunnel,

validating its superiority.



1.4 Thesis overview
The structure and content of this thesis are as follows:

Chapters 1 and 2 provide a literature review of electric drive systems for helicopters.
Firstly, the concepts of MEA are introduced along with several advantages when
replacing the mechanical, hydraulic and pneumatic systems with electric drive systems.
The principle of the fault-tolerance electric machine system is then presented. Then,
considering high power density and reliability, the benefits and drawbacks of different

cooling methods are proposed and compared.

Chapter 3 presents a benchmark design of the PMSM with high current and power
densities.

Chapter 4, according to the design from Chapter 3, analyses and reduces the PM and
winding losses, which contain AC and DC losses. The optimisation approach for the PM
loss with a rotor cage is designed, studied, and compared for two alternative PM machine

structures — surface permanent magnet (SPM) and interior permanent magnet (IPM).

Chapter 5 analyses and compares the non-synchronous winding harmonics of motors with
different pole-slot combinations, then two fault-tolerant models are proposed and

analysed in comparison, and finally a suitable design is selected.

Based on the optimised PM machine, Chapter 6 uses CFD simulation to calculate the
temperature rise in the stator. The cooling performance is determined while considering
the effect of the airflow velocity, air turbulence intensity, as well as various sizes and
forms of air channels between coils. Finally, hybrid cooling options that involve copper
pipes inside the windings are devised and compared to reduce the hot spot temperature

in the coil centre.

Chapter 7 discusses the construction of the experimental platform and the manufacturing
of the tested models. Meanwhile, the cooling performance of air cooling only and hybrid
cooling is investigated in the wind tunnel to validate the CFD simulation results presented
in Chapter 6.

Chapter 8 offers a summary of this research and conclusions, as well as a consideration

of future research feasibility.



1.5 Publication

In addition to this thesis, this work has resulted in various publications that have been

presented at international conferences:

Q. Li, X. Shen, B. Mecrow and X. Deng, "Hybrid Cooling Design of Permanent Magnet
Synchronous Machines,” The 10th International Conference on Power Electronics,
Machines and Drives (PEMD 2020), 2020, pp. 395-400, doi: 10.1049/icp.2021.1044.

Q. Li, B. Mecrow, X. Shen, X. Deng and M. Ikhlag, "Design and analysis of a cooling
system for permanent magnet synchronous machines,” 11th International Conference on
Power Electronics, Machines and Drives (PEMD 2022), 2022, pp. 141-145, doi:
10.1049/icp.2022.103



Chapter 2 The more electric aircraft

2.1 Introduction

Following realisation of the electric vehicle concept, the MEA concept is offered with
the goal of replacing its mechanical, hydraulic, or pneumatic precursors with an electric
system. Electrification of aircraft actuation was first proposed in 1916 [13]. Electrical
power was then employed for significant flight controls and other functions to aid pilots
as aircraft speed and size increased throughout the Second World War [14]. There are
four types of secondary power systems, which are standard on aeroplanes around the
world [15], [17]:

¢ Mechanical power system: this transfers engine power to hydraulic pumps, local
pumps for engine equipment and other mechanically powered subsystems, as well
as the primary electrical generator, via the mechanical gearbox.

e Hydraulic power system: this transfers power from the central hydraulic pumps
to the actuation functions, such as for primary and secondary flight control,
landing gear, engine actuation and a variety of other systems.

e Pneumatic power system: this uses high-pressure engine compressors to power
the environmental control system, which includes air conditioning, pressurisation,
and wing ice protection.

e Electrical power system: this obtains power from the main generator to power the
avionics and utility services, including cabin and aircraft lights, galleys, and other

commercial loads (such as entertainment systems).

Electrical power, now established as a secondary power source to support electronic and
utility services, initially struggled to acquire traction due to limitations such as lower
power density [14], [16]. Through improvements in permanent magnetic materials,
semiconductor materials, and power electrical drive control techniques in the 1970s, the
electrical power system came to provide several benefits over mechanical, hydraulic, and

pneumatic systems, such as safer operation [7].

Around the early 1980s, the aerospace industry began to adapt electrical power for
equipment where it was technically feasible and advantageous [14]. Several programmes,
such as the Totally Integrated More Electric Systems (TIMES), the US Air Force MEA
Program, and the Power Optimized Aircraft (POA), were launched in the 1990s to



investigate the application of electrical systems and optimisation of electrical power
management to reduce fuel consumption and maintenance costs while increasing

reliability and safety [15]. Figure 2-1 depicts the progression towards MEA.
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Figure 2-1: The trend toward the MEA [15]

Currently, both the Boeing 787 and the Airbus 380 (A380) feature substantially bigger
electrical systems than prior aircraft, resulting in a plethora of technological
advancements [15], [18]. Electrical systems are now replacing other secondary power
systems in aircraft actuation systems, wing ice protection, environmental control systems,

and fuel pumping, making aircraft more fuel-efficient and quieter [17]-[19], [77].
2.2 Aircraft power system layout
2.2.1 Traditional aircraft system

In conventional civilian aircraft, the gas turbine engines, as shown in Figure 2-2, provide
thrust for the flight as well as power all other loads on the plane (mechanical, pneumatic,
hydraulic, and electrical) [20], [21]. The earlier secondary power systems have several
drawbacks as they grow more complicated, such as low efficiency, and it can be difficult
to identify breaches in the pneumatic and hydraulic systems due to a heavy and inflexible
infrastructure, and the possibility of harmful fluid leakage [15]. Because interactions
between numerous pieces of equipment lower the overall efficiency of the systems,
streamlining to a single type of power source derived from aircraft engines will be more

effective.

A leak in a pneumatic or hydraulic system would result in a network outage for all
equipment, and access to the location can be difficult [15]. Eliminating pneumatic,

mechanical, and hydraulic components might hence significantly enhance engine



performance and reduce overall weight, lowering fuel consumption. Consequently,
electrical power was chosen as the primary source since it offers various benefits in terms
of versatility and application range (from low-power avionics to high-power actuators)
[20]. Furthermore, the enhanced prognostics and diagnostics provided by electrical
systems increase aircraft availability and decrease the need for unexpected maintenance
[17], [22].
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Figure 2-2: Power sources on a conventional civilian aircraft [21]
2.2.2 The MEA system

The gas turbine engines in an MEA system provide thrust and electric power, as shown
in Figure 2-3. Electric motors power most of the system’s loads, including hydraulic, fuel,
and oil pumps, as well as environmental control and de-icing systems. Generators can be
placed on the exterior of the engine and connected to the main shaft through gearboxes
or mounted coaxially with the shaft to start the engine and generate electric power [20].
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Figure 2-3: Concept for the power sources on an MEA [21]
2.3 MEA advantages

Adopting MEA can provide the several primary advantages. First, eliminating hydraulic
systems improves aircraft reliability while also reducing complexity, redundancy, weight,
installation, and maintenance costs [23], [24]. Second, replacing the engine-bleed system
with electric motor-driven pumps simplifies installation and lowers costs [5]. Third, using
the engine starter/generator to start the aero-engine eliminates the engine tower shaft and
gears, power take-off shaft, and auxiliary gearboxes, and reduces engine starting power,
especially at low temperatures [25]. Fourth, electrical systems are generally more
efficient than hydraulic and pneumatic systems because traditional, centralised systems
remain energised throughout the flight, whereas electrical systems provide the precise
function required without concerns about excess or reduced power being supplied to the
loads [7]. Meanwhile, the MEA increases the efficiency of power distribution, and
reduces the required power rating of the wiring by shortening the distances between

generation and consumption [26]. Additional advantages include:

o Reliability (easier and faster failure isolation [12], easier to monitor and observe

performance trends [21], 15% reliability improvement [30]).



e Flexibility (power generation and distribution close to the load [5]).

e Easier and safer control [27].

e Reduced noise.

e Less maintenance [12] (Up to 4.2% reduction in maintenance man-hours per
flying-hour [28]).

e Reduced environmental impact (fuel savings and reduced hydraulics).

e Reduced weight (Up to 6.5% reduction in take-off gross weight [28]).

¢ Allowing for the installation of sophisticated entertainment systems, seat comfort,
and other features.

e Fewer constraints regarding certification of aircraft for commercial use.

e Reduced ground support.

e Eliminates high-temperature ducts and inflammable fluids required in a
traditional aircraft [21].

e Enables faster diagnostics and better prediction of potential failures, resulting in

less downtime [29].
2.4 Current research on MEA

Airframers, vendors, and the military are all interested in more electric architecture and
the associated components/subsystems. On the one hand, replacing most pneumatic and
hydraulic systems with electrical systems has realised benefits such as higher fuel
efficiency, lower emissions, and increased reliability. On the other hand, the MEA
concept places growing demands on the generation, conversion, and distribution of
electrical power within the aircraft, resulting in the constant evolution of MEA
technologies with plenty of potential for improvement as systems are refined and
enhanced. As a result, the MEA concept is widely recognized as the technological
direction for the aerospace industry. The A380 and Boeing 787 are two major aircraft
programmes that demonstrate how electric power production and increased usage of

power electronics can be accomplished in an aircraft.
2.4.1 A380 electrical system

The A380 was the first large civil aircraft to feature a more electric architecture system
with variable frequency (VF) power generation [21], [32]. The maiden flight of the first
A380 took place on 27 April 2005. The aircraft, equipped with Rolls-Royce Trent 900



engines, took off from Toulouse-Blagnac International Airport with a crew of six, and
landed successfully after 3 hours and 54 minutes. The A380 aircraft is currently operating

on scheduled flights with different airlines [33].
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Figure 2-4: A380 electrical power system components [21]

The A380 electrical system components are shown in Figure 2-4. These comprise four
150 kVA VF generators (370-770 Hz), two constant-frequency auxiliary power unit
(APU) generators (nominally 400 Hz), one 70 kVA ram air turbine (RAT) for emergency

purposes, and four external power connections (400 Hz) for ground power.

Each of the main generators is driven by its associated engine, and supplies power to the
appropriate AC bus. However, because the generators’ output frequencies depend on the
varying speeds of the engines driving them, the several AC buses cannot be connected in
parallel. Each generator is, therefore, controlled by its respective generator control units,
as are the two APU generators. There are three Battery Charge Regulator Units (BCRUSs),

which are based on regulated Transformer Rectifier Units (TRUs) connected to the AC
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bus. The AC bus also provides power to the galley loads. Meanwhile, the main AC buses

can accept ground power input for on-the-ground servicing and support.
2.4.2 Boeing 787 electrical system

The Boeing 787 has most of the features of an MEA system [21], [31], [32]. The Boeing
787 made its maiden flight on 15 December 2009 and completed flight testing in mid-

2011. The aircraft entered commercial service on 26 October 2011.

External Power W
2% 115 Vac, 90 kVA S f
A, j\\\_lji

_'_'gm.' .h'm!

- Forward E/E Bay

]I!’

230 Vac Feeder
Generator
2 x 250 kVA

Aft E/E Bay

External Power
2 x 115 Vac, 90 kVA

Loads

APU Generator
2 x 225 kVA

Remote Power
Distribution Unit

Figure 2-5: Boeing 787 electrical power distribution system (physical locations)
[31]

The electrical power distribution system is shown in Figure 2-5. The system includes six
generators — two per engine and two per APU — operating at 235 V AC for reduced
generator feeder weight. The system also includes ground power receptacles for airplane
maintenance on the ground without using the APU. The bleed air is not used in the
airframe, so the environment control system, cabin pressurization system, wing anti-ice
system and other conventionally pneumatic power systems are all powered electrically.
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The only bleed air used from the engine is low-pressure fan air used for anti-icing the

engine cowl. The main electrical loads are as follows:

Environment control system and cabin pressurisation system which contain four
electric compressors.

Electrically heated cargo bay.

Four 100 kVA electrical motor pumps for the cooling loop of high-power motor
controllers and galley refrigerators.

Wing de-icing.

Flight controls.

Electric brakes.

Landing gear.

2.5 More Electric Helicopter development

2.5.1 The helicopter

The helicopter’s rotating wings provide all three of lift, propulsion, and control. Figures

2-6 and 2-7 illustrate the principal helicopter configurations. The rotor blades rotate

around a vertical axis, tracing out a disk on a horizontal, or nearly horizontal, plane.

Aerodynamic forces can be generated by helicopters with rotary wings even when the

speed of the craft itself is zero. The helicopter, therefore, is capable of vertical flight,

including vertical take-off and landing [34].

Figure 2-6: UH-60A single main rotor and tail rotor helicopter
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Figure 2-7: A tandem main rotor helicopter — Boeing CH-47 Chinook

Helicopters are widely used in military, fire rescue, resource detection, tourism,
communication and other fields because of their high mobility, hovering, vertical take-

off and landing, and near-ground flight characteristics [35].
2.5.2 Helicopter configurations

Power is transmitted to the rotor via the shaft and is accompanied by torque. Measures
are required to balance the torque effect on the helicopter because there are no forces or
moments acting on it while in steady flight. Generally, there are two ways to achieve this:
a single main rotor plus tail rotor configuration, and a twin contra-rotating rotor

configuration.
2.5.2.1. Configuration with a single main rotor and a tail rotor

Helicopters with a single main rotor require a separate auxiliary rotor to balance torque
and yaw control as shown in Figure 2-8. The compensating torque is created by the tail
rotor thrust acting about the main rotor shaft. The main rotor provides lift, propulsive
force, and roll, pitch, and vertical control. There are three most common auxiliary rotors

configurations used to balance the torque [36], [38]:

e The tail rotor
e [Fenestron
e The NOTAR

13



- Tail Rotor Thrust
to Compensate for Torque

Figure 2-8: Torque effect on the helicopter

The tail rotor is a small rotor mounted on the tail boom as shown in Figure 2-6, usually
slightly beyond the edge of the main rotor disk. The tail rotor is vertical and with a
horizontal shaft. It develops thrust in a direction perpendicular to that of the main rotor
to balance the torque created by the main rotor. In addition, it allows the pilot to rotate

the helicopter around its vertical axis to change the orientation of the craft.

Figure 2-9: Fenestron tail rotor — EC120B [37]
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An alternative tail rotor configuration is the Fenestron [37] in which a ducted fan at the
end of the tail boom replaces the tail rotor as illustrated in Figure 2-9. Compared with the
typical tail rotor, it has a smaller diameter and is run at a higher speed. This configuration
offers several advantages such as reduced noise and vibration, lightness and smallness
rotor, enhanced efficiency, and increased safety by reducing the chance of a tail strike.

However, it has disadvantages such as increased weight, cost, and power during the hover.

Figure 2-10: NOTAR — MD Explorer air ambulance [114]

Another configuration is the NOTAR which does not involve the tail rotor, as shown in
Figure 2-10. It was developed by McDonnell Douglas Helicopter Systems. This system
outputs a high volume of low-pressure air generated by a fan inside the tail boom through
slots, and exploits the Coanda effect to create a boundary layer to modify airflow around
the tail boom. This compensates for the main rotor torque. Meanwhile, the directional
yaw control is obtained by a vented drum at the end of the tail boom. This configuration
also provides benefits such as reduced noise and improved safety, while requiring a larger

tail boom than the conventional one.
2.5.2.2. Configuration with twin contrarotating rotors

A twin main rotor configuration uses two contrarotating rotors of the same size and
loading, which produce the torque of the same magnitude but in opposing directions. As

a result, there is no net torque on the helicopter in forwards flight and hover. The

15



directional yaw control is gained by creating a torque difference between the two main

rotors.
2.5.3 More electric helicopter

Minimising embedded mass and fuel consumption while meeting instantaneous load
power requirements is mandatory for designing operational helicopters [39]. Notably, the
electrification of helicopter propulsion is considered a promising approach for meeting
these requirements [11], [40]. Pure-electric and hybrid electric propulsion systems have
been proposed [41]-[42]. However, hybrid electric propulsion systems have longer flight
times than pure-electric systems due to the energy density of traditional fuels in
combination with a smaller battery (which can be relatively heavy). Thus, secondary
power supplies can avoid oversizing the main power supply and optimise the
management of transient energy [39]. Furthermore, for helicopters with a single main
rotor, the battery allows for a few minutes of additional power in the event of mechanical

engine failure [10].
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Figure 2-11: Tail rotor configurations [43]
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Figure 2-11 shows the traditional tail rotor configuration and ETR configuration. The
ETR system replaces the driveshafts and tail rotor gearbox with a generator, power

converter, cabling and motor.

There are numerous differences between mechanically driven and electrically driven tail
rotor systems. The conventional helicopter tail rotor system, the foundation of helicopter
research, is a system powered mechanically by a series of high-speed shafts and
gearboxes, which are the only connection between the tail rotor and the main transmission.
The thrust of the tail rotor fan is generated by the different pitch angles of the rotor blades.
Considering the operation behaviour and failure modes, the power draw of the
mechanically driven tail rotor system is determined by the working conditions of the tail
rotor and the main transmission, which acts as a constant speed power source. Once the
power demand for the system increases, the rotating tail rotor will stall, and thus the
power transmitted from the main mechanical transmission should be readjusted. The stall
of the tail rotor is a dangerous operational state that needs to be avoided. However, the
electrically driven system is controlled by the power converter and its controller. The
inner control loop of an electrical drive is the current loop, designed to ensure the system
obtains the required torque, and its outer loop is designed to control the speed by adjusting
the torque demand according to the speed difference. Hence, the shifting aerodynamic
load is monitored, and the rotor speed can be adjusted instead of stalling [43]. Therefore,
the electrical drive system is more controllable and reliable compared to the mechanical

system.

The electrification of the helicopter tail rotor system is desirable due to several well-
known advantages when compared to the conventional mechanical system [9],[41], such
as:

e The increase in reliability and fault tolerance
e The increase in operational efficiency

e Reduction of emissions

e Reduction of energy consumption

e Reduced noise

e Simplifying the operation
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2.5.4 More Electric Helicopter layout

Potential powertrain layouts for helicopters are discussed in [9], which include hybrid
and electric propulsion systems, as shown in Figure 2-12. It describes the different
constructions of the propulsion systems when electrifying the helicopter from the more-
electric helicopter to the all-electric helicopter by replacing the mechanical systems with

electric systems.

DIAGRAM 3 DIAGRAM 4

Figure 2-12: Variants of electrification of the helicopter propulsion system [9]

e Diagram 1: In the propulsion system, the drive system of the tail rotor has been
converted from a conventional mechanical drive to an electric drive. The gas
turbine engine (GTE) or the piston engine (PE) rotates the main rotor through a
gearbox (GB). Also, the electric generator (G) is installed on an engine gearbox
or built into the engine. The current is supplied through the converter (C) and
control unit (CU) to the electric motor (EM) of the tail rotor. The battery (B) is
used to supply the emergency power.

e Diagram 2: The hybrid propulsion system consists of a conventional engine (GTE
or PE), an electric drive for the tail rotor, a partial electric drive for the main rotor,
converters, and control units. The generator is installed on the conventional
engine as well. The main rotor is driven by a traditional engine through a gearbox,
assisted by the electric motor when the power request is very high [8]. Emergency

power is supplied by the battery.
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e Diagram 3: The main and tail rotors are fully powered by electricity, but the
traditional engine is still used to run one or more generators which are installed
on the engine. The battery provides an emergency energy source.

e Diagram 4: In this completely electric propulsion system, the power is provided
by the battery or a fuel cell (FC) to supply the electric main and tail rotors.

2.5.5 Design challenges of electric tail rotors

The challenges of designing an optimum PM machine for helicopter applications are

listed below:

(@) fit the environment in which the helicopter operates;

(b) avoiding mechanical resonance points in the helicopter;
(c) enhance the reliability of the machine;

(d) trade-offs between power density, efficiency and weight;

(e) thermal management.

Because of the harsh operating environment, the electric tail rotor system requires high
reliability and safety. Hence, the fault-tolerant PM motor with concentrated windings,
which can maintain the operation of the system in fault mode, will be considered. Given
the constraints upon motor volume, power density is a significant motor parameter that
affects the performance of the whole system. However, power density, efficiency and
weight interact with each other, so the trade-offs between these three parameters are
always a central concern of machine design. Finally, because the thermal problem cannot
be ignored, a forced cooling method has to be investigated in parallel with the machine

design process.

2.6 Current research on helicopter electric tail rotor system

Control unit ——]
:@— Converter

Energy storage
(with redundancy)

Figure 2-13: Propulsion system topologies of the hybrid electric helicopter [79]

Gas turbine
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In general, the helicopter ETR drive system, as illustrated in Figure 2-13, consists of
various critical components: generator, electric energy storage, power converter, electric
motor and control unit. Since the ETR drive system is safety-critical, all components must

have high reliability and be fault tolerant [44].

The main power is supplied through the generator installed on an engine gearbox or built
into the engine. Additional battery capacity is typically used for the emergency power
supply [9]. The generator is the most important part of the power supply system. Thus, a
hybrid series-parallel configuration using several independent generators has been
proposed, which is the most reliable configuration [45]. Additionally, high-speed surface-
mounted PM machines have been developed for direct-drive generators, which have
higher reliability, efficiency, power density and compactness, and lower weight, acoustic

noise and maintenance costs [46], [47].

A series of designs for PM generators on helicopters was proposed in [76], considering
two stators with different winding conductors (copper and aluminium) and three rotors
with varying sleeve materials. The authors aimed to optimise system power density,

efficiency, and robustness.

In another study, researchers proposed a PMSM topology, as shown in Figure 2-14,
without slots and cores on the stator, which was implemented as electric aircraft
propulsion [78]. This topology has several advantages [80], such as ease of starting due
to the lack of cogging torque [81], limited space occupied by the windings, and low iron

loss during high-speed operation [82].

Rotor core

Halbach PM

Aur-gap windings

Stator core
Halbach PM

Rotor core

Figure 2-14: Proposed machine with slotless single-stator double-rotor [78]
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Furthermore, a three-phase brushless AC (BLAC) PM motor has been proposed, which
was designed for a medium-sized twin-engine helicopter [43], [48]. The motor contains
four channels, such that the stator coils can be regarded as four independent parts and
each part is a star-connected three-phase motor module. Therefore, the interaction
between the phase coils can be minimised. However, electrical and thermal coupling
occurs between these four channels. Therefore, this current report also considers the

analysis of electrical and thermal coupling effects.

Moreover, a six-phase BLAC spoke-type interior PM motor with independent phases was
introduced [49]-[51]. These investigations optimised the trade-offs between power
density, efficiency and weight during the motor design and focused on electromagnetic

and thermal analysis.

In addition, a six-phase BLAC PM motor with an outer rotor and interior stator was
proposed [52]. The outer rotor can simplify the assembly of the tail rotor and can be easily
maintained or replaced. The paper compared the performance of two different power
levels for two different PM motors, which utilised a spoke-type external rotor and a V-

shape external rotor.

According to fault tolerance, availability, and performance assessment, authors of [79]
used the Lz-transform method to evaluate two options of a hybrid electric traction drive
system for a helicopter: a serial electric-hybrid propulsion system with a gas turbine and
electrical generator, as shown in Figure 2-13, and a combined electric-hybrid propulsion

system with a gas turbine, generator, and speed reducer, as shown in Figure 2-15.

Control unit —‘
:@D— Speed reducer
Converter
Energy storage
(with redundancy)

Figure 2-15: Combined propulsion system topologies of the hybrid electric
helicopter [79]

Gas turbine
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2.7 Fault tolerance

It is important for the motor drive system to gain high reliability. A single failure should
not result in a reduction in rated torque and power output in critical components, leading
to a loss of thrust control or directional yaw control. At the same time, the fault-tolerant
motor drive system should be able to detect failing components by means of self-

diagnosis and react to ensure proper flight [16].
2.7.1 Fault-tolerant motor

The most important part of the helicopter ETR drive system is the fault-tolerant motor,
which needs to match the specific volume and weight. Additionally, the motor needs to
efficiently alternate between two working conditions, namely hover operation and
forward flight, which are required due to poor flight conditions and regular changes in
the flight path [49]. According to these conditions, the PM motors are suitable for ETR
applications because they can enable higher power densities and reduce the envelope and
weight of the system [16], [53].

The major advantages of PM motors are high power density, efficiency and reliability
[47]. For a fault-tolerant PM motor, a single-layer concentrated winding arranged on a
stator core can improve the physical, electrical and magnetic performances by minimising
mutual inductance and maximising thermal insulation between phases [16], [48], [54]-
[57]. Additionally, the windings are concentrated around the teeth, which can reduce the
volume of copper from the end-winding [50]. Moreover, to achieve higher reliability,
multi-channel drives are considered since each channel can be regarded as an independent
module. Multi-channel motors are also more fault-tolerant than conventional three-phase
motors [58], [59].

2.7.2 Fault-tolerant drive system

The power converter that transfers the power from the generator driven by the main
gearbox to the motor is comprised of a rectifier unit, power electronic switches, filtering
components (e.g., DC link capacitor), controllers, cooling, energy storage devices and

motor drive inverters [60]. The factors discussed when comparing power converters are:

e Specific power
e Power density

e Efficiency
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e Fault tolerance

For the application of ETRs, the power converter will receive an AC waveform from the
generation system and supply an AC waveform to the motor. To improve the fault
tolerance of the drive system, two types of drives have been developed: multiple three-
phase drives [61], [62] and multiple single-phase drives [63], [64].

For multiple three-phase drives, the most common converter topology is the rectifier-
inverter, as shown in Figure 2-16. The rectifier-inverter performs AC-DC-AC conversion
with a DC intermediate stage. This type of power converter is mostly used for multi-

channel electric systems.

3-Phase

Supply 3-Phase

e e Ly S e

A& K LR & &k &

Figure 2-16: Three-phase voltage source rectifier-inverter topology diagram

For multiple single-phase drives, the topology is the H-bridge converter, shown in Figure
2-17. It connects each motor phase independently to a DC source using four switches.
The H-bridge motor drive topology provides better electrical isolation of the phases,
which improves fault tolerance. This type of power converter is mostly used for multi-

phase electric systems.

Single Motor
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DC Link

Phase

|\
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Figure 2-17: Single-phase H-bridge inverter diagram
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The determination of the most suitable converter topology is affected by the machine
topology it will be driving. More fault-tolerant converter topologies can further improve

the motor-inverter fault performance.
2.8 Thermal management

MEA aims to replace the conventional mechanical and hydraulic system with an electric
system, seeking reduced emissions and noise; higher reliability; lower production,
operational, and maintenance costs; and higher power density and efficiency. An electric
machine used in electric aircraft needs to be highly loaded to minimise the mass,
irrespective of its use, i.e. actuation or propulsion. Therefore, a high current density is
desirable, but overheating should be avoided as it reduces the life of the insulation
material and degrades the rotor magnet performance, resulting in lower output torque,
efficiency, and overall life [68]. Every 10<C temperature rise can shorten the insulation
life by half [73], which means a lower operating temperature efficiently increases the
machine’s lifetime. Moreover, the limited space for electrical machines on MEA makes
the cooling design even more challenging. Therefore, an effective and efficient thermal

design is critical to reduce internal temperature rise and thermal cycling.

Several key factors affect the efficiency of the heat transfer from the inner electric
machine to the external ambient environment: heat transfer type; system geometry,
including the contact area and cooling channel of the machine; coolant choice; fluid
velocity; and fluid temperature. Based on the different modes of heat transfer, the cooling
for electric machines can be classified as conduction, natural convection, forced

convection, radiation, or evaporative cooling.

Natural convection is a simple method to remove heat from machines. To improve the
cooling performance, fins on the housing are considered to increase the heat transfer
surface area. Then, by the increased machine output power, a forced air cooling system
is considered to further improve cooling performance. In this system, a fan or blower is
applied to enhance heat transfer from hot spots, such as windings and PMs, to the housing

and then to the ambient environment.

For high current density machines, forced liquid cooling can improve cooling efficiency
since forced air cooling cannot remove adequate heat, causing hot spots. As a result,

better cooling performance allows for higher machine output power at the cost of higher
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cooling system complexity and energy costs. Table 2-1 lists typical rules of thumb for
cooling technology and associated heat transfer coefficients [92], [94]. For the natural
convection, although it has lower heat transfer coefficients and cooling efficiency, it is
the popular cooling method to be considered because of its low energy consumption and
simplicity of construction. The forced cooling method, especially forced liquid cooling,
has higher heat transfer coefficient which results in higher cooling efficiency. However,
because of its higher energy cost and complexity system, it is widely used in high power

density system.

Table 2-1: Rules of thumb for cooling type and heat transfer coefficients [92], [94]

Current Heat transfer Coolin Svstem Ener
density range | coefficient efficieng corrsll lexit cosg ’
(A/mm?) (WI(m? K)) Y ey
Natural 1.5-5 5-10 Low Simple None
convection
Forced 5-10 10-300 Medium Medium Low
convection
Liquid 10-30 50-20 000 High | Complex High
cooling

2.8.1 Forced air cooling

Forced air cooling is a popular method for increasing the heat transfer coefficient at the
motor surfaces, owing to its simplicity and economic efficiency [65]. An adequate
coolant flow is created by forced air using external equipment, such as a fan or a blower,
and power sources. Heat is exchanged and removed from the hotter components. Air-
cooled designs generally focus on optimising the internal or external airflow channels
through the system to increase the contact area with the air, enhancing heat transfer
performance. Two types of motor enclosures are enclosed fan-cooled (EFC) and open
fan-cooled (OFC) [72].

An EFC motor [83]-[86], as shown in Figure 2-18 (a), is usually attached to an external
fan that blows the coolant toward semi-open fin channels, the design of which has been
optimised for the housing [87]. The primary purpose of an EFC motor is to transfer heat
to the ambient environment through the coolant over these fins, as shown in Figure 2-19.
The effects of different housing geometries and fin arrangements were discussed in [88]
and [89]. An internal fan can be added to increase the cooling performance by moving
the heat from the inner motor to the housing frame. As a result, more attention has
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focussed on the optimisation of the housing and shaft designs to increase the contact area

with the air and thereby improve the cooling performance [66].

Stator

Shaft

Rotor

Stator

Shaft

Rotor

(b)

Figure 2-18: Ventilation structure: (a) An EFC motor; (b) An OFC motor [72]
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Fin Channels

AN

Figure 2-19: Configuration of fin channels [94]

A key benefit of the EFC constructure is that internal parts are better protected against
contaminants that can block ventilation ducts and obstruct airflow [72]. Moreover, the air
coolant can be replaced with gas with higher heat conduction and specific heat capacity
[90]. The gas can significantly improve the cooling performance as its smaller and lighter

molecules can lead to lower wind resistance and better heat transfer.

Figure 2-18 (b) illustrates the structure of an OFC motor. This cooling system, usually
chosen for economic reasons, continuously draws the coolant air from the ambient
environment into the enclosure through vent ducts [65], [95]. However, the motor
requires filtration or indirect air channels to prevent environmental contaminants from
entering the motor, and regular cleaning operations are necessary every two to three years
because of the accumulated pollutants [91], [93].

Moreover, acoustic noise emissions have become a significant challenge associated with
forced air cooling, especially when operating with high-speed fans [72]. Several measures

to decrease the impact of noise have been proposed:

e Composite materials for blades [74]

e Reduced number of blades [74], [75]

e Irregular-pitch-blade fan [74]

e Mixed-flow (both axial and radial) fan [75]

2.8.2 Forced liquid cooling

Compared with air cooling, liquid cooling can achieve a higher heat transfer coefficient;
hence, it is widely used in systems with high power density. The forced liquid can cool
the machine through the housing jacket, stator channels, and rotor channels. However,
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the forced liquid cooling system has some drawbacks, such as higher manufacturing cost,
the requirement for an auxiliary system to provide coolant, and risks of leakage, stains,

corrosion, and contamination.

Water-jacket cooling is a common, indirect cooling method that can remove the heat
transferred from the inner motor to external surfaces through conduction [96]-[98]. This
cooling system has several advantages, including higher-efficiency heat transfer from the
stator, lower noise, and a completely enclosed environment [92]. However, it cannot
remove sufficient heat from the hot spots, such as stator windings, rotor core, and PMs,

because of the high thermal resistance between the source and coolant.

In most cases, liquid cooling is situated within the casing of the system but, on occasion,
it may have more direct contact with the winding. Direct liquid cooled systems usually
have a more complex geometry, required to accommodate the liquid cooling channels
[69]. In addition, liquid cooling can only remove the heat near the liquid cooling channel.
Thus, liquid channels located in the casing are not ideal for removing heat from the stator
winding, which is too distant from the cooling liquid. A method has been developed to
improve the internal cooling of a PM motor with a high current density by inserting a
direct winding heat exchanger between two concentrated windings [70]. Although the
cooling channel contacts the stator windings directly, it is hard to transfer heat from the
hot spot because of the enamel insulation coating the conductors. Inserting cooling
channel inside Litz wires was proposed in [71] to achieve better cooling performance in
an axial flux PM machine. However, it has eight cooling tubes per slot, which is only

suitable for machines with large slots.
2.8.3 Hybrid cooling

Usually, the motor can operate reliably under overload conditions while applying a single
cooling method. However, the high current and power density machine cannot adequately
use a single cooling technique. As a result, hybrid cooling, combined forced air, and
liquid cooling are becoming more common for traction motors in electric vehicles

because of their effectiveness [72].
2.9 Conclusion

In the previous sections, a literature review is presented regarding the definition of MEA,

its layout development, and applications introduced over the past decades. This chapter
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also includes an overview of various electric helicopter layouts and development. The
concept, needs, and challenges of the helicopter ETR system are discussed. Finally,
according to the requirements of the helicopter ETR system, a fault-tolerant system,
which increases system reliability, and thermal management, which provides a better

operating environment, are introduced.
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Chapter 3 Electrical machine design

3.1 Introduction

This chapter describes the technical aspects of the electrical machine, including a
comparison of machine topologies and materials and the performance qualification of the
benchmark. The electrical machine is a central component of the helicopter ETR drive
system. The performance and mass of the electrical machine are vital to understand as
they significantly affect the drive system’s performance. The important factors that
should be considered while studying the electrical machine are output power and torque,

power and torque density, efficiency, reliability, fault tolerance and thermal management.

Some electrical machine topologies are first introduced to understand the benefits and
drawbacks of the various architectures. The goal is to obtain an optimal solution by
balancing the advantages and disadvantages of each structure. Then, the lamination
materials and PM are discussed, followed by the proposed benchmark design of the
electrical machine. Finally, according to the key factors affecting performance, the
benchmark design is optimised to improve machine performance.

3.2 Electrical machine topology

Many electrical machine topologies can be chosen for the application. However, for the
safe and reliable application of motor design in helicopter ETR drive systems, the
following key criteria need to be achieved [16], [43], [48]-[52]:

e High power and torque density are needed since the physical volume is limited
by the aircraft structure. In addition, the fuel requirement and operating costs are
affected.

e High efficiency is necessary to minimise fuel consumption, emissions and
operating costs.

e High fault tolerance allows for the mechanical, electrical, magnetic and thermal
isolation between lanes and an increased phase inductance to limit short circuit
currents (for PM motors). Meanwhile, the motor needs to be able to operate under

fault conditions, which will significantly affect system safety and reliability.
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Brush and commutator-based electrical machines are not considered because of their high
maintenance needs, low torque density and poor reliability. Therefore, the remaining

suitable options are induction, reluctance and PM motors.

Induction machines (IMs) are the most common form of asynchronous machine. They
operate by inputting current to stator windings and generating a magnetic field to induce
a current in the rotor, usually a squirrel cage. The rotation of the rotor is slower than the
rotating magnetic field when it is used as a motor and faster than the stator rotating
magnetic field when it is a generator, as the current induction in the rotor requires this

relative motion. This difference in speed is termed the slip speed.

IMs are widely used in industrial applications, owing to their simplicity, cost-
effectiveness, robustness and reliability. However, they are not highly efficient, requiring

thermal management on the rotor due to conduction losses.

Reluctance machines harness the tendency for the magnetic flux to follow the path of the
lowest magnetic reluctance to generate torque. The switched reluctance machine (SRM)
is the most common type of reluctance machine. In an SRM, the current is input to the
stator windings to generate a magnetic flux that travels through the air gap to the rotor
without any PMs or coils. The magnetic reluctance of the rotor creates a torque that
attempts to align the rotor pole with the nearest stator pole to form a magnetic circuit with
minimum magnetic reluctance. The coils are energised in sequence to achieve a constant

torque output.

The advantages of the SRM include its rigid structure, high reliability and robustness,
fast dynamic response and low manufacturing cost [99], [100]. At the same time, the
torque ripple and acoustic noise tend to be high and may need to be minimised when
applying the SRM.

PM machines are typically characterised by high power density, efficiency, torque
density and reliability. They can have either distributed stator windings like IMs or
concentrated windings like switched reluctance motors, with PMs on the rotor. The stator
windings generate a rotating magnetic field which interacts with that created by PMs on
the rotor to produce a torque on the rotor. Generally, two PM arrangements on the rotor
are available: surface-mounted and interior. Surface-mounted PM motors, which are easy

to manufacture, are usually used for low-speed applications because of the risk of
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disengagement during high-speed operation. In contrast, interior PM motors are suited
for high-speed operation, having higher overload capability than surface-mounted PM
[102], [103]. Table 3-1 shows the properties of surface-mounted and interior PM motors.

Table 3-1: Comparison of surface-mounted PM motor and interior PM motor [101]

PM Motor type Surface-mounted Interior
Pole type Saliency Non-saliency
: Direct and quadrature axis Variation in direct and
Operation . .
inductance are nearly equal | quadrature axis inductance
Effective Air gap size Large Small

3.3 Benchmark design

A performance comparison of three electrical machine topologies based on the review is
given in Table 3-2. According to the comparison, the PM motor is the most suitable

machine, having a high power-to-weight ratio [104].

Table 3-2: Performance comparison of different electrical machine topologies

Machlr_le Induction Switched reluctance PM
topologies
Power density Low Medium High
Efficiency Low Medium High
Cost Low Low High
Fault tolerance Low High High
Robustness Good Good Poor
. Small, a fraction of | Small, a fraction of
Air gap 1 mm or more
mm mm
Torque ripple Less than 5% 15%-25% Up to 10%
Acoustic noise
Below 60 70 to 82 Below 65
(dB(A))
Power electronics Not necessary for
Necessary Necessary
converter constant speed motor
. Tolerate high Temperature limited
Notes Low complexity temperature by PMs

Because of the fault-tolerance requirement, the multichannel three-phase approach is
adopted. In this configuration, each set of three-phase windings has independent power
converters, which satisfy the safety critical availability target. Also, the concentrated
winding is considered a more suitable choice, achieving electrical, magnetic and thermal

insulation between phases. Moreover, the volume of copper in the end windings can be
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significantly reduced with concentrated winding, resulting in less motor mass and

winding losses.

The combination of the number of slots and poles should be selected carefully to prevent

a lower winding factor and minimise losses and torque ripple.

Finally, to achieve higher flux density in the main magnetic circuit and appropriate
excitation magnetomotive force, the tooth tips and thicknesses of the rotor and stator core

backs need to be considered discreetly.
3.3.1 Materials

Magnetic materials are broadly divided into two categories: soft and hard. The hysteresis
loop shown in Figure 3-1 is used to distinguish them because of their different
applications [105]-[107].

B
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Figure 3-1: Hysteresis loop for a ferromagnet or ferrimagnet [107]

According to Figure 3-1, some concepts that affect the performance of magnetic materials

are defined below:

e The saturation magnetic induction strength B; is the maximum magnetisation that
this material can achieve when an external magnetic field is applied.

e The residual flux density B,., also known as remanence, is the value of the flux
density B remaining when the external magnetic field decreases from the highest
value of saturation magnetisation to zero.

e The coercivity H.. is the strength of the reversed magnetic field required to reduce

the magnet flux to zero.
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e The maximum energy product (BH) 4, 1S @ measure of the maximum magnetic
energy stored in a magnet. It is the maximum product of the flux density B and
field strength H in the second quadrant of the hysteresis loop for this material.

e The permeability u is the ratio of the flux density B to field strength H.

e The Curie temperature is the highest temperature at which magnetic materials

change their magnetic properties.

Because of their differences in coercivity, soft and hard magnets are classified as shown
in Figure 3-2. A hard magnet needs a large magnetic field to saturate the magnetisation
and reduce the remanence to zero. Conversely, a soft magnet is easily saturated and
demagnetised. Demagnetisation is achieved by means of an alternating magnetic field
which brings the uniformly arranged elementary magnets into a uniformly disordered
state. The demagnetising power that must be applied for this is determined by the strength
of the magnetic field. This depends on the current, coil opening, coil length and number

of coils.
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Figure 3-2: Development of coercivity in the 20th century, showing the upper and

lower extremes [106]

Soft magnetic materials have magnetic permeability, electromagnetic energy conversion
and transmission as their main functions. Therefore, such materials require high magnetic
permeability and magnetic induction strength, while the area of the hysteresis lines or

magnetic losses should be small. At the same time, smaller values of residual flux density
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B, and coercivity H, are required, as well as higher saturation magnetic induction
strengths B;.

Hard magnetic materials, such as PMs, maintain constant magnetism once magnetised.
They are characterised by high coercivity and high remanence. In practice, PMs work in
the second quadrant of the demagnetised part of the hysteresis loop after saturation ass
shown in Figure 3-1. The improvement of the magnetic energy product of PM materials

over most of the 20" century is illustrated in Figure 3-3.
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Figure 3-3: Magnetic energy product of PM materials [105]
The common PM materials categories are introduced below [105], [106], [108]-[111]:

e AINiCo is composed primarily of aluminium (Al), nickel (Ni) and cobalt (Co)
with a high remanence of around 1.2 T, low coercivity and a very high Curie
temperature of about 890°C. As one of the most stable magnets, it is produced by
casting and sintered processes.

e Hard ferrite is produced by heating a mixture of large proportions of iron oxide
and other metallic materials, such as strontium, barium, manganese, nickel and
zinc. It has a low residual flux density of 0.46 T, high coercivity and a low
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temperature coefficient. Hard ferrite is widely used because of its simple
manufacturing process and low cost.

Rare earth PM is a strong PM made from alloys of rare earth elements. It is
characterised by a very high coercivity and a high residual flux density. However,
it costs more than other types of PM. The two types of rare earth PM are
samarium-cobalt (SmCo) and neodymium-iron-boron (NdFeB). SmCo PM has a
high residual flux density of 1.15 T and a high Curie temperature of 800°C, which
lead to a maximum operating temperature of around 300°C. Compared with SmCo
PM, the NdFeB PM can provide a higher residual flux density of 1.4 T. However,
it has a lower Curie temperature of 400°C and needs to operate under 170°C,
which is roughly half that of SmCo PM.

The NdFeB PM is selected because of the higher maximum energy product, which can

reduce the machine weight and meet the requirement of the designed motor for the

helicopter ETR drive system.

Vacoflux 48, chosen for the rotor and stator lamination, is made of cobalt iron alloys,

which have a maximum saturation at 2.35 T. Figure 3-4 shows the relationship between

magnetic flux density and magnetic field strength of this lamination.
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Figure 3-4: B—H curve of Vacoflux 48
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3.3.2 Finite element analysis and Simcenter MagNet software

Finite element analysis (FEA) is a popular method for simulating a physical system by

applying a numerical solution to differential equations that have emerged in engineering
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modelling. It subdivides a complex system into smaller, simpler units, called elements,
and the finite number of units form an algebraic system of equations. The method
approximates these simple functions of finite elements over the domain, which are then
combined into a global system of equations that models the entire problem for the final
calculation [113]. FEA can accurately represent the complex geometries and the total
solutions, as well as capture local effects. Although this is achieved by a particular space
discretisation, the actual continuous domain is represented when recombining all sets of
elements. The use of the software is paramount as FEA usually involves many
calculations, and Simcenter MagNet is one such software that uses FEA to solve

electromagnetic problems.

Simcenter MagNet is powerful electromagnetic simulation software that allows the
performance prediction of motors, generators or any components with PMs or coils [112].
Complex electromagnetic devices can be accurately designed, optimised and analysed
with this software. In addition, Simcenter MagNet can solve problems by simulating
static magnetic fields or transient fields including motion with six degrees of freedom (X,
Y, Z, roll, pitch and yaw). Meanwhile, options for 2D and 3D modelling are available to
solve electromagnetic problems. However, while 2D simulation results can be gained
quickly, 3D simulation results are more accurate at the cost of a long computation time,
requiring a trade-off. Both 2D and 3D modelling are considered to analyse and optimise
the designed PM motor.

3.3.3 Motor requirements and preliminary design
The motor performance requirements from project are listed in Table 3-3.

Table 3-3: Motor Requirements

Output Power 65 KW
Output Speed 2043 rpm
Torque 305 Nm
Current Density > 10 A/mm?
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Stator lamination

Figure 3-5: Cross-section of the PM motor

Table 3-4: Preliminary motor parameters

Number of poles 28
Number of stator slots 24
Stator outer diameter 308 mm
Stator inner diameter 228 mm
Rotor outer diameter 224 mm
Rotor inner diameter 186 mm

Stack length 80 mm
Airgap 2mm
PM thickness 5.5 mm
Number of turns per phase 15
Wire diameter 1.78 mm

Table 3-5: Performance of the preliminary design

Phase Current 145.2 Amax
Average Torque 303.4 Nm
Speed 2043 rpm
Output power 64.91 kW
Total losses 4113 W
Efficiency 94.04%
Motor weight 35.88 kg
Power density 1.81 kW /kg
Current density 10.27 A/mm?

All of these performance factors contribute to a preliminary motor design, the cross-
section of which is shown in Figure 3-5. Table 3-4 lists the main parameters of the motor,
and Table 3-5 presents the simulated performance of the preliminary design in healthy-
mode conditions. The 24-slot, 28-pole combination was chosen because of its high

winding factor and its low cogging torque.
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3.4 Geometry optimisation

Comparing the performance of the designed motor with the requirements, power density
is considered the key factor in optimising the motor. To achieve the expected power
density, the motor weight needs to be reduced by adjusting the dimensions of the motor,
such as the thicknesses of the rotor and stator yokes and the width of the stator tooth.
Additionally, the saturation in the lamination should be limited since it can reduce torque
capability and increase iron loss. During this stage, 2D FEA simulation will be adopted

to saving the time.

Figure 3-6 shows the magnetisation curve and corresponding permeability for
ferromagnets. At low field strength H, the permeability increases with magnetisation.
However, the permeability decreases after the magnetisation passes the knee point, and

the magnetic flux density just increases a little after the knee point.
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Figure 3-6: Magnetisation curve for ferromagnets and corresponding permeability
[115]

3.4.1 Ratio of rotor yoke thickness to PM pitch

In the preliminary design, because the thickness of the rotor yoke has an influence on the
saturation in the rotor yoke, which is affected by the size of the PM, the ratio of the rotor
yoke thickness to PM pitch should be optimised. Figure 3-7 shows the trends of the power
density and maximum saturation in the rotor yoke when changing this ratio. During this
optimization, keep fixed the air-gap length and pole pitch. Considering the corresponding
permeability, the working area should be set near the knee point. Therefore, the optimal

ratio is 0.395 when considering Figures 3-4 and 3-6 to achieve higher power density. As
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the ratio of the rotor yoke thickness to PM pitch decreases, the permeability increases
which cause saturation in the rotor yoke increases. Then, while the ratio of the rotor yoke
thickness to PM pitch continuous reduce, the permeability increases to the knee point and
the saturation in the rotor yoke almost achieve the maximum value. After the permeability
pass the knee point, when the thickness of the rotor yoke keep reducing, the rotor

lamination will oversaturation which would cause overheat and affect motor performance.
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Figure 3-7: Optimisation of the ratio of rotor yoke thickness to PM pitch
3.4.2 Ratio of the stator yoke thickness to PM pitch

Because the same material is used for the stator lamination, optimisation of the stator
yoke thickness is also considered. Figure 3-8 shows the trend of power density and
maximum saturation in the stator yoke when changing the stator yoke thickness. As a

result, the optimal ratio is 0.39.
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_ The thickness of the stator yoke to permanent magnet pitch ratio__
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Figure 3-8: Optimisation of the ratio of stator yoke thickness to PM pitch

3.4.3 Ratio of tooth pitch to PM pitch

Tooth pitch to permanent magnet pitch ratio
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Figure 3-9: Tooth pitch to permanent magnet pitch ratio

The tooth pitch to PM pitch ratio is also critical for machine optimisation, and the power
density maximises in the ratio range of 0.43 to 0.46, as shown in Figure 3-9. Since this
optimisation changes the size of the slot, this requires maintaining the MMF and current

density. Considering maximum saturation, 0.46 is selected for this ratio.
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The optimised parameters and performance of the motor are listed in Tables 3-6 and 3-7.
After geometry optimisation, there is a small increase in the performance of the motor,

e.g. the output power is increased and the weight of the motor is reduced.

Table 3-6: Optimal motor parameters

Original model | Optimised motor
Number of poles 28 28
Number of stator slots 24 24
Stator outer diameter 308 mm 300 mm
Stator inner diameter 228 mm 228 mm
Rotor outer diameter 224 mm 224 mm
Rotor inner diameter 186 mm 193 mm
Stack length 80 mm 87 mm
Airgap 2mm 2 mm
PM thickness 5.5 mm 5.5 mm
Number of turns per 15 17
phase
Wire diameter 1.78 mm 1.78 mm

Table 3-7: Optimised motor performance

Original model | Optimised motor
Phase Current 145.2 Amax 147.51 Amax
Average Torque 303.4 Nm 306.83 Nm
Speed 2043 rpm 2043 rpm
Output power 64.91 kW 65.64 kW
Total losses 4113 W 4124 W
Efficiency 94.04% 94.09 %
Motor weight 35.88 kg 29.03 kg
Power density 1.81 kW/kg 2.26 kW /kg
Current density 10.27 A/mm? 10.43 A/mm?

3.5 Optimisation of power density with constant output

Power density, the most important parameter for the PM machine, is optimised in this
section. The 24 slot, 28 pole design is essentially a multiple of a 12 slot, 14 pole machine.
This gives a high winding factor and, by having more poles than slots, the tooth width

can be reduced, leaving more room for the windings.

The motor weight is related to the motor size, i.e. the outer diameters (ODs), inner
diameters (IDs) and length of the machine. According to the Formula (3-1) [116], the
basic rule for optimisation is to keep the poles—slots ratio and increase the rotor ID. While
increasing the 1D of the stator, the length of the stator should be changed according to the

Formula (3-1) to ensure that the value of the output torque is the same. As a result, the
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numbers of poles and slots change. In addition, to maintain the output power, the motor
length is reduced. Table 3-8 lists the motor dimensions and the numbers of poles and
slots. The amplification coefficient is the required multiple of the rotor ID. Figure 3-10
presents the trends of the performance of the optimized motor which according to the
formula by MagNet 2D simulation. Furthermore, in this optimisation it is assumed that
the input current is perfectly sinusoidal and the end windings are ignored, and that there

are no other measures, such as magnet segmentation.
T = kD?L 3-1)
where T is torque, k is a constant, D is the rotor diameter, L and is the axial rotor length.

Table 3-8: Motor dimensions as functions of the amplification coefficient

Amplification Stator Stator Rotor Rotor Length No. No of
. oD ID oD ID of
coefficient (mm) slots
(mm) (mm) (mm) (mm) poles
1 300 228 224 193 87 28 24
15 395 324 320 290 47 42 36
2 491 421 417 386 29 56 48
2.5 588 518 514 483 20 70 60
3 684 614 610 579 15 84 72
3.5 780 710 706 676 11.8 98 84
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Figure 3-10: Motor performance trends

Figure 3-10 (a) shows the torque hovering around 305 Nm, indicating these motor designs

have the same output power. The motor mass curve shown in Figure 3-10 (b) is as
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expected while ignore the mass of end winding, decreasing as the motor size increases
until the motor diameter is three times as large as that of the original motor. The machine
mass minimises at an amplification coefficient of three. Because the motor designs have
the same output power, the power density, Figure 3-10 (c) shows the opposite trend as
the motor mass. Power density reaches the highest value when the amplification

coefficient is three and then decreases with the rise of the amplification coefficient.

The motor efficiency shown in Figure 3-10 (d) declines with the increase in the
amplification coefficient because the motor’s total loss increases continuously, as
described in Figure 3-10 (e). As illustrated in Figure 3-10 (f), at low amplification
coefficients, the winding loss decreases slightly because of the reduction in the length of
the motor. However, it surges after doubling the rotor ID because of the increasing
number of stator slots that results in the longer end winding. In other words, the increase
in the length of the end winding is much more than the decrease in the length of winding

in the slots.

The eddy current loss in PMs is associated with PM volume and frequency. Moreover,
the motor length decreases continuously, reducing the PM volume. Therefore, the magnet

loss declines as the diameters increase, as shown in Figure 3-10 (g).

Figure 3-10 (h) presents the trend of the iron loss, which increases from around 900 W to

more than 3000 W from the high frequency.
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Figure 3-11 shows the percentages of different types of losses in these scenarios. At low
amplification coefficients, the magnet loss accounts for around 60%, while the winding
and iron losses each occupy 20%. Along with the increase of motor diameter, the winding
and iron losses increase continuously as the magnet loss declines. Finally, the iron loss
occupies around 48% of the total loss, while the winding loss and magnet loss account

for 28% and 24%, respectively.

In summary, although the power density is maximum when the motor diameter is three
times that of the original motor, the losses are also high, decreasing efficiency. Therefore,
the trade-offs between power density and efficiency should be considered. As a result,
the optimal amplification coefficient of the motor is two. The power density does not
change significantly with an amplification coefficient range of 2-3.5. In addition, the

winding and iron losses remain lower when the motor diameter is doubled.
3.6 Conclusion

In this chapter, a literature review of the electrical machine topologies is provided. Then,
a comparison of different motor topologies leads to a suitable motor architecture, the PM
motor. Afterwards, an overview of the different magnetic materials is provided. A
preliminary design of the motor is based on the requirements of the machine. Finally, the

geometric parameters of the motor are optimised to achieve a higher power density.
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Chapter 4 Loss analysis

4.1 Introduction

More electric aircraft, compared with conventional systems, offer higher power density
and efficiency, the reduction of emissions and noise, and lower operational and
maintenance costs. However, even at high efficiency the loss density in the machine is
high: care is needed to ensure that the losses are kept to a minimum. As a result, the losses
of the machine which include winding loss, magnet loss and iron loss should be studied
in detail. It is also important to mention that the total motor losses also include wind

resistance, mechanical losses such as bearing losses, etc.

In this chapter, the losses of the motor have been calculated in a more comprehensive
manner. Firstly, the winding loss, including DC loss and AC loss has been calculated by
2D FEA. A method to reduce the total winding loss in the stator windings has been
described as well. Then, the PM losses are considered, with particular focus on harmonic

effects and several methods that try to reduce this effect are proposed.
4.2 Winding loss

The winding has an additional copper loss because of eddy currents which result from
the alternating magnetic field [117]. The eddy current loss consists of skin effect and
proximity effect [118]. The skin effect is the high-frequency AC current flow on the
surface of the conductor. The proximity effect is caused by the alternating magnetic field
generated from the adjacent conductors while the AC current flows in these conductors.

As a result, the total total winding loss can be calculated as
PTol:PDC+Psk+Ppr (4.1)

where Pr,; is the total winding loss, Pp is the DC loss, P is the loss caused by the skin

effect, and P, is the loss caused by the proximity effect.

In order to accurately calculate the total winding loss in stator windings, the winding part
of the CAD model should be improved, as shown in Figure 4-1. In this model, the
insulation of the wire is neglected and only the coil in the slot is considered in the

calculation of DC losses.
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Figure 4-1: The CAD model of the motor with 20 conductors

Figure 4-1 shows one-eighth of the whole model which replaces the block winding in the
slot area with 20 individual conductors which fit the required current density and output

torque. The winding loss is described in Table 4-1.

Table 4-1: Winding loss (20 conductors per slot)

DC Loss (W) 534
AC Loss (W) 3930

From Table 4-1, the results show AC loss is nearly eight times the DC loss, which means

the loss caused by the skin effect and the proximity effect occupy around 85% of the total
losses. It is important to study the methods that could reduce AC loss by weakening the
skin effect and the proximity effect. Different sizes of conductors have been chosen to
compare the winding losses. Figure 4-2 shows the model which changes the diameter and
number of conductors. In order to simplify the model, only one phase is changed, with

results extrapolated to include the whole machine.
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Figure 4-2: The CAD model of the motor with 80 conductors

In this model, the radius of the conductors in the first phase reduces by 50% compared
with other phases, which means the area of the conductor is a quarter of the conductor in
Figure 4-1. As a result, to keep the same output power, the number of conductors
increases to 80, which is four times greater than before. The result is shown in Table 4-
2.

Table 4-2: Winding loss (80 conductors per slot)

DC Loss (W) 534
AC Loss (W) 1550

Compared with Table 4-1, although the DC loss of these two models is the same, the

losses because of the skin effect and the proximity effect decrease to 29% of the model

with 20 conductors per slot.

Besides, the frequency of input current would have a great influence on the value of AC
loss. Figure 4-3 and Figure 4-4 show the winding loss while changing the frequency from
1 Hz to 1000 Hz for the model with 20 conductors and 80 conductors respectively. From
these two figures, it could be found that the AC loss of the winding will increase
continuously through the increase of the frequency regardless of the number of

conductors per slot.
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Figure 4-5 shows the trend of AC loss/DC loss from 1 Hz to 1000 Hz which compares
the model with 20 conductors per slot and the model with 80 conductors per slot. By
comparing these two curves, no matter what the wire sizes, the losses caused by the skin
and proximity effects grow significantly while the frequency increases. In summary, for
the machine with high-frequency input current, it is necessary to reduce AC loss by using

multiple strands of thinner wire for the winding.
4.3 PM loss

Because the permanent magnets are exposed to the air gap in surface-mounted PM motors,
there is a large number of harmonics which include spatial harmonics created by the
concentrated winding and time harmonics due to current ripple, which lead to eddy
current loss in the PMs. This loss can result in a high temperature in the PMs, which will
decrease the performance of the motor, increase the risk of demagnetization of the PMs
and could cause the failure of the sleeve which used to hold the PMs. As a result, it is

necessary to study the eddy current loss in PMs [119], [120].

There are many methods to reduce the rotor eddy current loss in PMs caused by spatial
harmonic, such as segmenting the PM in axial, circumferential and radial directions. In
[121], an analytical method has been proposed to assess the influence of circumferential
and axial segmentation, which shows that both of these two methods would lead to the
reduction of eddy current losses when the skin effect is negligible. Also, the
circumferential segmentation of PMs has been considered an efficient method of
reduction of the eddy current losses in [122]-[126]. In addition, [127] demonstrated a
significant reduction of losses by segmenting the PM in the axial direction. In [128], [129],
the effect of the segmentation of the PM has been presented.

Moreover, some papers proposed several methods to reduce the loss by optimizing the
geometry model of the PM machine. In [130], the eddy current loss in the PM for both
planar and cylindrical arrangements are compared, indicating a deviation of only +5%.
A new method has been mentioned in [131] which optimizes the shape of the rotor and
stator without significant decreases in the torque. In [132], auxiliary slots with optimized
size and position are proposed to reduce the PM eddy current loss. Also, a large air gap
has been used in machine design to reduce PM losses in [133]. However, it will also cause

a reduction in output torque.
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Furthermore, high order time harmonic, which are caused by pulse width modulation
from the inverter also will result in eddy current loss in the PMs. The space harmonics of
Magnetomotive force (MMF) created by concentrated windings, vary according to the
coil pitch and whether there are an integral number of slots per pole pair. However, care
is needed to ensure that the selected arrangement does not significantly reduce the

fundamental, torque producing, component of MMF [134].
4.3.1 Surface-mounted PM motor VS Interior PM motor

In order to understand the PM losses caused by the harmonic effect, a surface-mounted
PM motor that was mentioned in chapter 2 and an Interior PM motor, which replaces
surface-mounted PM with V-shape PMs, are compared. Figure 4-6 shows the two radial
cross-section models with different rotor topologies. These two motors have same stator

geometry, input current and output power and torque.

Figure 4-6: (a) Surface-mounted PM motor (b) Interior PM motor
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4.3.2 The surface-mounted PM motor
4.3.2.1 Segmentation of surface-mounted PM motor

The idea of segmentation of PMs to reduce the eddy current loss could be found in an
analytical model (4-2) [121], usually used to calculate the iron loss in laminated steel,
which explains the eddy current loss per unit volume.

n?f2Baw?

Fo=—"— (4-2)

where f is the frequency of the motor input current, B, is the maximum instantaneous
flux density in PMs, w is the width of PM segmentation and p is PM resistivity. This
equation indicates that the eddy current losses are proportional to the square of the
width w. As a result, the losses will decrease when the PMs are divided into small,
insulated segments. Note, however, that this model assumes that the eddy currents have
no effect upon the magnetic flux, resulting in a resistance value limited situation on PMs.
At high frequencies this is not always the case and eddy currents can start to flow in a

skin.

The results of 2D simulation by FE analysis illustrate the effect of eddy current losses in
PMs by using circumferential segmentation, as shown in Table 4-3. Figure 4-7 shows one

magnet divided into four small equal circumferential segments.

Table 4-3: The results of PM losses by FEA simulation

No. of segments PM loss
1 5493 W
2 1960 W
3 955 W
4 635 W

Figure 4-7: Segmentation per PM

Figure 4-8 illustrates the trend of PM losses while using circumferential segmentation.
The results show that circumferential segmentation is an effective way to reduce eddy

current loss in PMs.
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Figure 4-8: The trend of PM losses by circumferential segmentation

Segmenting PMs in the axial direction is another common method used to diminish the
loss in PMs. 3D FE analysis has been used to calculate the eddy current loss. Figure 4-9
shows the PMs segment in the axial direction. There is a 0.1 mm gap between each
magnet segment in the axial direction in order to become electrically isolated. Table 4-4
shows the value of PM loss and length per PM while the number of segments increases
from 2 to 16.

Figure 4-9: Segmentation in the axial direction

Table 4-4: PM length and loss by axial segmentation

No. of segments Length per PM PM loss
2 14.45 mm 3345 W
3 9.6 mm 1927 W
4 7.18 mm 1195 W
5 5.72 mm 796 W
6 4.75 mm 538 W
7 4.06 mm 407 W
8 3.54mm 310 W
9 3.13mm 244 W
10 2.81 mm 187 W
11 2.55mm 138 W
12 2.33mm 105 W
13 2.14 mm 81w
14 1.98 mm 65 W
15 1.84 mm 54 W
16 1.72 mm 46 W
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Compared with the result without segmentation, the total PM losses diminish greatly,
especially the number of segments over 11. However, the length of PM less than 2.5 mm
which would cause huge cost on manufacturing. Figure 4-10 shows the trend of PM losses

while using axial segmentation.
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Figure 4-10: The trend of PM losses by axial segmentation
4.3.2.2 Time harmonic effect

Time harmonics caused by pulse width modulation of the inverter also will result in eddy
current loss in the PMs. In all work up to this point, the default current source used for
simulation is a perfect sinewave, shown by the blue line in Figure 4-11. A separate drive
system model has been used to generate more realistic current waveforms, which are then
used as sources in the FE model. Two different PWM switching frequencies have been
simulated by Matlab. The first one has a 40 kHz switching frequency, giving a total
harmonic distortion (THD) of 5.8%, which is shown by a red line in Figure 4-11. The
second one has a 100 kHz switching frequency, with a THD of 2.3% and is shown by the
yellow line. Such a high switching frequency would require the use of wide band-gap
switching devices, such as Silicon Carbide. Table 4-5 shows the simulation result of the
model without any segmentation. The model with circumferential segmentation has also
been simulated with the different current sources, with the results illustrated in Table 4-
6.
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Figure 4-11: Three different types of input current

Table 4-5: Simulation result of the model without segmentation

Ideal current 40kHz THD 100kHz THD

5.8% 2.3%
Magnet loss (W) 5682 7432 (131%) 6004 (110%)

Iron loss (W) 387 553 (143%) 382 (99%)
Table 4-6: Simulation result of the model with circumferential segmentation (4 segments)

Ideal current 40kHz THD 100kHz THD

5.8% 2.3%
Magnet loss (W) 635 4878 (768%) 1378 (217%)
Iron loss (W) 387 422 (109%) 386 (99.75%)

The magnet losses vary hugely between the three different input current sources. In Table
4-5, where the magnets are not segmented, the induced loss increases by 36% due to the
time harmonics generated by the 40 kHz switching frequency and by 10% with the
100KHz switching frequency. Clearly, in the absence of segmentation the space

harmonics are the major contributor to loss.

When segmentation is introduced the losses due to space harmonics drop by almost an
order of magnitude, but the segmentation can be seen to increase the losses due to time
harmonics. The model with circumferential segmentation has losses due to time
harmonics which are seven times higher than due to space harmonics, whilst at 100kHz

the time harmonic loss is approximately equal to that caused by the space harmonics.
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Figure 4-12 shows the trend of PM loss with increasing circumferential segmentation of
the magnets, using the three different current sources. It shows that the segmentation will
not reduce losses effectively with a 40 kHz switching frequency. The results with 100
kHz switching frequency have better performance, although the time harmonic induced

losses are still significant.
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Figure 4-12: The trend of PM losses with three type current sources and

circumferential segmentation

In summary, segmentation will reduce the losses due to space harmonics of flux, as
displayed when excited with a sinusoidal current. However, time harmonics of current

also give rise to significant loss and this loss is not reduced so much by segmentation.

The level of time harmonics can only be very low in order to produce an acceptable rotor
loss: it seems that, in this case the switching frequency has to be of the order of 100kHz

to achieve this.
4.3.3 Optimization methods

In order to understand the PM losses and then optimize the motor to reduce them, the PM
loss distribution with 40kHz time harmonics in the input current is shown in Figure 4-13.
According to Figure 4-13, most losses can be found on the surface of the PMs and at the
junction between the PMs due to the shallow penetration depth of high-order time
harmonics in the PMs. The higher the order of the time harmonics, the shallower the
penetration depth. As a result, many high-order time harmonics generate eddy currents

only on the surface of PMs to produce eddy currents.
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Several methods have been proposed to decrease losses in PMs. For comparison purposes,
the same legend is used for all PM loss distributions. The current with a 40kHz switching

frequency will be used as the current input for comparison.
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Figure 4-13: The structure of the PM and finite element analysis of PM losses
distribution in the presence of a current with additional 40kHz PWM harmonics.

(Legend of PM loss density distribution in Wm™3)

4.3.3.1 Introduction of a Conducting Rotor Shield

sleeve shield magnets

[ S—

Figure 4-14: 1/8™ model of the motor with rotor sleeve and copper shield

The high frequency time harmonic fields produce eddy currents in the magnets which
effectively cancel out the stator time harmonic MMF and stop deep penetration of the
harmonic flux into the rotor. The rotor MMF is therefore effectively equal to the
harmonic MMF of the stator. The addition of a copper shield between the PM and the
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protective sleeve has been proposed. The copper shield has a high electrical conductivity
and hence can carry the time induced eddy currents with far less loss than the highly
resistive magnets. Figure 4-14 shows a model of a motor where the rotor sleeve is non-
magnetic, with a copper shield inside the sleeve. Figure 4-15 shows the loss density
distribution of the permanent magnets with a 0.1 mm copper shield for a motor with time-

harmonic input currents.

3e+07

2.4e+07
21e+07
1.8e+07

1.5e+07
1.2e+07
Se+06
Ge+05
3e+06

0

Figure 4-15: PM loss density distribution for the motor with 0.1mm copper shield

A comparison with Figure 4-13 shows that the losses in the PMs are greatly reduced when
the copper shield is added. However, very large losses are generated in the copper shield.
This results in a significant increase in the total rotor losses, which will cause excessive
rotor heating and very low efficiency. Figure 4-16 shows the PM and copper shield losses
for different copper shield thicknesses excited by an input current with additional 40kHz
PWM harmonics.
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Figure 4-16: Rotor loss with current with additional 40kH PWM harmonics
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As can be seen from Figure 4-16, with the addition of the copper shield to the rotor, most
of the losses are generated in the copper shield. Also, the thickness of the copper shield
has an influence on the rotor losses. As the thickness of the copper shield increases, the
losses decrease for both the copper shield and the PMs. This is because the resistance of
the copper shield decreases as the thickness increases, which reduces the losses in the

copper shield until its thickness exceeds the eddy current skin depth.

The above leads to the question as to why the shield has such high losses, when other
researchers have demonstrated it to be effective [148], [149]. Closer examination of the
shield currents has revealed that, whilst the time harmonics are cancelled effectively
without excessive losses, it is the space harmonics of flux which are causing the very
high shield loss. The space harmonics of stator MMF are both large and at a much lower
frequency than the time harmonics, so that the space harmonic flux can penetrate through
the shield. Under these conditions, which are sometimes referred to as “flux forced”, the
eddy current losses are directly proportional to the conductivity of the shield, and it

therefore increases this component of rotor loss.

Previous cases of successful use of an eddy current shield have been employed on motors
with distributed windings, where there are small space harmonics for flux. It became
clear that an eddy current shield could not be successfully employed in a machine with
single tooth windings because the large space harmonics of flux induce excessive sleeve

losses.

4.3.3.2 Rotor cage in g axis

Figure 4-17: Structure of model with rotor cage on the g-axis
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Figure 4-18: The connection of the rotor cage
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Figure 4-19: (a) The structure of the PM with rotor cage on g-axis (b) PM losses
distribution with ideal current input (c) PM losses distribution with current with a

40kHz switch frequency
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The question was therefore posed as to whether an eddy current shield could be created
to reduce the time harmonic losses, without incurring large space harmonic losses. A cage
concept was studied, with the cage consisting of copper bars in the g-axis, with the bars
all shorted at the axial ends of the machine. It was thought that this cage would not link

any even space harmonics of flux and may produce a successful solution.
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Figure 4-17 shows a radial cross-section of one-eighth of the motor with the rotor cage

on the g-axis. The coppers bars are shorted, as demonstrated by the effective circuit

diagram in Figure 4-18. The loss distribution with different current inputs is shown in

Figure 4-19, and Table 4-7 illustrates the specific loss values for PMs and cages with

different input currents.

Table 4-7: PM and cage loss with different input current

Motor without rotor cage Motor with rotor cage
Ideal current 40kHz THD Ideal current 40kHz THD
5.8 % 5.8 %
Total loss (W) 5682 7432 5755 (101%) 7560 (102%)
PM loss (W) 5682 7432 3616 (64%) 5327 (72%)
Cage loss (W) 2139 2233
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From Figure 4-19 and Table 4-7, compared with the model without the rotor cage, the
magnet loss dropped 36% for the ideal current and 28% for the current with a 40kHz
switching frequency due to the rotor cage on the q axis. However, there continue to be
large losses generated in the rotor cage by the space harmonics, so that the total loss

comprising PM loss and cage loss is almost unchanged.

In order to understand whether the connection of the rotor cage affects the PM loss,
another rotor cage connection is shown in Figure 4-20. Each copper cage now forms a
short circuit. With this arrangement the cage will stop non-integer space harmonics.
Figure 4-21 shows the loss distribution in the PMs while inputting different currents. The

total PM loss and cage loss are displayed in Table 4-8.

Table 4-8: PM and cage loss with different input current

Motor without rotor cage Motor with rotor cage
Ideal current 40kHz THD Ideal current 40kHz THD
5.8% 5.8%
Total loss (W) 5682 7432 3691 (65%) 4337 (58%)
PM loss (W) 5682 7432 193 (3%) 1154 (16%)
Cage loss (W) 3498 3183

Regardless of the type of current, the PM loss is significantly reduced. For the ideal
current, it drops to 193W, which means a 96.60% reduction in losses compared to the
motor without the rotor cage. Meanwhile, for the current with a 40kHz switch frequency,
it has an 84% reduction, which decreases from 7432W to 1154W. However, compared
to the previously proposed connection, it is notable that the cage loss has increased by
around 150%. Although this connection reduces total losses by almost half, excessive
losses in the copper cage can still cause thermal damage to the PMs. As a result, the rotor

cage on both d-axis and g-axis has been proposed.
4.3.3.3 Rotor cage on the d-axis and g-axis

Figure 4-22 illustrates the structure of the model with the rotor cage on both d-axis and
the g-axis. There are two short circuits above the rotor, one is for the rotor cage on the d
axis and the other one on the g axis. The loss distribution of the PM for two different

input currents is shown in Figure 4-23 and the calculated loss is presented in Table 4-9.
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Rotor cage on d axis

Rotor cage on q axis

Figure 4-22: Structure of model with rotor cage in d axis and g axis
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Figure 4-23: (a) The structure of the PM with rotor cage on both d-axis and g-axis

(b) PM losses distribution with idea current input (c) PM losses distribution with

current with a 40kHz switch frequency
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Table 4-9 compares the total loss which includes PM loss and cage loss. Because copper
bars are inserted in both the d-axis and the g-axis to achieve an effect similar to that of
circumferential segmentation PMs, the PM loss of the motor with rotor cage is compared
with those of the motor with circumferential segmentation only. For the ideal input
current, the motor with the rotor cage has a 39.08% reduction in PM loss. Although the
rotor cage reduces some of the PM losses caused by the space harmonics, the space
harmonics result in 1798 W of additional losses in the rotor cage. Meanwhile, for the
current with a 40kHz switch frequency, the PM loss decreased from 5382W to 4091W
while adding the rotor cage. However, the total loss including PM loss and cage loss has
a 138% increase due to the harmonic effect on the rotor cage. As a result, the rotor cage
insert in both the d-axis and the g-axis could have a 39.08% and 23.99% reduction in PM
loss respectively for different current inputs, but the overall loss still rises when

calculating the loss on the rotor cage.

Table 4-9: PM and cage loss with different input currents for different models

Motor with circumferential )
. Motor with rotor cage
segmentation

Ideal current 40kHz THD Ideal current 40kHz THD

5.8% 5.8%
Total loss (W) 1960 5382 2992 (153%) 7415 (138%)
PM loss (W) 1960 5382 1194 (61%) 4091 (76%)

Cage loss (W) 1798 3324

This approach does reduce the losses in the PMs considerably at the cost of much higher
losses in the rotor cage. It has been proposed to optimize the rotor cage, as shown in
Figure 4-24 (a), by applying a smaller volume rotor cage at the surface of the rotor, with
the thinking that this may reduce radial penetration of the flux. Meanwhile, the PM loss
distribution for current with 40kHz switch frequency is described in Figure 4-24 (b) and
the calculated loss is illustrated in Table 4-10. According to the simulation results,
compared with Table 4-9, the losses on PMs are again reduced from 4091W to 3409W
and the cage loss reduces by 1122W as well. Although the total losses still increase
compared to the motor without the rotor cage, they drop by 1804 W when the large cage

is replaced by a small cage.
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Figure 4-24: (a) The structure of the PM with a small rotor cage on both d-axis

and g-axis (b) PM losses distribution with current with a 40kHz switch frequency

Table 4-10: PM and cage loss of motor with a small rotor cage with current with a 40kHz

switch frequency

Motor with circumferential

. Motor with rotor cage
segmentation

Total loss (W) 5382 5611 (104%)
PM loss (W) 5382 3409 (63%)
Cage loss (W) 2202

4.3.3.4 Three-phase rotor cages over PMs

Figure 4-25 shows the structure of the model with a three-phase rotor cage in order to
decrease the PM loss. In this model, there are three short circuits which means every two
conductors connect together to form a circuit. The PM losses are given in Table 4-11 and
Table 4-12 respectively. Also, the model with circumferential segmentation has been

considered as shown in Figure 4-26.

Table 4-11: Ideal input current

Motor without rotor cage Motor with rotor cage
without with without with

segmentation | segmentation | segmentation | segmentation
Total loss (W) 5682 1960 7164 4108
PM loss (W) 5682 1960 4482 1318
Cage loss (W) 2682 2790
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Table 4-12: Current with 40kHz time-harmonic

Motor without rotor cage Motor with rotor cage
without with without with

segmentation | segmentation | segmentation | segmentation
Total loss (W) 7432 5382 8635 6774
PM loss (W) 7432 5382 5894 3901
Cage loss (W) 2741 2873
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Figure 4-25: (a) The structure of the small rotor cage above PM (b) PM losses

distribution with idea current input (c) PM losses distribution with current with a

40kHz switch frequency
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Figure 4-26: (a) PM with circumferential segmentation and small rotor cage (b)

PM losses distribution with idea current input (¢c) PM losses distribution with

current with a 40kHz switch frequency

The results in Table 4-11 show that the total loss including magnets loss and cage loss
increased by nearly 1500W while adding the rotor cage. There is because the space
harmonic forms a closed loop through the rotor cage and generates huge losses in the
cage. However, when a current with time harmonics is fed in, the losses in the rotor cage
do not increase much in relation to the effects of space harmonics, and the losses in
magnets increase less than in the model without the rotor cage. This is because the rotor

cage prevents flux penetration and the low resistance of the copper rotor cage results in a

small increase in losses in the rotor cage.
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The overall conclusions are that none of the cage concepts has been particularly
successful. Moving from a continuous shield to a cage shield has reduced the losses in

the shield, but at the expense of poorer shielding of the magnets.

4.3.4 The interior PM motor

Figure 4-27: The structure of the interior PM model

Figure 4-27 shows the structure of the interior PM model, and the rotor loss is shown in
Table 4-13.

Table 4-13: The rotor loss of the interior PM model

Current with 40kHz time-
Ideal current harmonics
Rotor loss (W) 4015 5272
PM loss (W) 3962 5139
Iron loss (W) 53 133

Table 4-13 shows the rotor loss with idea current and time-harmonic respectively. The
PM loss increases by 30% due to the current time-harmonics. However, the magnet losses
are reduced compared to the surface-mounted PM motor, especially in the case of input
currents with time harmonics. This is because, for the structure with surface-mounted PM,
there are two different magnetic circuits: one is stator tooth — permanent magnet — rotor
core — stator tooth and another passes through stator teeth — rotor core — stator teeth. In
the case of the interior PM model, there is an additional path, stator teeth — rotor core
surface — stator teeth and the time-harmonic flux passes more through the rotor core to
form a closed loop. Therefore, the eddy current losses in the PMs are significantly

reduced.
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4.3.4.1 Circumferential segmentation

Figure 4-28: The interior PM model with circumferential segmentation

Figure 4-28 shows the model with PM segmentation in the circumferential direction. The
rotor with different current inputs is recorded in Table 4-11 and Table 4-12 respectively.
Also, the trend of the PM loss with circumferential segmentation is illustrated in Figure
4-26. From Figure 4-29, the PM loss decreases sharply when the PMs split from one to
two. For the model with sinewave current, the PM loss decreased by 96 % when the
number of segments increased to 6. Also, the model with time-harmonic reduces 82%
loss while splitting the PMs into 6 pieces. Clearly the time harmonic induced losses are
greatly reduced with the interior PM configuration. This seems to give the overall lowest

rotor loss when combining interior magnets with segmentation and no shielding.

Table 4-14: The PM loss of interior PM model with ideal current

No. of segmented PMs 1 2 3 4 6
PM loss (W) 3962 1024 457 264 130

Rotor Iron loss (W) 53 54 58 60 68
Rotor loss (W) 4015 1078 515 324 198

Table 4-15: The PM loss of interior PM model with 40kHz time-harmonic

No. of segmented PMs 1 2 3 4 6
PM loss (W) 5139 2848 2234 1603 929
Rotor Iron loss (W) 133 139 174 189 211
Rotor loss (W) 5272 2987 2408 1792 1140
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Figure 4-29: The PM loss of interior PM model with circumferential segmentation

4.3.4.2 Axial segmentation

Figure 4-30 described the trend of PM loss while inputting different currents and split the
PMs in an axial direction from two to eight. Table 4-16 and Table 4-17 show the losses
and the dimension of the PMs with axial segmentation. From the figure and tables, the
huge loss is reduced while the PMs split into two pieces in the axial direction. Compared
with circumferential segmentation, the model with sinewave current input both reduces
87% loss on PMs while splitting the PMs from two to six pieces. However, for the input
current with time-harmonic, these two models reduce 67% and 81% loss respectively.

It seems that axial segmentation is just as effective as circumferential segmentation.

Table 4-16: The rotor loss of interior PM model with ideal current

No. of segmented PMs 2 3 4 6
PM length 14 mm 9 mm 6.5 mm 4 mm
PM loss (W) 2380 1365 791 299
Iron loss (W) 76 81 81 89
Rotor loss (W) 2456 1446 872 388
Table 4-17: The rotor loss of interior PM model with 40kHz time-harmonic
No. of segmented PMs 2 3 4 6
PM length 14 mm 9 mm 6.5 mm 4 mm
PM loss (W) 3682 2392 1813 708
Iron loss (W) 376 400 429 455
Rotor loss (W) 4058 2792 2242 1163
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Figure 4-30: The PM loss of interior PM model with axial segmentation
4.3.4.3 The model with rotor cage

In this part, the model with rotor cage and PM segmentation has been discussed. Figure
4-31 shows the model with a rotor cage over the PMs. The trend of the rotor loss has been
illustrated in Figure 4-32. Also, the results of the simulation which include PM loss, cage
loss and rotor iron loss are shown in Table 4-18 and Table 4-109.

Figure 4-31: The interior PM model with circumferential segmentation and rotor

cage
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Table 4-18: The rotor loss of interior PM model with rotor cage and sinewave current

No. of segmented PMs 1 2 3 4 6
PM loss (W) 3755 968 437 253 124
Cage loss (W) 320 318 319 317 313
Rotor Iron loss (W) 51 53 56 57 62
Rotor loss (W) 4126 1339 812 627 499

Table 4-19: The rotor loss of interior

PM model with rotor cage and time-harmonic

No. of segmented PMs 1 2 3 4 6
PM loss (W) 4467 2291 1543 1069 607
Cage loss (W) 629 636 641 647 648
Rotor Iron loss (W) 109 119 137 143 164
Rotor loss (W) 5205 3047 2321 1859 1419

Table 4-20: The rotor loss of interior PM model with rotor cage, time-harmonic and axial

segmentation

No. of segmented PMs 2 4 6 8
PM length 14 mm 6.5 mm 4 mm 2.75 mm
PM loss (W) 3515 1537 569 306
Cage loss (W) 766 268 782 519
Rotor loss (exclude
Iron loss) (W) 4281 1805 1351 825
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Table 4-20 shows the model with rotor cage and axial segmentation. Compared with the
model, which split PMs in the circumferential direction and PM loss by 74%, it decreased
PM loss by 84% as the number of the PM segments increased from two to six. However,
the cage generates more loss when splitting the PMs in the axial direction.

4.3.5 Comparison

Table 4-5 and Table 4-13 show the losses of the surface mounted and interior magnet
rotors without any segmentation or screening. With 7.4kW of magnet loss, the surface
mounted magnet loss exceeds that of the interior magnet, which has 5.2kW of loss. The
main cause of this difference is a reduction in the magnet losses due to space harmonics
of flux in the interior magnet design. Space harmonic losses comprises 5.7kW with the
surface mounted magnets and just under 4kW with the interior magnets. Time harmonic
induced losses are 1.75kW with the surface mounted magnets, falling to 1.2kW with the
interior magnets. Overall, this data shows that, compared with the surface-mounted PM

motor, the interior PM model could reduce PM loss by about 30%.

Axial segmentation is very effective at reducing space harmonic losses. For example,
with six axial segments, the space harmonic losses are reduced by 83% and 87% for the
two magnet arrangements. Circumferential segmentation is equally effective.: the
surface-mounted PM motor reduces space harmonic losses by 88% when the PM is
segmented from one to four pieces. The interior PM model can also decrease losses by
87%, although the PMs need to separate into six pieces. Segmentation has less effect
upon the high frequency time harmonic losses. Circumferential segmentation could
reduce more loss by 69% in the interior PM model compared to 34% in the surface-

mounted PM motor when the PMs are split into four pieces.

A range of shielding cages have been investigated with limited success. This method
reduces the overall rotor losses by at least 20% when compared to a surface-mounted

motor with a copper shield.

Compared to motors without any rotor cage or copper shielding, the overall rotor loss
increased when adding the rotor cage. The PM losses tend to decrease, but this is more

than countered by large shielding losses.
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In summary space harmonic induced losses can be reduced by over 80% by segmentation
in the axial or circumferential directions. Time harmonic induced losses are also reduced

but by a smaller margin.
4.4 Conclusion

This chapter calculates the winding losses including the influence of the AC current, and
the magnet losses including the influence of the space and time harmonics. Segmentation
of the magnets has been shown to be an effective method for reducing losses, whilst the
use of eddy current screens has been shown to actually increase rotor losses and so is not

recommended.

In the next chapter the structure of the motor model will be optimized to reduce space
harmonics and a fault tolerant design will be proposed.
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Chapter 5 Harmonic analysis and fault tolerant operation

5.1 Introduction

This chapter first analyses the non-synchronous winding harmonics of the previously
proposed motor to reduce PM losses based on Fourier decomposition so that the complex,
space-varying air-gap magnetisation field is decomposed into its constituent harmonics.
Then some combinations of pole slots are selected to reduce harmonics and rotor losses,
and their non-synchronous winding harmonics are analysed to select a suitable

combination.

In order to improve the reliability of the motor, two fault-tolerant models are presented
in the next section. Some key parameters have been calculated and optimised to maximise
performance. This is followed by a discussion of healthy operation and fault conditions.
In addition, methods for varying the peak fault current are considered. Finally, a

comparison of two fault-tolerant designs is discussed.
5.2 Harmonic analysis
5.2.1 Analysis of the proposed model

In order to simplify the calculations, the motor is split into a series of units, with each
unit comprising of 12 slots and 14 poles. This means that the previously proposed 48

slots, 56 poles single layer concentrated winding motor comprises four-unit motors.

Table 5-1: Slot angle distribution for a 12 slot and 14 poles unit motor

No. of slot Electrical angle Phase
1 0< A+
2 210° A-
3 60° C-
4 270° C+
5 120° B+
6 330° B-
7 180° A-
8 30° A+
9 240° C+
10 90° C-
11 300° B-
12 150° B+

Table 5-1 describes the slot angle distribution for this unit motor. The electrical angle is

calculated according to Formula (5-1).
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eezpiﬁ (5-1)

Where 6, is the electrical angle, P is the number of pole pairs, and s is the number of
slots.

In order to derive the harmonic spectrum of the air gap magnetic field by FEA, the
magnets are represented as demagnetised, as shown in Figure 5-1. The red line in Figure

5-1 is selected to obtain the magnetic field strength waveform of the air gap by field
extractor as shown in Figure 5-2.

Figure 5-1: One-eighth of the motor

;piv'j Simcenter MAGNET Field Extractor - ETR_2D_part_2_43deg slot 0. — X
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Auxiliary: ~| |Center |0,0,0 (@) Excel workbook (*xdsx)
Axis 0,01 (O €SV document (*.csv)
Query Data Points Spedfications
Variables | Mesh | File Flag external points ~
Arc - | 209.072567214656,0, 45, 0,0 1000 Y
t 2 Time instants: 1
-
: : Includ
Add |v Remove |w| |Frevious Entries| | Show |Edge Contrals w hrnlzca;ef
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Figure 5-2: Field extractor in Simcenter MAGNET
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Figure 5-4: Air-gap harmonic spectrum of the motor with 48 slots and 56 poles

Figure 5-3 shows the variation of the magnetic field strength with air gap position for a
motor with 48 slots and 56 poles when the input current is a perfect sinewave. According
to Figure 5-3, the air gap harmonic spectrum is decomposed by the Powergui FFT

Analysis Tool in MatLab Simulink, as shown in Figure 5-4.
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5.2.2 Motor with 48 slots and 32 poles

Figure 5-5: 1/16%™ of the motor with 48 slots and 32 poles

In order to reduce the effects of non-synchronous winding harmonics, motors with 48
slots and 32 poles are also proposed and compared, as shown in Figure 5-5. Table 5-2

describes the slot angle distribution for this unit motor.

Table 5-2: Slot angle distribution for 12 slots and 8 poles unit motor

No. of slot Electrical angle Phase
1 0< A+
2 120° B+
3 240° C+
4 0° A+
5 120° B+
6 240° C+
7 0° A+
8 120° B+
9 240° C+
10 0< A+
11 120° B+
12 240° C+

Figure 5-6 and Figure 5-7 show the air gap magnetisation field and air gap harmonic
spectrum of the motor with 48 slots and 32poles respectively. A comparison with the
previous motor shows that the motor with 48 slots and 32poles greatly reduces the non-
synchronous winding harmonics that can produce eddy current losses in the PMs. Table

5-3 shows a comparison of the performance of the two motors.
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Figure 5-6: Air gap magnetisation field of the motor with 48 slots and 32 poles
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Figure 5-7: Air-gap harmonic spectrum of the motor with 48 slots and 32 poles

As can be seen from Table 5-3, the PM loss of the motor with 48 slots and 32 poles is

reduced by 79% relative to the other motor when the same torque is output and the input
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current has the same current density, before any optimisation method is added to the PMs,

such as segmentation.

Table 5-3: Key parameters and performance comparison

Slots and poles 48 slots, 56 poles | 48 slots, 32 poles
Output torque 310 Nm 310 Nm
Stator OD 490 mm 490 mm
Stator ID 420 mm 420 mm
Rotor OD 414 mm 414 mm
Rotor ID 380 mm 380 mm
Stack length 29 mm 29 mm
Air gap 3mm 3mm
PM thickness 8.25 mm 8.25 mm
Current density 10 A/mm? 10 A/mm?
PM loss 5682W 1179W

5.3 Fault-tolerant design

In this section, fault-tolerant designs are presented for motors with 48 slots and 32 poles.
Because of the harsh operating environment, the electric tail rotor system requires high
reliability and safety [135]. The use of multiphase machines which could allow the motor
to operate continuously with a faulty phase is the main method under consideration [136,
137]. A short circuit at the terminals of a winding could occur due to either a winding
fault or, more likely a fault in the power electronic converter. Under such circumstances
it is necessary to limit the short circuit current, to prevent damage to the stator winding
due to overheating. To reduce the short circuit current, the machine structure needs to be
optimized to increase the inductance [138, 139]. Each unit of the machine can be supplied
from a separate inverter, so that when one unit fails, the motor can maintain the output

torque by increasing the current in the healthy units [140]-[142].
5.3.1 A comparison between two fault-tolerant designs

Two fault-tolerant designs have been selected for comparison. These two designs
increase the number of poles from 32 to 34. The first one is an alternative segmented
winding which separates the model into one upper and one lower lane, as shown in Figure
5-8. Figure 5-9 illustrates the second fault-tolerant design with essentially four lanes. If
opposite lanes are connected in parallel to create a single lane, then a two-lane system
results. This second alternative minimises unbalanced magnetic pull forces acting on the
rotor structure. The differences between the two models are highlighted by the yellow

circles.
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Figure 5-8: Fault-tolerant design with alternative segmented winding

Figure 5-9: Fault-tolerant design with interspersed winding
5.3.2 Key parameters design

Helicopter manufacturers advise that, following a fault, the remaining healthy lane must

be capable of producing two-thirds of the rated torque. The torque produced by the
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healthy lane needs to increase by 33% as a consequence: this can be achieved by either
increasing the stack axial length or by increasing the current density. Table 5-3 shows a
comparison of the output torque and PM loss with different stack lengths and current

input densities for the model with 48slots and 32poles.

Table 5-4: A comparison of the torque and PM loss

Current density: 10 A/mm? | Current density: 15 A/mm?
Length: 29mm 402Nm (1179W) 581Nm (2310W)
Length: 39mm 541Nm (1586W) 781Nm (3107W)

In Table 5-4, when the length increases from 29 mm to 39 mm, the torque and PM loss
increases by a factor of 1.34. However, when the current density rises by 50% from 10
A/mm? to 15 A/mm?, the average torque only rises by 45% which expect to double

because of magnetic saturation effects. Furthermore, the PM loss will nearly double.

The key parameters of the original model with a current density of 10 A/mm? which is
designed to produce four-thirds of torque are shown in Table 5-3. When increasing the
current density to 15 A/mm? and producing an output torque of 310Nm the stack length
can be reduced to 15.5mm. Figure 5-10 shows the back-EMF of the basic model (48Slots,
32Poles) with the new stack length. Assuming the inductive voltage drop is the same size,

the required back-EMF has been calculated in Table 5-5.

back_ EMF
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10.00
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0.00 |
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Figure 5-10: The back-EMF of the model (48Slots, 32Poles)
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Table 5-5: Voltages needed to give the required back-EMF

Power supply 500 V
Peak line back-EMF 353.6 V
Peak back-EMF per phase 204.1V

Peak line back-EMF of one set of coils 442V
Peak back-EMF per caoll 255V

From Figure 5-10, the peak back-EMF per coil of the basic model was calculated which
Is equal to 12.6V. To give the required 25.5V the number of turns should be increased to
18. As a result, some key parameters of the basic model have been changed, as listed in
Table 5-6. Figure 5-11 shows the new predicted back-EMF results, based on the
parameter list in Table 5-6. The back-EMF results shown in Figure 5-11 are close to the

required values.

Table 5-6: Updated key parameters for original model

Number of turns per slot 18
Current density 15 A/mm?
Fill factor 0.5
Slot area 418.30 mm?
MMF 3137
Conductor area 5.81 mm?
I rms 87.15 A
| peak 123.2 A
back_EMF
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Figure 5-11: The updated back-EMF of the model (48Slots, 32Poles)
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For the fault-tolerant design, one healthy lane needs to produce two-thirds of torque.
According to the results in Table 5-4 and Table 5-6, the stack length needs to increase
from 15.5mm to 20.7mm and the number of turns per slot needs to reduce from 18 to 13.
The parameters for the fault-tolerant model are listed in Table 5-7 and the simulation

results shown in Figure 5-12.

Table 5-7: Updated key parameters for fault-tolerant model

Number of turns per slot 13
Current density 15 A/mm?
Fill factor 0.5
Slot area 418.30 mm?
MMF 3137
Conductor area 8.06 mm?
I rms 120.8 A
| peak 1709 A
Torque 414 Nm
back EMF
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Figure 5-12: The updated back-EMF of the fault-tolerant model (48Slots, 32Poles)
5.3.3 Healthy operation simulation of the Fault Tolerant Design

The analysis above was based upon a 48 slot, 32 pole machine. However, to give greater
isolation between lanes the two options of the “alternative segmented winding” of figure
5-8 and the “interspersed winding” of figure 5-9 have been introduced. In these designs
a total of 48 coils has been retained, with each coil spanning 120 electrical degrees, but
the number of poles has been increased from 32 to 34. This leaves 2 poles of space to be

introduced between lanes. In the first case of the alternative segmented winding the two
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lanes sit diametrically opposite one another, with one pole spacing between lanes. In the
second case of the interspersed winding, each lane consists of two groups of coils,
interspersed between the coils of the other lane. In this case the spaces between coil
groups consist of one half a pole. Before calculating motor output torque, the back-EMFs
of these fault tolerant models are compared in Table 5-8. The results presented in Table

5-8 shows that these models have similar peak back-EMF and peak line back-EMF.

Table 5-8: Back-EMF of two FT design model

Alternative segmented

Interspersed winding

winding
Peak back-EMF per caoll 22.0V 219V
Peak line back-EMF of 414V 414V

one set of coils

Motor output torque and torque ripple are calculated by 2D FEA which is shown in Table
5-9. According to this table, compared with the alternative segmented winding, the model

with an interspersed winding design gives higher torque and lower torque ripple.

Table 5-9: Output torque and torque ripple of the model

Torque (torgue ripple)
310 Nm (1.0%)
391 Nm (19.5%)
402 Nm (4.4%)

Original model (48S32P)
alternative segmented winding
interspersed winding

5.3.4 Three phases terminal fault

Table 5-10 shows the torque of the fault tolerant model when one of the lanes is shorted
at the terminals. The average torque of the model with an interspersed winding is equal
to 223Nm, which is 71.9% of torque, as expected. However, the output torque of the

alternative segmented design reduces to 63.2% (196 Nm).

Table 5-10: Output torque of the model

Average torgque
196 Nm
223 Nm

alternative segmented winding
interspersed winding
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Table 5-11: Short current with different height of slot tip

The height of slot tip 1.5mm 2mm 3mm 4mm 5mm

Peak value of short 286 A 275 A 250 A 230 A 215 A
current

From Table 5-11, the results show that compared with the 1.5mm slot tip, the model with
a 5mm height slot tip would reduce the shorted current by 70A. However, these results
are produced from a two-dimensional finite element model, which ignores end-winding
inductance. Because the stack length of the machine is short, it was thought that end-
winding inductance may be large and so a 3D machine model was produced. This
revealed that, with the additional effect of the end-winding, the peak value of the short-
circuit current is actually only 148 A. It is clear that the short-circuit current is now less

than rated current and will not give thermal problems for the motor or converter.

This section proposed two fault tolerant designs which aim to increase the reliability and
safety of the motor by introducing physical spacing between lanes. Both the “interspersed
winding” and “alternative segmented winding” can meet the output torque requirement
in healthy operation although the alternative segmented winding has higher torque ripple.
When one of the lanes is shorted, the design with an interspersed winding can produce
over 70% of its unfaulted output torque, which achieves the requirements of the fault
tolerant design. In comparison the alternative segmented winding only produces 63.2%

of its un-faulted torque.

It is shown that the fault current which flows following a terminal short circuit can be
reduced by increasing the slot opening leakage inductance. It is also shown that the end-
winding inductance is relatively large and further contributes to a large synchronous

inductance.
5.4 Conclusion

This chapter first shows the non-synchronous winding harmonics of a 56 pole, 48 slot
motor by means of FE simulations and MatLab FFT analysis. Another motor with 48
slots and 32 poles is demonstrated to have far fewer space harmonics and is therefore

preferable in terms of reducing rotor loss.

A fault tolerant design has been introduced by introducing two lanes, with spacings
between lanes. Two options have been considered: one in which each lane takes up a

continuous 180 degrees of arc. Termed the “alternative segmented” arrangement and one
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in which each lane has two 90 degree segments placed diametrically opposite each other.
This is termed the “interspersed winding” Both arrangements give the same torque during
healthy conditions, but the interspersed winding arrangement is seen to be preferable

because it:

(@) Has lower torque ripple
(b) Give greater torque during faulted operation

(c) Will not give rise to unbalanced magnetic pull during faulted operation.
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Chapter 6 Thermal analysis

6.1 Introduction

Due to space and weight constraints, motors used in helicopter ETR systems must be of
high energy density and torque density, which results in high input current densities.
These high input current densities result in very steep temperature rises in the stator
winding, which reduces the service life of the motor insulation and brings the risk of
demagnetising the PMs. To avoid the risk of overheating, a cooling design for the stator

winding is essential.

This chapter begins with a brief description of several methods of thermal analysis and
proposes a benchmark design. The initial temperature rise of the winding after simple
cooling is then obtained by CFD simulation, followed by the addition of forced air
cooling and the optimisation of some key parameters, such as the shape and size of the
cooling channels and air turbulence to improve the cooling performance. Finally, a new

hybrid cooling solution is proposed and compared.
6.2 Thermal analysis approaches

Motor thermal management is an important part of the motor design process, which
allows the temperature distribution of the motor to be predicted by thermal analysis
methods. Common thermal analysis methods include lumped parameter thermal
networks (LPTN), FEA, and CFD.

The LPTN analysis provides a method for quickly determining the internal temperature
distribution of a motor, allowing the variation caused by different input parameters to be
quickly determined. LPTN models are often made up of different components and
simplified to represent more complex geometries. The LPTN resembles a circuit network
in which voltage represents temperature, current represents heat flow, and resistance and
capacitance represent thermal resistance and capacitance, respectively [92]. The LPTN
model then predicts the steady-state or transient heat flow within the motor as well as the
temperature of each component. The more detailed the network, the more accurately the
temperatures in different areas within the machine can be determined. However, one
disadvantage of the LPTN approach to thermal analysis is that it involves a lot of work

to create an accurate model, which is highly time-consuming.
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FEA involves dividing the components in a model into many tiny mesh nodes and
elements to analyse the variation in these dimensions. Processing time, however, is a
disadvantage of FEA. FEA thermal analysis has advantages only when the geometry
becomes too complex to use the LPTN model.

Compared to the LPTN and FEA methods, CFD is often the most accurate method of
temperature prediction. It can be used to determine input heat transfer boundaries and can
perform simulations to predict fluid flow characteristics and optimise cooling methods
such as air cooling.

6.3 Benchmark design and software setting

The optimisation is performed on a fault-tolerant PM synchronous machine designed to
power an electric tail rotor on a helicopter, which was presented in previous chapters.
The motor has 48 slots and 34 poles with surface-mounted permanent magnets, and
concentrated windings are used in a double-layer winding arrangement. Table 6-1
presents several key parameters of the proposed motor. The cross-section of the complete
motor is shown in Figure 6-1, while Figure 6-2 illustrates a twenty-fourth CAD model

for thermal simulation.

Figure 6-1: A 2D cross-section of the machine

91



Table 6-1: Key parameters of the proposed motor

Rated Power 65 kW
Outer Stator Diameter 490 mm
Inner Stator Diameter 420 mm
Outer Rotor Diameter 416 mm
Inner Rotor Diameter 380 mm

Stator Length 20.7 mm

N. Poles 32

N. Stator Slots 48
Slot Area 394 mm?

Coil Turns/Slot 104
Copper Wire OD 1.13 mm
Enamel Thickness 0.025 mm

Air Gap 2mm

Current Density 15 A/mm?

_ Housing

_ Stator Lamination

¥
/

o Slot liner

_ Winding

__ Sleeve

_ Permanent Magnet

Rotor Lamination

Figure 6-2: The segment used for CFD thermal simulation

As shown in Figure 6-2, the fin, rotor, and slot liner have been added to the simulation to
provide a more realistic simulation of the heat dissipation in the stator winding of the
motor. Based on the choice of materials used in the previous motor design, Table 6-2
shows the properties of these materials, including their thermal conductivity, mass,
volume, and loss density, which are used for thermal simulation. Regarding the winding
section, only the properties of copper are listed in the table; in reality, there is enamel on
the outside of the copper wire, and drawing each copper wire separately when building
the simulation model would considerably increase the complexity of the model and the
simulation time. As can be seen from Figure 6-2, an equivalent coil module according to
actual size has been selected to replace the copper wire. Consequently, the copper and
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enamelled wire should be placed together when calculating the thermal conductivity of

the winding.
Table 6-2: Properties of materials
Thermal Loss Specific Mass
L Volume . Heat .
conductllllty (m?) Densﬁg/ Capacity Densmg/
(W/(m.C)) W/m®) | gy | (ka/m?)
Rotor
Lamination 30 3.10x<10"-4 | 1.35x10"5 372 8120
(Vacoflux 48)
Permanent
Magnet 7.6 3.05x10"-4 | 1.03x<10"7 460 7500
(N42SH)
Sleeve
(Non- 0.026 3.78x10"-5 0 1005.6 1000
magnetic)
Stator
Lamination 30 8.84x10"-4 | 5.77x10"5 372 8120
(Vacoflux 48)
Slot liner 0.139 1.99%107-5 0 2310 960
winding in
slots 386 4691074 | 4.27X10°6 393.5 8940
(Copper:98% ' ' '
IACS)

The fact that each copper wire cannot be wound perfectly together results in air or
impregnation insulation in the equivalent coil module. The simplest approximation of the
equivalent thermal conductivity of a composite material is applied to the series and
parallel models of the two materials, i.e. (6-1) and (6-2), and is derived from the theory
of equivalent thermal resistance [143].

kik;
Ulkz +U2k1

ke = 6-1)

ke = vlkl + Uzkz (6 - 2)

where k., k, and k, are the equivalent thermal conductivity and the thermal conductivity

of each material, and v, and v, are the volume ratio of each material, with v; + v, = 1.

However, an accurate result cannot be obtained for a stacked cylinder such as a coil. To
obtain a more accurate equivalent thermal conductivity, formula 6-3 was derived by

Hashin and Shtrikman, which is more applicable to windings [144].

(1+v)kc+(1-v)k;
l(l—vc)kc+(1+vc)ki

k, =k

(6-3)

93




where v, is the volume ratio of the conductors, v; is the volume ratio of the insulation
materials, and k. and k; represent the thermal conductivity of conductor and insulator
materials, respectively. Notably, this formula only applies to two materials laminated

together.

To include three materials, by assuming that the impregnation insulation and the
conductor insulation can be combined into one material and can be represented by a
parallel model, the thermal conductivity of the equivalent insulation is calculated
according to formula 6-4 [143].

Vii k Vci
C

ko = ki (6—4)

j—
Vij+V¢i VijtV¢i

where k, is the equivalent thermal conductivity of the insulation, v;; and v,; represent
the volume ratio of the impregnation insulation and the conductor insulation, respectively,
and v; + v, # 1. The equivalent anisotropic thermal conductivity is calculated

according to Equations 6-2, 6-3 and 6-4, and is shown in Table 6-3.

Table 6-3: Equivalent thermal conductivity of winding

CFF (ky, ky, ;) (ky ke, k;)
63.5% (1.5,1.5,216.3) | (1.5,216.3,1.5)

The coil fill factor (CFF) indicates the proportion of copper wire in the equivalent

winding module. Cartesian coordinates and a local cylindrical coordinate system is used
to estimate the equivalent anisotropic thermal conductivities (ky,k,,k,) and
(k. k¢, k) respectively [8], where the subscripts X, y, z represents the directions in the
X, Y, z axis of the middle-winding, and the subscripts r, t, z represents the radial, tangential

and axial directions of the end-winding.

Figure 6-3 shows the computational domain for the thermal simulation. Periodic
boundary conditions are used to reduce the computational cost. The external domain is
used for simulating air cooling on the stator casing and the internal domain is used for
simulating air cooling inside the motor. The motor rotor does not rotate, only the
temperature distribution of the motor stator at rest is considered. The mesh details are

presented in Figure 6-4.
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Figure 6-3: The computational domain in upstream view

Figure 6-4: Mesh details in upstream view

Also, due to the harsh environment in which the motor operates, the ambient temperature
of this simulation and the temperature of the input air flow are both set to 323K as shown
in Figure 6-5, which corresponds to 50 degrees Celsius.
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Temperature (k) 223

Figure 6-5: Input air flow temperature
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(b)

Figure 6-6: (a) Temperature distribution in the 3D stator at an air speed of 10 m/s.
(b) Temperature distribution in a 2D cross-section through the winding at an air
speed of 10 m/s. The flow direction is left to right.

The main losses of the stator include 510W of iron loss and 2837W of winding loss. The
cooling performance of the benchmark design was estimated by CFD simulations, as
shown in Figure 6-6. The air-flow velocity and air-turbulence intensity are set to 10 m/s
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and 0.5%, respectively. The air flows over both the inner radius of the coil and over the

cooling fins on the stator housing.

The simulation results show that the maximum temperature rise in the winding is 115 K,
corresponding to a hotspot of 165 degrees Celsius. The contours illustrate that the hot
spots are in the centre of the winding. Because the air flow is restricted to the air gap
between the rotor and stator, there is relatively poor heat transfer owing to the limited
contact area between the air flow and the winding. In Figure 6-6, the air temperature at
the winding inlet on the left appears to resemble that at the winding outlet on the right.
While a rise of 7 degrees is calculated, the rise is not obvious, due to the range of the

shaded graph over 100 degrees.
The high-temperature rise in the stator winding is due to the following causes:

® The slot liner prevents the majority of conduction heat transfer from the winding
to the stator due to its low thermal conductivity.

® The conductivity of the winding in the radial direction is more than 200 times
lower than that in the axial direction of the conductor. Thus, it is more difficult to
transfer heat from the centre of the winding to the surface.

® The velocity vector of the airflow shown in Figure 6-7 demonstrates that the air
channel through the stator is restricted to the rotor-stator air gap. This causes
insufficient contact area between the airflow and the main heat source, resulting
in poor heat transfer at the winding surfaces.

Vielocity Magrilue | ms |

B2 00 1.76e+ 01 A86es01 Bdes0l TAZesl E.90e=01 1.07es 02 126002 1d2ps02 1.60e+ 02 1.76e= 02

°f
/“T.;j 2

Figure 6-7: The velocity vector of the air flow in the 3D stator with an input

airspeed of 10 m/s

97



6.4 Air cooling optimization

The model has been optimised based on the simulation results of the baseline design, by
introducing air channels, modifying the width of the air channels, and comparing

different shapes of the air channels.
6.4.1 Air flow velocity

First, a 0.5 mm-wide air channel was introduced between two windings, as shown in
Figure 6-8. To compare the temperature rise at the same loss, due to the addition of air
channels, the volume of the equivalent coil module for this model has been reduced,
which results in an increase in CFF, loss density, and thermal conductivity of the
equivalent coil, as shown in Table 6-4 for comparison of the specific values. For the
compressed winding, the volume of coil module is reduced, but the volume of the coil is

constant, which cause the CFF increases.

Figure 6-8: The CAD model with a 0.5 mm air channel between windings.

Table 6-4: Comparison of model parameters with and without air channels

Width of air channel 0 mm 0.5 mm
Loss density 4.15x10° W/m® | 4.27>10° W/m?®
CFF 63.5% 65.5%
(ky, ky, ;) (1.5, 1.5, 216.3) (1.6, 1.6, 231.2)
(k. ki, k,) (1.5, 216.3, 1.5) (1.6, 231.2,1.6)

Figure 6-9 shows the temperature distribution in a 2D cross-section of the winding. For
ease of comparison, the 2D cross-section and temperature distribution legends were
chosen to be the same as those of the benchmark design. Both simulations also have the
same input airspeed and air turbulence intensity. A comparison of Figure 6-9 with Figure
6-6 shows that the maximum temperature rise at the hot spot has been reduced
considerably, from 115 to 77 K. This is because the contact area between the cooling air
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and the windings has been greatly increased with the addition of the air channel, which
results in more heat being carried away by air.

Siadic Terperaure (k)

ke e 5330 02 Guber02 G.560= (2 AETe=02 BT 02 S.80e+02 4. 0Ne=02 41202 4240 02 43502

Air Flow Inlet
—_—

Air Flow Outlet
—_—

Figure 6-9: Temperature distribution in a 2D cross-section of the winding at an

input airspeed of 10 m/s. The flow direction is left to right.

Because the velocity of the air is one of the main influencing factors in air cooling, the
effect of airflow velocity on the cooling effect was investigated. Based on the model with
a 0.5-mm air channel between two windings, the airflow velocity ranging from 10 to 100
m/s is applied in the following simulation to calculate the trend of the temperature
decrease. In this case, the air turbulence intensity is set to 0.5%, which reflect laminar

flow.

Figure 6-10 shows the temperature distribution in a 2D cross-section of the winding for
airflow velocities of 10, 20, 30 and 40 m/s. In Figure 6-10(a), at an airflow velocity of 10
m/s, a maximum temperature of 400 K is observed at the hot spot, which corresponds to
a temperature rise of 77 K relative to the ambient temperature. As the airflow velocity
increases to 20 m/s, the maximum temperature drops to 386 K and continues to decrease
as the airflow velocity continues to increase. When the air velocity reaches 30 and 40 m/s,
the maximum temperature drops to 379 and 375 K, respectively. Additionally, in all four
figures, the temperature rise at the end winding surface on the upwind side will be

somewhat lower than the temperature rise at the end winding surface on the downwind
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side, but this is not obvious due to the resolution of the figure legend. Furthermore, the
difference between the maximum temperatures at these two ends decreases as the airflow
velocity increases.

Static Terrperaure | k]

e 0P Adie=02 e 02 G4 02 B2 Sbie02 B 02 ATTe=02 & B 02 & G 02 . D= 0

(@) (b)

(c) (d)

Figure 6-10: Temperature distribution in a 2D cross-section through the winding
at an airspeed of (a) 10 m/s, (b) 20 m/s, (c) 30 m/s, and (d) 40 m/s. The flow

direction is left to right.

Figure 6-11 shows the maximum temperature rise of the winding as the input airspeed

rises. From the graph, the temperature rise decreases as the airflow rate increases.
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Figure 6-11: Maximum temperature rise when the input airspeed increases from
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6.4.2 Width of the air channel

After investigating the effect of airflow velocity on winding temperature, the width of the
air channel was investigated. Previous research [145]-[147] has studied the relationship
between the cooling performance of the winding and the winding compression across its
width, with a gap between adjacent coils. Compression of the winding creates greater
thermal conductivity because of a higher packing factor, but it also introduces an
additional cooling channel. This can cause a reduction in the temperature rise of up to
40%, primarily because there is a greater contact area between the air and coils. Table 6-

5 shows the variation of some key parameters when increasing the width of the air

channels while maintaining the same winding losses.

Table 6-5: The change of key winding parameters while increasing the width of the air

channel
W Of &I 1| s density | CFF | (kokyk) | (kyokoky)
05mm | 427=10° Wim® | 65.5% | (1.6, 1.6, 231.2) | (1.6, 2312, 1.6)
10mm | 440100 W/m? | 67.5% | (1.7, 1.7, 238.3) | (1.7, 238.3, 1.7)
15mm | 4.54x10° W/m? | 69.6% | (18, 1.8, 245.7) | (18, 245.7, 1.8)
20mm | 4.68=10° W/m? | 71.9% | (2.0, 2.0, 253.7) | (2.0, 253.7, 2.0)
25mm | 4.84x10° WIm? | 74.3% | (2.1, 2.1, 262.2) | (2.1, 262.2, 2.1)
3.0mm | 5.01=10° W/m? | 76.9% | (2.3, 2.3, 271.3) | (2.3, 2713, 2.3)
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Figure 6-12: Definition of the width of the air channel, d, between windings.

Figure 6-12 shows the definition of the width of the air channel, d, between the windings.
Figure 6-13 shows the variation in the maximum temperature of the windings as the input
airspeed is increased with different widths of the air channel. When the airspeed is equal
to or greater than 20 m/s, the temperature at the hot spot generally decreases as the air
channel width increases. This is because the thickness of the boundary layer is reduced

at higher airspeeds, and peak temperatures will generally increase slightly with smaller
air channel widths.

However, with an airspeed of 10 m/s, the peak temperature of the hot spot is predicted to
initially rise as the gap increases to 1.5 mm. This may be inferred from the boundary layer
flow interaction that occurs between windings. With gaps of less than 1.5mm the
boundary layer is not fully formed, there is more mixing of the air, and the heat transfer
coefficient is higher. Conversely, with gaps of more than 1.5 mm, the high turbulent air
currents disturb the boundary layer and also increase the heat transfer from the surface
boundary layers.
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Figure 6-13: Maximum temperature rise variation as the width of the air channel
increases from 0.5 to 3 mm with different input airspeeds.

102



6.4.3 Shape of the air channel

For simplicity, the air channel is generally modelled as rectangular, as shown in Figure
6-14 (a). However, in reality, the shape is tapered due to the angle between windings, as
illustrated in Figure 6-14 (b). When comparing the two different shapes of the air
channels, 2 mm is selected as the width of the rectangular air channel, and the simulation
maintains the same air channel volume and the same winding losses for the tapered air

channel.

(a) (b)

Figure 6-14: (a) The rectangular channel. (b) The tapered air channel.

Figure 6-15 presents simulation results for these two models which had the same air
channel volume at an air speed of 10 m/s. The tapered model had an approximately 2%
lower temperature rise at the hot spot. This is likely to be because the channel was wider

near the core back, leading to increased cooling near the hotspot.

Figure 6-16 shows the trend of maximum temperature rise with air flow rate for different
shaped air channels. As is clear from the diagram, the two different shaped air channels
have a similar cooling effect on the windings at air velocities below 20 m/s. However,
when the air velocity is greater than 30 m/s, the rectangular channel has a better cooling
performance, with a 10% improvement compared to the tapered channel. Despite this,
the difference between the models is sufficiently small to show that the rectangular

approximation is valid at air velocities below 20 m/s.
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Figure 6-15: (a) Temperature distribution of the model with a rectangular air
channel in a 2D cross-section contour at an air speed of 10 m/s (b) Temperature
distribution of the model with a triangular air channel in a 2D cross-section

contour at an air speed of 10 m/s
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Figure 6-16: Maximum temperature rise for different shaped air channels as a

function of air flow rate
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6.5 The influence of air turbulence intensity

Air turbulence intensity is defined as the ratio of the standard deviation of the fluctuating
wind speed to the mean wind speed. It indicates the intensity of wind speed fluctuations.
Previous studies [145]-[147] have shown that the heat transfer coefficient increases

alongside the intensity of turbulence, improving the cooling performance of the windings.
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Figure 6-17: The maximum temperature rise variation as air turbulence intensity

increase from 0.5% to 40% with different air flow velocity

The maximum temperature rise of the model with an air channel width of 0.5mm was
affected by air turbulence intensity and is presented in Figure 6-17. Clearly, an increase
in turbulence intensity enhanced the cooling effect of air cooling, regardless of the air
velocity’s magnitude. This is because as the turbulence intensity increased, further
boundary layers were broken down. This means that the air was more mixed, and the

thermal conductivity was increased.

Figure 6-18 shows the percentage reduction in temperature rise when the turbulence level
was increased from 0.5% to 40%. This was achieved by introducing features upwind of
the machine. The figure shows the effect of the change in turbulence as the air-channel
width was increased, with different curves for each air speed. Importantly, increased
turbulence had a much greater effect when the channel width was large, and the air
velocity was high. Increased turbulence never created more than an 8% effect when the
channel was less than 1.0mm wide. However, for a channel width of 3.0mm, the effect

was more than 10%, providing the air velocity was 20m/s or greater. This is because the
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thickness of the boundary layer decreased as air flow velocity increased. A higher air
turbulence intensity also severely disturbed the boundary layer, increased the heat
transfer coefficient and allowed increased heat to be removed from the windings. This
overall effect was smaller than anticipated, but still provided a useful contribution to

reducing the temperature rise.
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Figure 6-18: The percentage reduction in temperature rise when the air

turbulence intensity is increased from 0.5% to 40%
6.6 Hybrid cooling

The previous sub-section showed that the maximum temperature of the winding was
greatly reduced by increasing the width of the air channel. It was also reduced by
increasing the air velocity and the intensity of the air turbulence. In practice, however,
excessive air velocity or air turbulence intensity is challenging to achieve. This means
that there is a significant amount of heat that is difficult to transfer from the centre of the
winding to the surface. This is due to the high thermal resistance, which means that the
air cooling cannot carry more heat that is generated from windings. The most direct and
effective solution for removing heat from the central core of the winding is liquid cooling.
A copper pipe is implanted through the hot spots of the winding, as presented in Figure
6-19. Water is selected as the coolant due to the low cost and the ideal operating

temperature.
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6.6.1 Model design

A new hybrid cooling design has been proposed and is shown in Figure 6-19. This design
only buries the copper pipe in the middle winding; the connection on the upwind side is
exposed to the air and not buried in the end winding. This is because the exposed pipes
also benefit from the air cooling effect, allowing for better cooling of the windings. The
pipes in each winding are connected in parallel, which allows each winding to have the
same liquid cooling effect. A 0.5mm air channel width was chosen because it leads to a
34% improvement in air cooling compared to no air channel. Simultaneously, the stator
slot will become more crowded due to the addition of the pipe. 2mm OD and 3mm OD
pipes were chosen for comparison because of the space available in the stator slot. The
wall thickness of each pipe was 1mm, which means that the inner diameters of the two
pipes were 1mm and 2mm respectively. Table 6-6 shows the model parameters for the
different pipe sizes, while maintaining the same winding losses. Figure 6-20 shows the

mesh details of the hybrid cooling design in a downstream view.

(a) (b)
Figure 6-19: (a) The CAD model of the hybrid cooling design in (a) upstream view

(b) downstream view

Table 6-6: Comparison of model parameters with different size pipe

Pipe OD 2 mm 3 mm
Loss density 4.35x10° W/m® 4.46>10° W/m?®
(ky Ky, k) (1.70, 1.70, 235.8) | (1.78,1.78, 241.7)
(k,, ky, ky) (1.70,235.8,1.70) | (1.78,241.7,1.78)
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Figure 6-20: The mesh details of the hybrid cooling design in downstream view
6.6.2 CFD simulation results

Table 6-7 compares the temperature rise of the pure air-cooled and hybrid-cooled models
for the same air speed and air turbulence intensity. Furthermore, in the model with hybrid
cooling, there was no liquid in the pipes. By comparing the results, it is clear that the new
hybrid cooling design improved the cooling effect to a certain extent when only the
cooling airflow was introduced. This is due to the high thermal conductivity of the tube
and the fact that it was buried in the middle of the winding, which allows more heat to be

removed by thermal conduction.

Table 6-7: Temperature rises in hot spot for the two models

Model type Temperature rises in hot spot (Kelvin)
Air cooling only 77
Hybrid cooling design 69
(3mm pipe OD)

The effect of different water velocities on its heat dissipation was considered with a fixed

air speed of 10 m/s, as shown in Figure 6-21. Water was selected as the coolant due to its
low cost and ideal working temperature. Water could be replaced by other coolants if
required. As the diagram shows, the overall cooling effect increased with increasing
water flow velocity size, regardless of the tube’s diameter. Additionally, the cooling
effect of models with larger OD tubes was further improved. When the water velocity
increased from 0.1 to 2m/s, the models with 2mm and 3mm tubes reduced the temperature
rise of the hot spots by 8.6 K and 8.4 K, respectively. Simultaneously, the model with the
3mm OD tube maintained a reduced maximum temperature rise of around 3.5K compared

to the other model, regardless of water velocity. Since a larger outside diameter pipe
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creates a larger contact area and a higher flow rate, more heat can be removed from the
winding.
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Figure 6-21: The influence of water flow speed upon hotspot temperature rise

Static Temperature ( k }
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Figure 6-22: The cross-section of the model with a 3mm OD pipe at a water speed
of 0.1m/s

Figure 6-22 shows the temperature distribution for a cross section of a model with a 3mm
OD tube. It shows that after the centre of the winding was inserted into the tube, the

position of the hot spot of the winding changed, moving above and below the tube.
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Figure 6-23: The temperature of the liquid inside the pipe of the model with a 3
mm OD pipe at a water speed of 0.1 m/s

Figure 6-23 shows the temperature distribution of the water in the water pipe. The
temperature distribution demonstrates that the previous design conjecture was correct.
The water flow took some of the heat out of the winding when it first flowed through it.
Following this, the continuous air cooling also removed around 40% of the heat from the
water flow through the copper tube when it reached the section of the tube that was
exposed to the air. After this, the water flowed through the winding a second time and

was cooled. This design allows for an optimal cooling performance.
6.7 Conclusion

In this chapter, the maximum temperature of the stator winding of a benchmark design
was obtained using a CFD simulation based on the motor designed in the previous chapter.
The effect on air cooling on this motor was then assessed by introducing air channels and
studying the size and shape of the air channels, the magnitude of the air flow velocity and
the intensity of the air turbulence. A new hybrid cooling design was proposed. It was
studied regarding water flow velocity and pipe size and compared to a model with air
cooling only. The following chapter will present experiments that verify the results of
this CFD simulation.
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Chapter 7: Prototype manufacturing and thermal

experiment

7.1 Introduction

The previous chapters provided a detailed description of the motor design and the
optimisation of the designed motor by including fault tolerance. This chapter presents
a thermal simulation of the designed motor using CFD and proposes a corresponding

design for hybrid cooling.

Based on the proposed design, a prototype design, wherein only a part of the stator was
manufactured, is used to compare different cooling systems. The cooling systems
considered herein are air and hybrid cooling systems. To obtain more accurate air
cooling results, the experiments are performed in a wind tunnel to simulate suitable

blowing effects.
7.2 Experimental preparation

The preparatory work includes the manufacturing of the test model, the fabrication and
assembly of the other components, and the test process. To simulate a realistic motor
model, the entire manufacturing process of the test models is discussed in section 7.2.1.

7.2.1 Test model for air cooling

The test model for air cooling comprises three steel stator tooth units and winding
blocks, as shown in Figure 7-1. The middle unit is used to evaluate the temperature rise
when the winding has an equivalent AC loss. The units on either side of this unit are
also energised to ensure that the middle unit is in the same environment as it would be

in the actual motor.

Two sets of models were built — one with a hand-wound set of coils and the other with
a machine-wound set, as shown in Figure 7-2. The difference between these two sets is
that the packing factor of the machine-wound coils is higher than that of the hand-
wound coils. To protect the insulation of the coil from damage, the slot liner was
replaced by a 3D printed cover, as shown in Figure 7-3; however, this cover is twice as

thick as the slot liner.
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Figure 7-2: Winding machine

Figure 7-3: 3D printed cover

7.2.2 Base, pillars, and 3D printed tooth units and winding blocks

As the test model is suspended in the air during the experiment, a supporting structure
is necessary. Furthermore, to reduce the effect on the airflow, the base and the pillars
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on either side of the test model must be located sufficiently away from the test model —
about five model widths. A heavy base was used to prevent the model from being blown
over in the wind tunnel. Figure 7-4 shows the assembled supporting structure
comprising the base and pillars.

Figure 7-5 shows the assembled 3D printed tooth units and winding blocks, which are
made of a high temperature resin and offers a heat deflection temperature of 238 <.
Each side has five sets of tooth units and winding blocks. The high thermal resistance
of these parts prevents the transport of heat away from the winding on both sides.

Type K plug-in thermocouples, as shown in Figure 7-6, were used to monitor the

temperature variation in the test model.

Figure 7-4: Assembled base and pillars

Figure 7-5: 3D printed tooth units and winding blocks
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Figure 7-6: Type K plug-in thermocouple
7.2.3 Test model for hybrid cooling

Figure 7-7 shows the test model with the pipe, wherein the thermocouple was built-in
during the winding process. The thermocouple measures the temperature of the hot spot
of the model. To ensure that the cooling effect of the air cooling system is undisturbed,
the outgoing wire of the thermocouple, the input and output wires of the coil, and the
inlet and outlet of the water pipe are positioned on the downwind side of the models.
Owing to the addition of the tubes, the stator slots are more crowded, and the 3D printed
covers could no longer be used with these two models. To prevent short circuits in the
windings, the corners of the stator tooth units were rounded, and insulating tape was
wrapped between the windings and the teeth.

(@) (b)

Figure 7-7: Test model with pipe of diameter: (a) 2 mm and (b) 3 mm

Figure 7-8 shows the design of the assembled hybrid cooling system. To ensure that
each winding has the same water cooling effect, all three sets of pipes were connected
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in parallel. Small water tanks were positioned at the left and right pillars, as shown in
the inset of Figure 7-8. Each tank consists of a small sink for the input, which comprises
the total input from the chiller, and three outputs corresponding to the inputs of the three

tubes. The two tanks are oriented opposite to each other.

Figure 7-8: Assembled model for wind tunnel testing

The flow rate of the water must be controlled while testing the cooling performance of
hybrid cooling system. The velocity and flow of the water are related according to
Formula (7-1). The flow meter and valve control the total flow of water, which means

that the flow rate must be calculated as the sum of the three pipes.
Q=SV (7-1)

where Q is the flow rate, S is the area of the inner diameter of the pipe, and V is the

water-flow velocity. The results of the calculations are shown in Table 7-1.

Table 7-1: Relationship between water-flow velocity and flow rate

Water pipe OD W\?:for(;ﬂsw Flow rate
> mm 1ml/s 10.26 I/h
2mls 20.52 1/h

3 mm 1ml/s 37.411/h
2mls 74.821/h
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7.2.4 Calculation of coil resistance

Owing to the different insulation materials used between the coils and the teeth, and the
need to maintain the same losses during the test, the resistance of the coils must be
calculated. The resistance was measured directly using an inductance-capacitance-
resistance meter. The results of the measured average resistance are shown in Table 7-
2. The input voltage was also calculated and is listed in the table. At the same time, the

input current densities all exceed 13 A/mm?.

Table 7-2: Key parameters of different models

Model Average resistance | Input voltage
1 190.6 mQ 8.3V
2 196.5 mQ 8.4V
3 172.7 mQ 8V
4 171.1 mQ 8V

The first and second sets of models represent those without tubes — the first set
represents the hand-wound coils and the second represents the machine-wound coils.
The third and fourth sets represent the models with tubes, with outer diameters of 2 mm

and 3 mm, respectively.
7.2.5 Changes to CAD model for thermal simulation

As the simulation model differed significantly from the actual test model, the model
used for CFD simulation, which provides a comparison against the experimental test

results, was redesigned, as shown in Figure 7-9.

Figure 7-9: Redesigned CAD model
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7.3 Tests and results
7.3.1 Pressure test

Before performing the thermal test in the wind tunnel, a pressure test must be conducted
to ensure that there are no leaks in the cooling system, hoses, and tanks. The pressure

test test rig is shown in Figure 7-10.

A

Data Acquisition

A

Figure 7-10: Test rig for pressure test
7.3.2 Test rig setup in wind tunnel

After the pressure test, the test model was moved into the wind tunnel. The subsequent
experiments were conducted in the Wind Tunnel and Engine Test Cells at Northumbria

University.

Figure 7-11 shows the model inside the wind tunnel. The front view reveals that all the
lines and hoses are hidden behind the model or fixed to the floor using tape. This
significantly reduces the impact on the airflow and increases safety. Figure 7-12 shows

the experimental setup and configuration for the wind tunnel experiments.
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(b)

Figure 7-11: Model placed inside the wind tunnel: (a) front view and (b) side

view

The wind speed in the wind tunnel increased to a maximum of 20 m/s during the test

and the air turbulence intensity was fixed at approximately 0.5%.
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Figure 7-12: Test rig setup and configuration for the wind tunnel experiments:
(a) right side and (b) left side of wind tunnel
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7.3.3 Results analysis
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Figure 7-13: Comparison of experimental and numerical results at two

measuring points for Model 1 at an airspeed of 10 m/s

For Models 1 and 2, the temperature was measured at two points — one on the surface
of the middle winding and the other on the surface of the tooth. Figure 7-13 compares

the experimental and simulation results for Model 1 at an airspeed of 10 m/s.

The results include a margin of error because the thickness of the slot liner in the
simulation is only half of that in the test model. Furthermore, the windings are assumed
to be fully impregnated when calculating the equivalent thermal conductivity of the
simulated windings, whereas a large amount of air is still present in the windings in the

test model, leading to a reduction in the thermal conductivity of the winding.
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Figure 7-14: Experimental results for Model 1 at an airspeed of 15 m/s

Figure 7-14 shows the experimental results for Model 1 at an airspeed of 15 m/s.
Comparing these results with those shown in Figure 7-13 reveals that the surface
temperature of the middle winding has dropped by approximately 20% and the
temperature on the teeth has dropped by 17%.

Figure 7-15 compares the experimental and simulation results for Model 2. Comparing
these results with those of Model 1, the same error can be observed, but the relative
error is smaller because Model 2 has a higher packing factor, which results in a higher
thermal conductivity and a smaller volume of air in the winding. This is also responsible

for the low temperature increase in Model 2 relative to Model 1.

121



110

Exp Teeth
Exp Midwinding
=== Sim Teeth
=== Sim Midwinding

100 |

90

Temperature( <C)

20

0 2 4 6 8 10 12 14 16
Time(min)

Figure 7-15: Comparison of experimental and numerical results at two

measuring points for Model 2 at an airspeed of 10 m/s
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Figure 7-16: Comparison of hot spot temperature rise in Models 3 and 4 at an

airspeed of 10 m/s

Figure 7-16 shows the hot spot temperatures of Models 3 and 4 at different water
velocities. Both models exhibit some reduction in temperature with water cooling, but
the temperature rise does not vary much with the increase in the water flow rate and
there is some increase in the maximum temperature relative to the simulation results.
This is because the tube is not in close contact with the winding, leading to a reduction
in the cooling performance of the water cooling. The specific numerical increases in

the hot spot temperatures of Models 3 and 4 are listed in Table 7-3.
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Table 7-3: Experimental results of hot spot temperature rise

Air flow velocity 10 m/s
Water flow velocity 0 m/s 1mls 2m/s
Model 3 102 °C 99 °C 99 °C
Model 4 100 °C 95 °C 95 °C

7.3.4 Varnish sealed windings

Varnish was used to seal a part of the windings to bring the pipes into closer contact
with the coils. Table 7-4 shows the results of the experiments after sealing a portion of
the windings with varnish. Regardless of the water flow rate, the cooling performance
improved by approximately 20%. Moreover, improvements of 12% and 15% were
observed in Models 3 and 4, respectively, even in the absence of water cooling. The

results are also more comparable to the simulation results.

Table 7-4: Experimental results of hot spot temperature rise after sealing the windings

with varnish
Air flow velocity 10 m/s
Water flow velocity 0 m/s 1m/s 2 m/s
Model 3 90 °C 80 °C 80 °C
Model 4 84.4 °C 74 °C 73°C

7.4 Conclusion

This chapter first described the process of preparing the experimental model and setting
up the experiment. This was followed by presenting the experimental results and

comparing them with the CFD simulation results.

The experimental tests in the wind tunnel were completed successfully. The results
revealed that the proposed hybrid cooling design is effective and can significantly

reduce the maximum temperature rise which is nearly 30 °C in the windings.

123



Chapter 8 Conclusion and Future Work

8.1 Conclusion

This study investigated the electromagnetic design, modelling, performance
optimisation, fault tolerant design and thermal management of permanent magnet

motors for electric tail rotor applications in helicopters.

Due to concern about environmental pollution, MEA is gaining increasing attention for
the many advantages it brings in the replacement of conventional systems with
electrical systems. Electrical machines, particularly those used for permanent magnet
motors, play a very important role in drive and MEA systems and have a wide range of

applications.

The electrification of helicopters is a topic of great interest due to their high
manoeuvrability for vertical take-off, landing and hovering. A topology for a permanent
magnet motor has been proposed for use as an electric tail rotor in helicopters. The
performance of this motor was investigated by FE simulation. Through continuous
optimisation, its performance has reached the requirements. Due to its specific
application, high reliability is a necessary requirement and fault-tolerant design was
therefore also proposed. The interspersed winding arrangement was selected because
of its lower torque ripple and higher torque during faulted operation. Across a range of
designs, the motor was able to deliver more than 70% of its output torque in the event
of a short circuit.

Thermal management is also an important part of motor design. This study provides a
detailed understanding of heat dissipation in the stator section through CFD simulations.
The cooling performance of the motor stator winding has been further improved by
better understanding and optimising some parameters, such as air turbulence intensity,
air channel concept and width. In order to further reduce the winding temperature
increase, a new hybrid cooling design has been proposed. Additionally, the results of
the thermal simulation were verified in wind tunnel experiments. This experiment

verifies the feasibility of this new hybrid cooling design.
8.2 Future work

e As evidenced in this study, significant losses are still caused to the rotor in an
electric design, particularly on the permanent magnets. Although some of the
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rotor losses have been reduced through careful selection of the combination of
pole slots, the motor still generates considerable losses in the rotor. Therefore,
rotor losses, and especially permanent magnet losses, need to be taken into
account and attended to in future work.

Only the stator section was taken into account during the thermal simulation
and wind tunnel experimental verification. In future work, the rotor heat

dissipation will also need to be considered.
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