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Abstract

Decarbonisation has been a worldwide target to achieve global emissions reduction. The
electrification of transportation has been proposed not only for sustainable and net-zero
targets but also to provide a more energy-efficient solution. Electric propulsion has been
widely considered in ship systems and aviation. An integrated full electric propulsion
(IFEP) system removes the direct mechanical coupling between a prime mover and a
propeller, which is replaced by an all-electric onboard network to supply both the ship
services such as the domestic/hotel loads (navigation, lighting, air-conditioning, etc) and
also the propulsion systems, which can subsequently reduce fuel consumption, increase
system reliability and reduce maintenance costs. To help achieve these goals during this
PhD research project a magnetically decoupled dual wound generator and a novel fast-

operation moving coil actuator were designed, built and experimentally tested.

A dual wound generator, designed as the power supply for an IFEP system, provides
power simultaneously for the ship services and propulsion systems. The main challenge
of the design of a dual wound generator for an IFEP system is the decoupling of the two
outputs. A fully magnetically decoupled dual wound generator with 2-pole and 6-pole
windings for ships power requirements is developed in this thesis. The harmonics
calculation using an algebraic method is described in detail for the winding design. A 2D
finite element model is built and simulated in COMSOL, to investigate the magnetic field
distributions and machine dynamical performance. A prototype dual wound generator is
manufactured and tested to further validate the decoupling of the two outputs. Different
load conditions are tested considering the practical operations. The experimental results
demonstrate that the two outputs including the end-windings are fully decoupled under

complex load conditions.

Hydrogen-powered all-electric aircraft, developed for the requirements of sustainability

and decarbonisation, have higher energy efficiency, less fuel consumption and potential

Vi



weight reductions. One of the key limitations to improving the reliability of onboard DC
networks is the design of fast operating DC circuit breakers to isolate high and fast-rise
DC fault currents. A novel design of a moving coil actuator with compensation coils
topology for hybrid DC circuit breakers is also presented in this thesis. The actuator
topology is designed and simulated by 2D finite element modelling in COMSOL. A
prototype moving coil actuator is built and experimentally tested with a vacuum
interrupter. Mechanical latching springs and other supporting structures are also included
in the prototype to eliminate the effect of bouncing, rebounding and welding. The
experimental results demonstrate that the compensation coils can eliminate the

saturation, reducing the coil equivalent inductance and improving the operating speed.
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1.1.Background and motivation

1.1.1.Integrated full electric propulsion (IFEP) ship system

A ship system contains both a propulsion system and ship services such as the
domestic/hotel loads (navigation, lighting, air-conditioning, etc.). Conventional large
ships or naval warships use diesel propulsion engines to directly drive propellers via
shafts. The ship services are supplied by a set of diesel generators, as shown in Fig. 1-
1(a) [1]. This direct-drive diesel system can occupy a large onboard space with low power
efficiency [2]. Alternatively, an electric propulsion system, as shown in Fig. 1-1(b), is
proposed to use electric motors to drive the propellers [3]-[5]. Thus, separate generators
are used to provide power for the whole system. An integrated full electric propulsion
(IFEP) system integrates both the propulsion and ship services requirements into an all-
electric network, making the propulsion motors become loads of the generator sets.
Since all the generators are providing power for the electric network, the total number of
engines can be reduced to save onboard space and system weight, as well as vibration
and noise [4]. An IFEP system removes the direct mechanical coupling between a
propeller and a prime mover, achieving more flexible control and ship arrangement. For
example, a generator set can be placed away from the propeller/drive motor units to
balance the weight distribution, which results in a flexible solution for commercial
applications and therefore reduces the maintenance and capital costs. Compared with
diesel ship systems, the publications to date suggest an IFEP system has great potential
to reduce fuel consumption, enhance dynamic performance and increase system

reliability [6].
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Fig. 1-1 Conventional ship system vs electric propulsion ship system

Most of the electric propulsion ship systems use alternating current (AC) power networks
[7]. However, direct current (DC) onboard networks have become more attractive in
recent years with the development of semiconductor devices, converters and DC circuit
breakers. The advantages of DC distribution networks are investigated in terms of

economic and environmental considerations in [7], which can increase system efficiency,
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reduce carbon dioxide emissions and also improve fuel consumption.

In this Thesis a dual wound generator is proposed to supply different subsystems from a
single compact machine, which can also provide a redundant system, to reduce the
number of generators required to save onboard space and weight [8]. A dual wound
generator can generate two outputs from connection to only one prime mover. The output
voltage, power and frequency can be adjusted by the design of the winding distributions.
Thus, one dual wound generator can supply both the propulsion system and the onboard
ship service loads simultaneously [9], which achieves a more compact power system
due to the reduction of the number of diesel engines, generators and transformers

required.

1.1.2.Medium voltage direct current (MVDC) systems

DC transmission has been proven to have great advantages over long-distances and
high-power electric distribution networks compared to traditional three-phase AC
systems as there are almost no inductive and capacitive losses. DC systems may benefit
from higher efficiency, better flexibility and lower costs in specific applications such as
offshore wind farm collector systems and aviation on-board electric networks [10]-[13].
MVDC systems are being widely studied and have become more suitable for
transmission and distribution for renewable energy systems, which has come about
because of the development of high-voltage voltage-source converters (VSC) [14]-[16].
MVDC distribution grids are expected to have a great contribution to future electric
energy systems, including the collection grid of renewable energy power plants,
electrified railway systems, large ship distribution networks and aviation on-board

cryogenic electric systems.

In 2014, Network Equilibrium successfully developed a back-to-back 33 kV / 20 MVA

MVDC-Link to connect two separate networks in the South West of England [17]. In 2015,
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Scottish Enterprise conducted a detailed study on MVDC technology about Market
Opportunities and Economic Impacts [18]. In 2016, SP Energy Networks started the
“Angle DC” project, which aimed to build a MVDC link to increase the volumes of
renewable generation [19]. In 2017, Siemens started the “MVDC plus” project to
investigate MVDC utility technology at the product level [20]. The US Navy proposed a
MVDC distribution architecture for the next-generation all-electric ship [21]. This project
also investigated the MVDC technology for a surface combatant design, which indicated
that MVDC power distribution systems are important to future naval warships equipped

with electric weapons and high-power sensors.

Decarbonisation has been one of the most urgent global challenges to help mitigate the
effects of Climate Change [22]-[28]. Most countries are planning to achieve full
decarbonisation and net zero targets by 2050 [29]. Decarbonisation is significant in many
areas including transportation, industrial applications, residential applications and
commercial activities. As reported in [30], transportation is the main contributor of
greenhouse gas emissions, which contributes more than the total emissions from
electricity generation, industry, commercial, residential, and the agricultural sectors. The
aviation industry is especially concerned to eliminate CO, emissions [30]-[33]. The
development of electric aircraft is significant to meet the requirements of sustainability
and decarbonisation targets. A battery-based electric aircraft has zero emissions during
flight. However, this topology is presently not scalable to large planes with long flight
ranges due to the low energy density, short lifetimes and long charging times of the
present battery technology [32]. Hydrogen, as an ultra lightweight natural energy vector,
provides a highly efficient, feasible, safe and clean alternative solution for commercial
vehicles [32]. Therefore, a hydrogen propulsion system shows a potential competitive
solution to medium and long ranged airplane flights. The all-electric hydrogen-powered
aircraft is being developed and has a great potential to contribute to decarbonisation and

net-zero targets [31].
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AIRBUS UpNext launched an advanced superconducting and cryogenic experimental
powertrain demonstrator (ASCEND) project in 2021, to develop a superconducting full-
electric aircraft propulsion system [34]. This project is investigating the application of
liquid hydrogen as source for the internal combustion engines or fuel cell in the net-zero
project (ZEROe). Cryogenic and superconducting technologies are also considered to
support ultra-efficient electric propulsion systems for future aircraft. The Center for High-
Efficiency Electrical Technologies for Aircraft (CHEETA) is also developing an electric-
hydrogen powered aircraft, which uses cryogenic liquid hydrogen as an energy storage

method [35].

An electric propulsion system on aircraft transmits and distributes energy from power
sources (e.g. fuel cells or generators) to motors driving propellers. A DC distribution
network is proposed in the transmission system including the converters, inverters, circuit
breakers and other power electronics devices, which have higher energy efficiency,
better power quality, lower environmental impact and save onboard space. The fuel cells
propulsion system (FCPS), as one of the main hydrogen electric solutions, is shown in
Fig. 1-2 [30]. The FCPS achieves 100% electric propulsion, which consists of electric

motors driving propellers.

A number of fuel cells are linked together in a system to provide electric power to the DC
distribution network. The inverters on the motor side are used to control the operation of

the propulsion motors. Some batteries are used to ensure fast load following.

I' Cryogenic cooling system

I
|
I |
— 1 ] |
I |
|
— : DC T AC I
I
: Converter  Battery Capacitors Inverter Motor I Fan/
Fuel cell |
e e - Propeller

Fig. 1-2 Fuel cell propulsion system topology [36]
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The hydrogen turbo electric propulsion system (HTEPS) is another electric propulsion
system that directly burns hydrogen. It allows turbo electric distributed propulsion but
also has slightly lower energy conversion efficiency. Fig. 1-3 shows an example of a
TEPS with series-connected propulsors [36], which is proposed to achieve high voltage
transmission and thus, save overall weight. Another HTEPS with parallel connected

propulsors, alternatively, provides high current transmission.
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Fig. 1-3 Hydrogen turbo electric propulsion system topology [36]

Both the FCPS and HTEPS are proposed with DC networks. The onboard electric
system could suffer from a high and fast-rising DC fault current due to the large energy
storage in the capacitors and batteries. Thus, fault protection becomes especially
important to clear a fault and protect the system’s devices. The design and development
of onboard DC circuit breakers and fault current limiters, therefore, shows great
significance. A strong and reliable circuit breaker is urgently needed to interrupt the large

DC fault currents with a considerable fast operating speed. This Thesis proposes a novel
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moving coil actuator topology that provides improvements to the operating speed for

hybrid DC circuit breakers.

1.2. Aims and objectives

As essential parts of an electric propulsion system, this research project aims to develop
a fully-decoupled dual wound generator, as the system power supply, and a moving coil
actuator for a vacuum interrupter, contributing to the fault protection circuit of the
generator electrical system. Prototypes are proposed to be built and experimentally

tested to investigate their behaviours and validate numerical modelling.

The objectives of this research project are:

® Design and build a dual wound generator that can generate two independent
power supplies of different frequencies for an IFEP ship system. The two groups
of windings will share the same stator slots in one machine frame. The main
design challenge is to ensure full magnetic decoupling between the two outputs.
When the proposed dual wound generator is integrated into an electric ship
system, the power supply for the propulsion system should be independent of the
power supply for the ship services system.

® Build and experimentally test the prototype dual wound generator. The full
independence of the two outputs will be investigated considering more complex
practical operating conditions. The generator behaviour under different loads
conditions will be investigated such as the resistive load, inductive load and
rectified DC load. Both static tests with unchanged loads and dynamic tests with
changing loads performance will be tested to ensure that a change in one of the
outputs does not have an impact on the other output.

® Design a fast operating MCA for a vacuum interrupter circuit breaker. A novel

actuator topology with compensation coils is considered to improve the actuating
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performance. The compensation coils can generate opposite-direction magnetic
field against the magnetic field generated by the moving coils, thus reduce the
core saturation and compensate the equivalent system inductance. The
improvement of the proposed actuator topology design should be considered in
terms of operating speed, efficiency and reliability. The design should be based
on the onboard DC system fault protection requirements.

® Build and experimentally test a prototype of the designed MCA with
compensation coils for a vacuum interrupter. Evidence that the compensation
coils provide additional benefits compared with the original MCA will be
investigated. Different connections for the moving coils and compensation coils
will be considered and individually tested. Both the electrical and mechanical

performance will also be investigated.

1.3.Thesis layout

This Thesis is composed of seven chapters, which is organised as follows:

Chapter 1 introduces the background of this research project. The development of IFEP
ship systems and full-electric aircraft systems are presented to indicate the benefits of
proposing a dual wound generator and fast-operation circuit breaker. The aims and

objectives are also presented.

Chapter 2 reviews the existing literature on dual wound electric machines, along with
DC circuit breakers and actuators for MCBs. The advantages and challenges of
designing a dual wound generator for an IFEP system are described. The operating
principles of three main kinds of DC circuit breaker topologies are also introduced. A
comparison of the performance of each circuit breaker topology is investigated. Finally,

different actuator topologies for MCBs are presented and compared.
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Chapter 3 presents the magnetic decoupling winding design for a 2-pole and 6-pole dual
wound generator for IFEP ship systems. Harmonics analysis is calculated using an
algebraic method. A 2D finite element model is built in COMSOL to analyse the magnetic
field distributions and the machine’s dynamic performance. A prototype dual wound

generator is built to further investigate the full decoupling between the two outputs.

Chapter 4 presents the experimental testing of the prototype dual wound generator that
was proposed in Chapter 3, to investigate the full decoupling between the two outputs.
Furthermore, the dynamical operation of the prototype generator under more complex
load conditions is also investigated including with resistive loads, inductive loads and

rectifier DC loads.

Chapter 5 introduces a novel design of a moving coil actuator topology with
compensation coils for a vacuum interrupter. The compensation coils eliminate the
saturation in the magnetic core and increase the rate of rise of the excitation current,
thus increasing the operating speed. A 2D finite element model is built to investigate the

optimal design of the system, and a prototype design is proposed.

Chapter 6 explains the build and experimental testing of the prototype moving coil
actuator with compensation coils that was proposed in Chapter 5. This actuator is
experimentally tested with a vacuum interrupter. Mechanical latching, springs and other
supporting structures are included to eliminate the effects of bouncing, rebounding and
welding. The experimental test results demonstrate the dynamical performance of the
actuator with four possible connections. The comparison of each connections of the

designed moving coil actuator is presented.

Chapter 7 summarises the conclusions of this research project, including the main
findings and contributions of this Thesis. The potential of future continued works is also

presented.

10
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This chapter reviews the literature of dual wound machines, DC circuit breakers, and

different types of actuators.
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2.1. Dual wound machines

A dual wound machine is an electric machine with two groups of windings that share the
same stator slots in one frame. Generally, a dual wound machine can either operate as
an electric motor or as a generator. Dual three-phase motors are proven to have the
potential to improve the torque density and torque quality, with even higher efficiency.
Furthermore, dual wound generators are proposed to generate two power supplies

simultaneously with only one attached prime mover, which achieves a compact design.

2.1.1.Multiphase dual wound machines

With dual three-phase windings, a dual wound machine can also be considered as the
implementation of a range of multiphase machines. Multiphase machines are commonly
implemented on-board electric ships and rail vehicle applications, which benefit from
their fault-tolerance capability and torque quality [1]. Compared with a conventional

three-phase machine, a multiphase machine can have the advantages of:

® As the three-phase voltages are reformed into multi phases, the voltage on each
phase can be effectively reduced. Thus, high-power variable-speed drives of
multiphase machines can be achieved using lower powered devices and cable
connections. This is suitable for on-board propulsion systems with a limited

supply voltage [1].

® Multiphase machines can have great fault-tolerance capability. When one of the
stator phases is open-circuited, for example, the other phases can still operate

but at a derated working point [1].

® The number of independent phases of a machine is directly related to the number

of control degrees in a drive system. A multiphase machine could have more

17
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degrees of freedom compared with conventional three-phase machines, which
provides more potential to the drive system design, thus enhancing the drive

performance [1].

® The torque ripple can be reduced in a multiphase machine. As the torque ripple
is caused by the spatial harmonics of magneto-motive force (mmf), which is
excited by the fundamental current in the stator phases, the increasing of the
phase number can increase the harmonic orders. Therefore, the torque ripple can

be reduced and the efficiency can be improved [1]-[2].

2.1.2.Winding design of dual wound machines

Research of dual wound machines has been popular due to their higher torque densities,
enhanced efficiency and fault-tolerant capabilities. Two groups of windings provide more
possibilities to the machine winding arrangements and distributions, which can affect the

machine performance, including the phase resistance, harmonics and torque quality.

A six-phase dual wound permanent magnet synchronous machine was proposed in [2],
where two identical dual three-phase asymmetrical winding sets were separately
distributed in the two halves of the stator frame at 180 mechanical degrees. This winding
distribution may achieve a lower phase resistance and thus, copper losses. The torque
quality were improved as well. A dual three-phase machine with an interior permanent-
magnet (IPM) rotor was investigated in [3], where the stator windings were arranged with
distributed windings. The machine's performance was compared with a commercial
automotive traction machine, the Nissan Leaf IPM machine. The dual three-phase
machine was shown to have improved torque density and torque quality without
compromising efficiency. Another permanent-magnet dual wound machine was designed
and discussed in [4], where the windings of the stator were of the concentrated windings

arrangement to achieve electrical and magnetic isolation. The designed dual wound
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machine could either work in motor or generator operation mode. This paper also
discussed the performance between distributed windings and concentrated winding
topologies. Both the simulation and experimental results showed that the location of the
coils in the stator periphery had a great effect on minimum coupling. A dual wound
generator designed for the Navy’s next generation all-electric warships was designed
and built in [5], which was able to provide power supplies for both the port and starboard
power distribution busses. This approach offered redundancy and reduced the effects of
prime mover light loading. However, the coupling between the two outputs of the dual
wound generator was not fully independent. A fault or load changes on one output could

impact the other output due to the dual wound coupling effect.

A 20 MW dual wound gas turbine generator system was proposed through finite element
modelling, and a reduced scale 10 kW prototype of the dual wound machine was
manufactured and validated through hardware experiments demonstrating the
electromagnetic coupling between the two phase sets [6]. The electrical test schematic
of the dual wound generator is shown in Fig. 2-1. The results indicated that a disturbance
of the load on one output of the generator could have a significant effect on the other
output, which showed the possibility of load faults on one bus creating disturbances on
the other. Thus, coupling between the two outputs must be eliminated for this type of
power system architecture. Furthermore, a solution of using active control of the field
excitation to maintain constant airgap flux in the machine, thus reducing the coupling
effect was also proposed. However, this method can only mitigate not eliminate the

coupling effects between the two windings.
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Fig. 2-1 Electrical schematic of dual wound generator test platform

The research in [7] investigated the offset between two sets of windings, which could
reinforce the fundamental mmf waveform and suppress the oppositional harmonic mmf
waveform, effectively eliminating the harmonics coupling between the two windings sets.
The calculation was based on a modular planar windings model. Further harmonics
analysis of machine excitations and phase windings was proposed in [8]-[9], which
provided a theoretical method to cancel the coupling between the two outputs of a dual

wound generator.

This Thesis aims to propose a dual wound generator design with fully magnetically
decoupled windings sets for electric ship systems. The two outputs of the dual wound
generator should be fully independent to ensure that the change of the operating
condition of one output will not impact the other output, and therefore, the propulsion
system and ship services can work independently even though they are powered from

one prime mover.
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2.2.DC circuit breakers

With the development of DC distribution and transmission systems, DC fault protection
technology is facing a great challenge to propose reliable DC fault current limiters and
DC circuit breakers for a range of present and future industrial applications. The design
of DC circuit breakers is generally more difficult than AC circuit breakers due to the fact
that DC current does not have any natural zero-crossing point and also a high rate of
rise in a fault current condition. The series inductance and shunt capacitance of DC
cables can release a large amount of energy during fault conditions. A circuit breaker,
therefore, must clear a fault with a very fast operating speed, which is defined as less
than 3 ms in this research, and dissipate the energy left in the inductance and
capacitance of the system. Furthermore, a DC circuit breaker should also operate with a
low conductive loss during normal no-fault conditions. The key requirements of the

design of a DC circuit breaker are as follows:

® Fast fault current interruption speed

® Low losses during normal no-fault operating conditions
® Dissipate the energy stored in the system inductance
® Reclose after the clearance of a fault

® Withstand and limit the high overvoltage

® Overcurrent capability

® High efficiency

® High reliability and long lifetime

There are three main topologies of DC circuit breakers listed below, which will be

explained in more detail in the following section.

® Mechanical DC circuit breaker
® Solid-state DC circuit breaker

® Hybrid DC circuit breaker
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2.2.1.Mechanical circuit breakers

A mechanical circuit breaker (MCB) is the most conventional DC circuit breaker. Its
structure is basically a mechanical switch. During normal operation, the two contacts of
the switch are closed to support the DC current flow, with low operating losses. The on-
state resistance of a mechanical DC circuit breaker can be as low as 10 uQ. Once a fault
occurs, the two contacts will separate and an electric arc will form between the two
contacts, which needs to be extinguished rapidly. The arc can be extinguished either by
mechanically lengthening and cooling or by electrically creating an artificial zero-crossing.
Once the arc is extinguished, the electric isolation between the two contacts will be
recovered to ensure no re-striking occurs. The dielectric strength should also be strong
enough to withstand system overvoltages. The arc quenching method and the isolation
gas method can distinguish these type of MCBs. Air, vacuum and sulfur hexafluoride
(SFe) are commonly used as the medium in MCBs for electric isolation due to their great

dielectric strength.

2.2.1.1 Air circuit breakers

An air circuit breaker is a mature and cost-efficient DC fault interruption technology. One
of the air circuit breaker topologies is the air chute circuit breaker, which has an air chute
for the arc quenching process. Once an electric arc is formed between the contacts, it
will be driven into the air chute due to both thermal and electromagnetic effects. The arc
in the chute will become cooled, lengthened and split. Lengthening and cooling the arc
efficiently increases the arc voltage. Once the arc voltage becomes larger than the
system voltage, it will be quenched. Air chute circuit breakers have been widely
investigated for decades for fault protection applications [10]-[11]. Recent research using
arc chute topology with liquid nitrogen as an arc extinguishing medium is presented in

[12].
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Another air circuit breaker topology is the air blast circuit breaker, which uses
compressed air to lengthen, cool and finally blow out an arc. They have a relatively fast
arc quenching speed but require a sufficiently high capacity air compressor for frequent
operations [13]. Air circuit breakers are conventional technologies that have been used
in low-voltage fault protection applications for decades [14]. In the early 1940s, for
example, a 5 kV “magnetic-blast” air circuit breaker was developed using the principles

of magnetic action and thermal reaction [15]-[16].

2.2.1.2 Vacuum circuit breakers

Vacuum circuit breakers use vacuum as the arc extinction medium, which can provide
high insulating strength and superior arc quenching properties. The two contacts are
enclosed in a permanently sealed vacuum interrupter. Thus, arc quenching will occur in
a vacuum chamber. Fig. 2-2 shows a typical vacuum interrupter. A moving contact and a
fixed contact are located at the ends of a ceramic high vacuum arcing chamber. This is
supported by ceramic insulators, one of which encloses bellows to support the movement
of the contact. Once a fault occurs, the two contacts separate, and an arc is formed
between the two contacts in the vacuum chamber. A fault current will be interrupted at
the first current zero. The dielectric strength can recover rapidly after an arc is
extinguished. Due to the excellent recovery of a vacuum circuit breaker, they are

commonly used in the design of ultra-fast circuit breakers for industrial applications.
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Fig. 2-2 Vacuum interrupter topology [17]

The advantages of a vacuum circuit breaker can be listed as follows:

The vacuum has a high dielectric strength, which can support high voltage
applications

The vacuum has a rapid recovery of high dielectric strength after a fault current
interruption

Vacuum is relatively environmental friendly

A vacuum interrupter is compact and self-contained, and can typically be installed
in any required orientation

A vacuum circuit breaker has the least requirements for maintenance and therefore,
is high reliability. Furthermore, a vacuum circuit breaker does not need periodic
refilling and is not flammable compared to filling of oil or gas of other types of circuit

breakers.

The technology of the vacuum circuit breakers in medium voltage applications has been

dominating primary switchgear from 5 kV to 40.5 kV. However, the weakness still be

considered, for example, a vacuum circuit breaker normally requires extra force to
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prevent welding due to its contacts working environment.

2.2.1.3 SF; circuit breakers

SFe circuit breakers use compressed SFg gas in an enclosed vessel as the quench
medium. The same as vacuum, SFs can help to extinguish an electric arc, but with even
stronger dielectric strength. Thus, SFs circuit breakers are commonly used in high
voltage AC grid applications. However, SFs is a potent greenhouse gas with a high global
warming potential [18]. Furthermore, SFs decomposes under electrical stress, forming
toxic by-products that can be a health threat for personnel in the event of exposure [18].
Therefore, SFs circuit breakers are not environmentally friendly and are also not suitable

for onboard systems such as electric ships and aircraft.

The air, vacuum, and SFe circuit breakers are designed for AC systems. Since there is
no zero-crossing in DC systems, a passive resonance circuit or an active resonance
circuit is therefore introduced to generate a zero-crossing point for DC circuit breaker

applications.

2.2.1.4 Passive resonance DC circuit breaker

A passive resonance DC circuit breaker uses the self-oscillation of an inductor and
capacitor to create a zero-crossing point for a mechanical interrupter. Fig. 2-3 shows a
typical topology of a passive resonance circuit [19], which includes the main interruption
branch, a commutation branch and an energy absorption branch. The main breaker can
be an air, vacuum or SFs AC circuit breaker. The commutation branch consists of an
inductor and a capacitor in a series connection, composed of a resonant circuit, to
generate the zero-crossing point. The energy absorption branch is a varistor, to dissipate
the energy left in the system inductance, which represents a nonlinear resistor where the
resistance changes with the voltage. Metal oxide varistors (MOVs) such as Zinc Oxide

(ZnQ) varistors, are widely used in voltage clamping applications. There is a large
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inductor connected with the branches to suppress the rate of rise of a fault circuit in most

cases.

O
Isolator

Inductor Main breaker

Inductor Capacitor

Varistor

Fig. 2-3 Passive resonance DC circuit breaker topology

During normal operation, the current will flow through the main breaker with a negligible
power loss due to its low conductive resistance. Therefore, the voltage drop across the
breaker and the capacitor is almost zero. Once a fault occurs, the two contacts of the
breaker separate with an electric arc produced. A fault current will be commuted from the
breaker branch into the inductor and capacitor branch. The inductor and capacitor then
generate exponentially increasing current oscillations. Once this oscillating current fully
opposes the arc current in the breaker branch, the arc will be extinguished. The fault
current then flows into the commutation branch and charges the capacitor until it reaches
the system voltage. The dielectric strength of the breaker has to be able to withstand the
system voltage. Once the amplitude of the capacitor voltage exceeds the varistor’s knee
point, where significant current flows through the lowered varistor resistance, the varistor
begins to conduct and dissipate the energy left in the system inductance. Finally, the

current in the main circuit reduces to zero and a fault is fully isolated.
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The passive resonance circuit breaker has a relatively simple design with fewer
requirements for the control system. However, the fault interrupting time is slow, up to
tens of milliseconds, and the circuit breaker itself is large in size. A 500 kV passive
electro-mechanical DC circuit breaker was proposed in [20], which can break a 5 kA fault

current in 60-100 ms as an example.
2.2.1.5 Active resonance DC circuit breaker

An active resonance DC circuit breaker has a similar artificial zero-crossing generating
principle to the passive resonance circuit, which uses a capacitor and inductor oscillation
to generate opposite currents against the arc current. However, the capacitor is pre-
charged and an injection switch is applied to excite the resonant circuit, as shown in Fig.
2-4 [19]. The injection switch generally employs a thyristor or semiconductor switch for a
fast operation. In this case, the current oscillation with the pre-charged capacitor can
increase rapidly to create a zero-crossing point for the electric arc in the mechanical
breaker when a fault is detected. Once the arc is extinguished, the current will be
commutated into the varistor and dissipate the energy left in the system inductance until

the current decays to zero.

Varistor ;
Pre-charged
I_I capacitor
= +

Inductor _ Injection switch
Capacitor

Isolator

—TTN———— © o o—

Main breaker

Fig. 2-4 Active resonance DC circuit breaker topology
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An active resonance DC circuit breaker can generate current oscillations rapidly, which
means it can operate much faster compared to passive resonance circuit breakers. An
MCB with an active resonance circuit proposed in [21] successfully cleared a fault current
of 10.5 kAin less than 5 ms. However, the design topology of the active resonance circuit
breaker is more complex and requires high reliability for the injection switch. A thyristor
with their reliable and fast operation, however, need a large amount to be connected
together in series to withstand the DC voltage during the off state, which results in issues
including higher costs and difficulty in trigger consistency. An external control circuit for
the injection switch and the charge of the capacitor is also needed adding further costs

and complexity.

2.2.1.6 DC mechanical circuit breaker commercial products

Fuji Electric developed a DC high-speed vacuum circuit breaker with an active resonance
circuit, as shown in Fig. 2-5 [22]. The Fuji electric DC MCB VDC series has voltage
ranges from 750 V — 1,500 V and current ranges from 2 — 4 kA. Due to the arc-less circuit
interruption, a long lifetime of this type of circuit breaker can be expected. Thus,
maintenance costs are dramatically reduced. Space-saving designs are also proposed
to reduce construction costs and make renewals easy. This circuit breaker uses dry
capacitors, which are incombustible and eco-friendly. The detailed introduction of Fuiji

electric DC MCB are summarised in Table 2-1.
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Fig. 2-5 Fuji electric vacuum DC circuit breaker [22]

Gerapid developed a single pole, high-speed, air circuit breaker for traction applications
[23]. The rated current ranges from 2.6 kA to 8 kA, with voltage ranges up to 3.6 kV.
Gerapid employed a 2-stage contact system (main and arcing contacts) for prolonged
contact life and simple contact replacement. Tripping is via a spring energy trip
mechanism with a mechanical latch. A powerful solenoid with an integrated control unit
provides the closing energy. Fig. 2-6 shows the Gerapid circuit breaker topology. Table

2-2 summarises the detailed parameters of the Gerapid circuit breaker.
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Fig. 2-6 Gerapid vacuum DC circuit breaker [23]

Xi'an Jiaotong University proposed a novel design of a liquid nitrogen MCB, which is a
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kind of mechanical switch using liquid nitrogen (LN2) as an arc extinguishing medium
[12]. The LN switch is characterised by extremely low contact resistance and can reduce
the conduction loss significantly. The topology of a liquid nitrogen MCB is shown in Fig.
2-7, which has a similar chute structure to air chute circuit breakers. The experimental
results showed that the LN2 switch could interrupt a 1 kV / 2 kA fault current within 20
ms. Potential applications of LN circuit breakers can be cryogenic electric aircraft or DC

superconducting systems.

Metal arc chute G10

frame Metal arc\ch_ute
l 4 > _—

Immersed in LN,

Fig. 2-7 Liquid nitrogen mechanical circuit breaker [12]
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TABLE 2-1

FUJI ELECTRIC DC MCB SPECIFICATION [22]

Mechanical circuit breaker VDC215-P VDC208-P VDC215-T VDC208-T
Type (active/passive resonance) Active Active Active Active
Rated current 2000A/3000A/4000A 2000A/3000A/4000A 2000A/3000A/4000A 2000A/3000A/4000A
Breaking capacity 50 kA 50 kA 100 kA 100 kA
Maximum operating voltage DC 1500 V DC 750 V DC 1500 V DC 750 V
Chamber (Air/Vacuum) Vacuum Vacuum Vacuum Vacuum
Breaking speed 6 ms 6 ms 6 ms 6 ms

Making speed

2 s (electric-spring)

2 s (electric-spring)

2 s (electric-spring)

2 s (electric-spring)

Volume

2000 x 700 x 2300 mm

2000 x 700 x 2300 mm

2000 x 700 x 2300 mm

2000 x 700 x 2300 mm

Lifetime

10000 times (mechanical)

100 times (short-circuit

current interruption)

10000 times (mechanical)

100 times (short-circuit

current interruption)

10000 times (mechanical)

100 times (short-circuit

current interruption)

10000 times (mechanical)

100 times (short-circuit

current interruption)

TABLE 2-2

GERAPID DC MCB SPECIFICATION [23]

Mechanical circuit breaker Gerapid 2607 Gerapid 4207 Gerapid 6007 Gerapid 8007
Type Arc chute* Arc chute* Arc chute* Arc chute*
Rated current 2600 A 4150 A 6000 A 6000 A
Breaking capacity 30-70 kA 30-70 kA 35-56 kA 50 kA
Maximum operating voltage 2000 — 4000 V 2000 — 4000 V 1000 — 4000 V 1000 - 2000 V
Chamber (Air/Vacuum) Air Air Air Air
Breaking speed 150 ms 150 ms 150 ms 150 ms
Operating temperature min -5°C -5°C -5°C -5°C
Operating temperature max 35/55°C 35/55°C 35/55°C 35/55°C
Mass (kg) 120 - 160 120 - 160 150 — 165 190 - 210
Volume 400 x 1200 x 1000 mm 400 x 1200 x 1000 mm 400 x 1200 x 1000 mm 400 x 1200 x 1000 mm

Lifetime

10000

10000

10000

10000
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2.2.2.Solid-state DC circuit breakers

Solid-state circuit breakers (SSCBs) are semiconductor-based protection devices. Unlike
mechanical DC circuit breakers, SSCBs use semiconductor components, thus achieving
an ultra-fast fault clearance speed, which can interrupt DC current within less than 100
Ms [24]-[26]. In addition, because no electric arc exists during the interruption process,

SSCBs are expected to have better reliability and a long lifetime.

The semiconductor components used for SSCBs can be divided into different categories
by their predominant materials, for example, silicon (Si), silicon carbide (SiC) and gallium
nitride (GaN). The silicon-controlled rectifier (SCR), insulated-gate bipolar transistor
(IGBT), integrated gate-commutated thyristor (IGCT), gate turn-off thyristor (GTO) and
the emitter turn-off thyristor (ETO) are commonly used in solid-state DC circuit breaker
applications. These semiconductor devices can interrupt voltages up to 6.5 - 8.5 kV with

rated currents up to 3 - 6 kA [27].

Although SSCB can achieve a high operating speed, semiconductor devices typically
have higher conduction losses. Due to their high on-state resistance, the temperature
rising effect is significant in SSCBs. An additional cooling system is usually employed to

ensure the normal operation of SSCBs, which makes the system bulky.

To reduce the on-state losses, some promising semiconductor devices have been
proposed such as SiC junction-gate field-effect transistors (JFETs), which achieve lower
conduction resistance and no control signal is needed to maintain their ‘on’ state.
Research in [28] successfully used SiC JEFTs to interrupt a 200 A fault current with a
system voltage up to 400 V. A SiC unipolar device with only 2.5 mQ cm? conduction

resistance that blocks the voltage of 1.2 kV was proposed in [29].

SiC metal-oxide—semiconductor field-effect transistors (MOSFETs) have also
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considered for solid-state DC circuit breakers use due to their low on-state losses and
high temperature working performance. SiC MOSFETs-based circuit breakers have been
investigated in [30]-[31] under voltages of 270 V, 380 V and 850 V with fault currents up
to 450 A.

GaN devices have better performance of low on-state resistance and fast operation
speed. A prototype SSCB was demonstrated in [32] to clear a fault current of 45 A under

300 V voltage within 0.8 pus.

IGBT devices are popular in the applications of SSCBs. A prototype bi-directional SSCB
using two IGBTs in parallel, which successfully interrupted a 100 A fault current was
developed and discussed in [33]. A SSCB for VS-HVDC systems was developed in [34],
which utilised ten IGBTs connected in series. This SSCB successfully interrupted a 5.1
KA fault current under 10 kV, which indicated the feasibility of SSCB with series-
connected IGBTs. An IGBT-based SSCB for onboard MVDC systems was developed in
[35], which interrupted a 400 A DC fault current in less than 300 ps [36] compared to
IGCTs and IGBTs for circuit breakers in ship electrical systems. This result confirmed that
IGBTs are more appropriate for downstream relative low-current rated SSCBs with fast
operating speed, and IGCTs are more suitable for upstream relative medium-current
SSCBs. MOSFETs, IGBTs, and MCTs performance for SSCBs was compared in [37],
where determined that the limiting factor in power delivery for semiconductor devices is

junction temperature.

The voltage and current levels of SSCBs are determined by the applied semiconductor
devices. An individual device has limited voltage and current ratings, which means a
large number of semiconductor devices need to be series and/or parallel connected to
increase the voltage and/or current capability. The typical voltage and current levels of

semiconductor device technologies is shown in Fig. 2-8 [27].
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Fig. 2-8 Voltage and current levels of different semiconductor devices [27]

There are three main types of SSCBs: SSCBs with parallel varistors, SSCBs with a

freewheeling diode and Z-source SSCBs.

SSCBs with parallel varistors are a basic topology, as shown in Fig. 2-9 [38]-[39]. The
semiconductor device (T) is the key component to break the fault current. Lqc is the
equivalent system inductance. During normal operation, T turns on and supports the
current flow. Once a fault occurs, T turns off and blocks the fault current. The paralleled
varistor limits the voltage across T and dissipates the energy left in the system

inductance.

Semiconductor breaker (T)
ﬁ System inductance (L, )

Cied

Varistor

Fig. 2-9 Solid-state circuit breaker with parallel varistor
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The circuit topology of an SSCB with a freewheeling diode is shown in Fig. 2-10 [38].
The freewheeling diode (D) is series connected with the varistor. During normal operation,
T turns on and delivers system current. Once a fault is detected, T turns off. The fault
current then flows through D and the varistor. Thus, there is no current through the DC
source and the semiconductor device. The varistor then dissipates the energy left in the

system inductance. Once the current drops to zero, the fault is isolated.

Semiconductor breaker (T)

System inductance (L)

Diode (D)

dc

e

|

_ 7
Varistor

¢

Fig. 2-10 SSCB with a freewheeling diode

Instead of semiconductor devices with turn-off capability in the above two SSCB
topologies, a thyristor SCR is used in the Z-source SSCB to isolate a fault current, as
shown in Fig. 2-11(a) [40]. This topology includes an SCR, two capacitors (C) and two
inductors (L) that are paralleled with a diode-resistor branch. During normal operation,
the SCR turns on. The current flows through the SCR, two inductors and the system load
R.. Since the voltage across the inductors is zero, the two capacitors can be regarded
as parallel connected. Once a fault occurs, though the current in the main circuit is rapidly
increased, the current through the inductors maintains the same. Thus, the current
through the capacitors is shown in Fig. 2-11(b). The two capacitors, therefore, are
regarded as series connected. Once the current through the capacitors rises and

reaches the inductor current, the current through the SCR will be decreased to zero,
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which automatically turns off. When the voltage across the inductors drops to negative,
the diodes will be turned on. The current through the capacitors is commuted into the

diode-resistor branch. The resistors then dissipate the energy left in the system

inductance.
SCR L
PI\ #
Vs C C CL RL
| [ |
18

(a) Z-source SSCB circuit topology

(b) Current flow once fault happens

Fig. 2-11 Z-source solid-state circuit breaker

Z-source SSCBs do not need a fault detection circuit and are more cost-efficient
compared with the other types of SSCBs. However, they only respond to fault currents

with a high dynamical rising rate [40].
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2.2.3.Hybrid DC circuit breakers

To combine the advantages of low conductive losses of MCBs and the fast operating
speed of SSCBs, a hybrid circuit breaker (HCB) for DC systems has been proposed. Fig.
2-12 shows a conventional hybrid DC circuit breaker with natural current commutation,
which includes a mechanical branch, a semiconductor branch and an energy absorption
varistor branch [19]. During normal operation, current flows through a mechanical switch
with low conduction losses. Once a fault is detected, a MCB turns off and the main
breaker turns on. The electric arc then generates between the contacts of the mechanical
switch, which leads to the fault current being commutated from the mechanical branch
to the semiconductor branch. During this commutation process, the arc voltage across
the mechanical switch must be greater than the turn-on saturation voltage drop on the
main breaker. Otherwise, the current commutation fails and the main breaker cannot be
conducted. When a fault current is fully commutated from the mechanical switch into the
main breaker, the mechanical switch is able to block the full system voltage. The main
breaker then turns off and the varistor starts to conduct, clamping the voltage across the
HCB and dissipating the rest of the energy left in the system inductance. After the current

decreases to zero, the fault is fully cleared.

MS

N B

MB

Mechanical branch

; ; ]
l—K—l Semiconductor branch

Varistor

—D—¢|7 Energy absorption branch

Fig. 2-12 Conventional hybrid DC circuit breaker
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The conventional natural current commutation HCB achieves low conduction losses
during normal operation. The operating speed of this conventional HCB topology highly
depends on the mechanical switch and the passive commutation process. Thus, a
proactive HCB is proposed to effectively reduce the commutating time. Fig. 2-13 shows
a typical proactive hybrid DC circuit breaker topology, which was firstly developed by
ABB in 2012 [41]. The circuit topology contains a mechanical switch branch with a series
connected load commutation switch (LCS), solid-state devices as the main breaking

branch and a varistor energy absorption branch.

During normal operation, the current flows through a mechanical switch and a load
commutation switch. The load commutation switch contains only a few semiconductor
devices, and therefore there are relatively low conductive losses. The main breaker can
either be in an on or off state. Once a fault is detected, the load commutation switch turns
off, while the main breaker turns on to commutate the fault current to the main breaker
branch. Once the current through the load commutation switch decreases to zero, the
mechanical switch can turn off without any electric arc. When the mechanical switch is
fully opened, it can hold the system voltage. Thus, the semiconductor main breaker can
turn off to break the fault current, at which time, a transient recovery voltage will be
generated across the HCB. Once this voltage exceeds the knee point of the energy
absorption, the varistor begins to conduct and dissipate the energy left in the system

inductance.

Current limitin Load commutation switch
c Mechanical switch A —

inductor
—n o M__

Main braker

Varistor

=

Fig. 2-13 Proactive hybrid DC circuit breaker
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The proactive hybrid DC circuit breaker employs a load commutation switch to reduce
the current commutation delay time and also allows the mechanical switch to open
without any arcing effect, thus extending the mechanical switch's lifetime. A load
commutation switch is a small group of semiconductor devices, producing on-state

losses that are significantly lower than the main SSCB.

Some detailed modelling of proactive hybrid DC circuit breakers are given in [42]-[45].
The details of proactive HCBs in high voltage direct current (HVDC) system applications
were introduced in [46]. A 15 kV proactive hybrid DC circuit breaker for MVDC systems
was investigated in [47], which can conduct 45 A normal current and interrupt a maximum
of more than 100 A fault current in less than 4 ms. A hybrid HVDC circuit breaker
prototype developed in [48] was proposed to interrupt a 7 kA fault current at 120 kV.
SGRI launched the world’s first 200 kV DC circuit breaker that could interrupt a 15 kA
fault current in 3 ms, in 2015 [49]. In [50], a topology based on a thyristor-controlled
resistor and current limiting inductor of a hybrid DC circuit breaker used for VSC-HVDC
systems was developed to minimise the amount of absorbed energy. Researches in [51]-
[56] investigated different load commutation switch schemes, which are called forced
commutation circuits, using thyristors, inductors, pre-charged capacitors and diodes, to
reduce the on-state losses. However, the main drawbacks are the relatively long

operation time and the complex control process in the case of bi-directional current flow.

2.2.4.Comparison of different types of DC circuit breakers

MCBs have the lowest losses and the simplest design but also are the slowest DC circuit
breaker and make mechanical noise during operation. The arcing effect limits a MCB’s
lifetime. SSCBs have no arcing effect during operation and thus have an extended
lifetime because of the semiconductor devices used, but the on-state losses are large

and their volume can be as large as the cooling system required. SSCBs have the fastest
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operating speed and can interrupt extremely high fault currents as long as enough
semiconductor devices are used in the circuit, however, this results in a higher device
cost and more complex system design. HCBs combine the advantages of MCBs and
SSCBs with low on-state losses and relatively high operating speeds. The proactive
commutation makes HCBs fully controllable. However, the operating speed is highly
determined by the MCBs and the interrupting capability depends on the SSCBs. Table.
2-3 lists a summary of the advantages and disadvantages of the different types of DC

circuit breakers.

TABLE 2-3
COMPARISON OF DIFFERENT DC CIRCUIT BREAKERS

Circuit breaker | Advantages Disadvantages References
type

®| ow on-state losses | ®Slow interruption speed ®[10]- [23]
MCB

S ®Low cost ®Limited lifetime by contact
@ Simple topology erosion
®No complex circuit ®Large noise at operation
design

®No arc ®High on-state losses ®[24]- [40]
SSCBs .

® Ultra-fast ®High costs

interruption ®Cooling system required

®| ong lifetime eLarge volume

®No noise
HCB ®Fast interruption ®Cooling system required ®[41]- [56]

s

®Relatively low losses | ®High costs

®No arc ®| arge volume

®Highly controllable ® Complex control system
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2.3. Actuators for mechanical circuit breakers

An actuator is a mechanical component to switch the on and off status of a circuit breaker.
A spring mechanism actuator is a conventional technology that stores energy in a
compressed spring that is latched in place. When the latch is removed, the energy
quickly releases and the actuator can perform a directional motion. The spring actuator
generally allows manual operation but is always used in applications without high-speed
operating requirements. Electromagnetic actuators, which convert electrical energy to
mechanical energy, are widely used in relay applications, electric locks, valves and
MCBs. The actuators explained in this section are all electromagnetic actuators, as they

can achieve higher operating speed with better performance in MCB applications.

2.3.1.Permanent magnet actuators

A permanent magnet actuator (PMA) is a conventional technology that is widely used in
linear motors and generators such as compressors, pumps, electromagnetic valve
actuators, active shock absorbers and vibrators [57]. This electromagnetic-based

actuator was proposed to replace the conventional spring-operated mechanisms in [58].

Fig. 2-14 shows a typical PMA topology constructed with a vacuum interrupter that was
developed by ABB [59], which consists of a fixed iron core, permanent magnets, a steel

moving plunger and two coils for the opening and closing process.
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Opening coll

Plunger

Permanent magnets

— Closing coil

— Iron core

Fig. 2-14 Permanent magnet actuator topology [59]

The concept of a PMA is to use the moving plunger and the iron core to form a low
magnetic resistance path to latch the moving plunger at a certain position. The actuating
process is triggered by an energised coil generating an additional magnetic field to
compensate for the original magnetic field from the permanent magnet and direct the
plunger to move to the other end. Fig. 2-15 illustrates the change of the magnetic field
during the operating process [59]. As shown in Fig. 2-15(a), the plunger is at the top
position, forming a low magnetic resistance path together with the iron core. The bottom
path, due to the airgaps, represents a high magnetic resistance. Thus, almost all the
magnetic field fluxes run through the top end of the plunger being in contact with the iron
core. The high concentration of the magnetic field fluxes generated from the permanent

magnet produces a large attracting force to the plunger and latches it at the top position.
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Fig. 2-15 Magnetic fluxes distribution of a permanent magnet actuator

To switch the actuator, an energised coil is employed to compensate for the magnetic
field generated by the permanent magnet, and redirect the magnetic fluxes moving to
the bottom path, as shown in Fig. 2-15(b). The bottom coil produces an additional
magnetic field, which compensates for the high magnetic resistance of the airgap. Thus,
the top retaining force decreases and the bottom attractive force increases. Once the
attractive force exceeds the latching force, the plunger starts to move. The plunger
moves downwards and reaches the bottom end of the iron core, as shown in Fig. 2-15(c).
The electromagnetic force on the plunger, produced by both the permanent magnet and
the coil, effectively damps out the mechanical oscillation and ensures the plunger is
latched at the bottom end. Once the plunger is in this position, the coil current can be
switched off. The plunger will be latched at the bottom position with the static hold-force

only generated by the permanent magnet.

A PMA has a simple theoretical design and can generate a large holding force to latch
the moving plunger during normal operation. Several researchers have investigated the
output characteristic of PMAs and noted that their switching characteristics are similar to

vacuum circuit breakers [58]-[61]. In 1998, a PMA was developed for medium voltage
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vacuum switchgear [58]. This paper also indicated that a PMA is by its nature better
suited for vacuum interrupters than conventional spring-operated actuators with the
advantages of superior reliability and cost reduction. A comparison of PMAs, spring
mechanism actuators and solenoid actuator was investigated in [62], which indicated
that PMAs have the advantages of no noise in the charging process, short recharging
time and maintenance-free, but a higher cost compared with the other two types of

actuators.

A variable speed PMA designed in [63] was successfully operated with a 320 A, 1.5 kV
vacuum switch (DVS10CB type), used in a prototype 300 kVA three-phase tap changer.
Benefiting from the high reliability of PMAs, the ABB VM1-type vacuum circuit breaker is
the first VCB that achieves maintenance-free status without any auxiliary switches [64].
It has a rated voltage of up to 24 kV and a short-circuit breaking current up to 50 kA. The
turn-on operating time is up to 60 ms and the turn-off time is up to 50 ms. A PMA with an
easy-controlled system and constant operating time was developed in [60] for vacuum
circuit breakers, which achieves 30 ms for the actuator opening process. PMAs also

contribute to offshore oil industry drilling and wireline jar applications [65]-[66].

2.3.2.Moving coil actuators

A moving coil actuator (MCA) is an electromagnetic actuator that employs one or more
coils in a magnetic field as the moving part. The magnetic field is generally provided by
a permanent magnet. Once the coils are energised, there will be a large Lorentz force
on the coils to drive the moving part. This Lorentz force is proportional to the magnetic
flux density, coil current, and the effective coil length. The MCAs principle has been
proposed for decades, which has been used in loudspeakers to drive the mechanism for
disk drive read heads [67]-[69], thus, is also called a voice coil actuator [70]. To date,

MCAs have been investigated for use in a wide range of applications such as vacuum
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circuit breakers.

Fig. 2-16, as an example, presents a MCA topology developed by Siemens [71]. It
consists of a permanent magnet, an iron core supporting structure and a moving coil.
The permanent magnet supports the magnetic flux path through the magnetic iron core
and the airgap. Thus the airgap can be relatively large than for other non-permanent
magnet designs. During the static state, the coil stays at a certain position with no current.
Once the actuator is triggered, the coil will be energised. The Lorentz force then drives

the coil to move upwards or downwards depending on the current direction.

e e Permanent Magnet

| ' L/

*

Soft magnetic composites

Fig. 2-16 Moving coil actuator [71]

Since the direction of the coil movement is dictated by the voltage polarity across the coil,
bi-directional operation can be easily achieved by voltage reversal. However, unlike a
PMA, a MCA requires an external latching system, as it does not have an inherent stable
position when the power supply is removed. When a vacuum circuit breaker is in the
opening or closing process, the Lorentz force on the coils will exceed the latching force

so that the actuator releases.

Afast-operating MCA for a vacuum interrupter, which achieved 5 mm displacement within

45



Chapter 2 Review of phase imbalance and phase balancing solutions

5 ms was designed and built in [72]. This paper also provided suggestions for the
improvement of the MCA design such as minimising the moving mass and increasing
the input energy. A novel MCA topology was introduced in [73] with multi permanent
magnet pieces in different directions to form a Halbach array structure to augment the
magnetic field on one side. An optimisation method for MCAs was introduced in [74],
which aimed to achieve a faster operating speed. [75] investigated a design method to

reduce the weight of a MCA by including only coils and excluding the core.

In addition to circuit breakers, there is a wide range of MCA applications. [76] investigated
MCAs for precision motion applications and proposed a control system for the designed
MCA. The experimental test results showed the high performance of the control system
in tracking custom periodic signals. [70] highlighted that MCAs are ideal for applications
requiring high speed and acceleration, linear force or torque response and tight servo
control. MCAs can also be used for printer head design [77], X and Y positioning stages
for machine tools [70], semiconductor fabrication and packaging [79], automotive engine

valves [80] and smartphone cameras [81].

2.3.3.Moving magnet actuators

A moving magnet actuator (MMA) is a linear electromagnetic actuator, which consists of
a permanent magnet assembly attached to a load as a moving part, and a coil assembled
on an iron core. Fig. 2-17 shows an example of a MMA topology, developed by a research
team at the University of Sheffield [82], which is in axi-symmetric form, showing the radial
plane of the structure. The moving part is composed of five permanent magnet annular
rings with different magnetisation directions, forming a Halbach array armature. The
Halbach array is an arrangement of permanent magnets to enhance the magnetic field

on one side while minimising the magnetic field on the other side [83]-[84].

The stator contains an iron core with a slot in the middle to carry the coil. Once the
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actuator is triggered, the coil will be energised to produce a magnetic field on the moving
permanent magnet through the iron core. The interaction between the magnetic field
generated by the permanent magnet and the magnetic field generated by the stator coil
results in a strong force to drive the armature movement in both vertical directions. The
direction of the movement of the armature is controlled by the voltage polarity across the

coil, thus, bi-directional operation can be easily achieved by voltage reversal.

Soft magnetic
composites

- Y
-V
BN
|

Permanent Magnet

Coil

\ 4

Fig. 2-17 Moving magnet actuator [82]

Compared to MCAs, MMAs have the advantage of no moving wires, therefore, achieve
better durability without the risk of damaged wires. Furthermore, full encapsulation can
be implemented to enable them to be deployed for use in inhospitable environments.
MMAs, as a permanent magnet tubular motor, have no end-windings and are
volumetrically efficient [85]-[88]. MMAs also have high force capability per moving mass,
which is essential for reciprocating linear compressor applications [82]. The energised
coil is attached on the iron core and thus, can be actively water-cooled, which allows a
higher force density. The drawbacks of an MMA are the permanent magnet armature has

a large moving mass, which means the acceleration speed will be limited. Furthermore,
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the large iron core could cause a considerable large eddy current loss with a changing
magnetic field. Thus, the designs of MMAs generally use soft magnet composites as the

core material.

2.3.4.Thomson coil actuators

A Thomson coil actuator (TCA) is an electromagnetic repulsive drives-based actuator
with ultra-fast operating speed, which has been widely investigated for mechanical
switches. Fig. 2-18(a) introduced a typical TCA topology, which included energised coils
and a metal disk armature [89]. To enable bi-directional operation, two coils are normally
applied to drive the armature, where one coil is for the opening process and the other is
for the closing process. Once the actuating process is on, one of the cails is excited by
a current pulse, which is generally provided by a pre-charged capacitor. This pulse
current generates a time-varying magnetic field, which, in turn, induces reversed eddy
currents on the conductive metal disk armature. Then, the interaction between the
magnetic field produced by the reversed eddy currents and the magnetic field generated
by the energised coil develops a strong repulsive force on the disk armature. In another
alternative TCA arrangement, as shown in Fig. 2-18(b), the metal disk armature was
replaced by a moveable coil, which was wound in an opposite direction to the fixed coil
[90]. When a pulse of current was applied to excite the coils, the induced magnetic fields

resulted in an opposite repulsing force to drive the coils to separate.

Both of these TCA arrangements use the mutual inductance between two electrical
conductors to generate a Lorentz repulse force. This operating principle allows TCAs to
achieve a fast and compact design with minimal components. The comparison between

the two concepts has been investigated in [91]-[94].
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Opening coil Transmission rod

Armature

Closing coil

Fig. 2-18 Thomson coil actuator [90]

Due to the advantage of a TCA in operating speed, they have been widely investigated
for use in DC circuit breakers [89], [95]. In [96], a TCA achieved a 20 m/s high armature
moving speed. In 2018, a TCA was applied to vacuum interrupters to develop a high
voltage fast transfer switch [97], where the opening was 0.69 ms. A fast-operation
vacuum circuit breaker prototype using a TCA was developed in [98], which achieved a

fault current interruption time of less than 5 ms, under a 40.5 kV operating voltage.

The performance of electromagnetic repulsion actuators was compared with PMAs in
[99]-[100]. Experimental results have proven that TCAs have advantages in acceleration
and overall velocity. It has also been proven that that TCAs can generate a moving force
of up to tens of kilonewtons [101]-[102]. Some investigations on TCAs with vacuum
interrupters are presented in [103]-[109], where the voltages range from 10 kV up to 40.5
kV, with an average operating speed of the moving armature from 6 to 10 m/s. Although
the operating speed is fast, TCAs have the main drawback of low efficiency, as they have
no stator core to support the magnetic field. The efficiency of a TCA is generally
approximately 5% [89]. A double-coil arrangement TCA exhibits a marked increase in
efficiency; however, the overall efficiency is still less than 10% [92]. In addition, TCAs are
highly non-linear due to the induced repulsive force. The force on the armature
considerably reduces with the displacement [89]. The exciting current for the coils of
TCAs can reach hundreds of amps, which is consequently a challenge if they are to be

used in a cryogenic environment, for example, a cryogenic aircraft MVDC system.
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2.3.5.Comparison of different types of actuators

Table. 2-4 lists the advantages and disadvantages of different types of actuators. The
PMA is the most conventional technology with reliable operation. However, due to their
relative large moving mass, their operation speed is limited. As with PMAs, MMAs have
a large moving mass but can achieve good heat dissipation, as the coils are attached to
the iron core. MCAs have a light moving mass with fast operation speed. However, they
have moving wires that limit the lifetime. TCAs have an ultra-fast operation speed but
need a high pulse current. Furthermore, the efficiency of TCAs can be limited. The

general applications for each type of actuator are also summarised in Table. 2-4.

A novel moving coil actuator topology is proposed in this thesis for vacuum circuit
breakers, that achieves a fast operating speed with a compact design. This actuator

topology can effectively improve the operating speed for hybrid DC circuit breakers.

50



Chapter 2

Review of phase imbalance and phase balancing solutions

TABLE 2-4

COMPARISON OF DIFFERENT ACTUATORS

Actuators | Advantages Disadvantages Applications Reference
®Reliable ®lLarge moving | ® Compressors ®[57]- [66]
PMA '
fgcnhvrfor:gg;al mass ePumps
e Self-latchin ®Low speed ® Electromagnetic
9 ®Eddy currents | valve actuators
®No moving wire losses effect e Active shock
®Long lifetime absorbers
® Vibrators
®Light moving | ®Moving wires | ® Loudspeakers ®[67]- [81]
MCA i
c mass exist o Circuit breakers
®High efficiency | ®Limited lifetime ®Printer heads
®High speed OExStIZm latching ®Semiconductor
®Force linearity y fabrication and
e Compact packaging
structure ® Automotive
engine valves
® Smartphone
cameras
®No moving wire | ®Large  moving | ®Reciprocating ®[82]-[88]
MMA '
oHeat mass Iclrc;rer‘?rressor
dissipation ®Extra latching P
® Compact system ®linear pumps
structure ®Eddy currents | ®Pressure  and
losses effect flow control
[
®High speed ®Low efficiency ®Circuit breakers | ®[89]- [109]
TCA _
® Compact ®Extra latching
structure system
®High pulse
current
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2.4.Summary

This chapter introduced multiphase dual wound machines, including their advantages for
ship system applications and the significant winding design challenges of magnetic

decoupling.

For the DC networks, this chapter presented and compared different types of DC circuit
breakers, including mechanical circuit breakers, solid-state circuit breakers, and hybrid
circuit breakers. The topology and operating principle of each type of circuit breakers are

described, and a comparison of different types of DC circuit breakers is summarized.

Four main kinds of actuators that are used for the mechanical circuit breakers are
investigated and compared, which includes permanent magnet actuators, moving coil
actuators, moving magnet actuators, and Thomson coil actuators. Each type of actuators
are well described with their typical topologies. The advantages, disadvantages, and
applications of various actuators were summarised and listed, in terms of operating
speed, reliability, and efficiency. The permanent magnet actuator and the moving magnet
actuator both have large moving mass, which is not suitable for fast operating
applications. The Thomson coil actuator, though has ultra-fast operating speed, needs a
high pulse current to excite pancake coils, thus with low efficiency and not idea for
working in a cryogenic environment. This research proposes a moving coil actuator to

achieve fast operating speed and the potential to work for electric aircraft applications.
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This chapter develops a fully magnetic decoupled dual wound generator for electric
ship systems. An analytical harmonic calculation based on algebraic method is
presented. A 2D finite element model in COMSOL is simulated. The experimental test
results further verify that there is no electromagnetic coupling between the two outputs

from the two sets of stator windings
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3.1. Chapter summary

Traditional large cruise ships and naval warships require a set of diesel engines for the
propulsion system, and another separate generator set for ship services such as the
domestic/hotel loads (navigation, lighting, air-conditioning, etc). This direct diesel-drive
system performs at low efficiency and uses up a lot of onboard space. Electric propulsion
for ship systems has been investigated and proven to have the advantages of lower fuel
consumption, better dynamic performance and higher reliability. An IFEP system further
integrates the propulsion and ship services, building an all-electric network, which
provides more flexible commercial solutions for maintenance and thus, reduces the
capital and running costs. A dual wound generator with only one prime mover can further
reduce the number of generators, which can save onboard volume and mass while still

achieving the same total power ratings.

This chapter investigates a 2-pole and a 6-pole dual wound generator for IFEP ships
system applications. The proposed stator winding arrangements eliminate the
electromagnetic coupling between the two windings, to avoid cross-coupling of the two
outputs. A harmonics analysis method is used to ensure there is no common harmonic
field between the rotor and stator windings. The 2D finite element modelling method is
used in COMSOL to simulate the magnetic fields and dynamic performance of the dual
wound generator. A prototype dual wound generator is proposed in this chapter to further
verify that there is no electromagnetic coupling between the two windings. This is
important as the end-winding fields are included, which are not considered in the 2D

simulations.

The remainder of this chapter is cited from the author’s published article in IEEE
Transactions on Energy Conversion [110]. The structure of this chapter is organised in
an alternative-based format, where the indices, equations, tables, figures, titles and

references are numbered independently.
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Abstract: A general shipboard power system contains multiple electrical machine
sets to provide electrical power with different ratings for both the propulsion system
and the ship service. In order to achieve the most compact design and maximize
the weight reduction, a study of using a single dual wound generator to replace the
electrical machine sets is presented in this paper. It consists of dual two-layer
windings of different pole numbers which use the same slots and share one prime
mover, producing two independent power supplies. This paper verifies a dual
wound machine designed for no electromagnetic coupling by algebraically
analyzing the spatial harmonic magnetic field distribution. Further verification of the
absence of electromagnetic coupling due to both the airgap and slot leakage fluxes
is provided by 2D finite element modeling. The dual wound generator prototype
using the principle is designed, built and experimentally tested. The experimental
results match well with the simulation results, validating the independence of the
two power outputs and showing that the winding end-turns also do not couple. The
results are significant for applications where multiple independent power supplies
are needed, or where an auxiliary power supply is needed which could be drawn

from an existing traction motor.

Index terms: Dual wound machine, Electric ship, Harmonic decoupling, Independent

power supplies.
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3.2.Introduction

Traditional large cruise ships and naval warships contain a set of diesel generators for
ship service systems, and another separate set of prime movers for propulsion systems
[1]-[2]. This direct-drive diesel system can occupy a large space on the ships with low
power efficiency. Electric propulsion has emerged to be the most efficient arrangement
for several vessel types [3]-[4], and the number of electrically propelled ships has grown
rapidly over the last ten years [5]. Compared with direct-drive diesel systems, electric
propulsion systems have great potential to reduce fuel consumption, enhance dynamic
performance and increase the system reliability [6]-[8]. Integrated full electric propulsion
(IFEP) systems remove the direct mechanical coupling between the prime mover and
propeller, building an all-electric network, which can provide power for both the ship
services and the propulsion [9]. All the engines in IFEP systems are used to generate
electrical power, rather than to provide mechanical propulsion, so the total number of
engines can be reduced, which contributes to the reduction of the weight and volume for
the ship, as well as noise and vibration. IFEP systems can also achieve more flexible
ship engine arrangements by eliminating the mechanical connections between the diesel
generators and the propulsion. The independent engine groups and propulsion
machines provide more flexible commercial solutions for maintenance and thus reduce
the capital costs. In summary, the IFEP systems can provide significant benefits for the
ship structures. The primary purpose of a dual wound generator is to supply different
subsystems with only one compact machine. Compared with the general IFEP system,
a dual wound machine only needs one prime mover, which takes less volume and mass
than two separate prime movers to achieve the same total power rating, saving space
on the ship [10]. With only one electric machine, there are no integration problems

between the generators.

Dual wound generators are shown to have great potential to provide better power quality
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[11], better torque quality [12] and reduced losses [13]. The different winding strategies
that can be applied to dual wound machines are described in references [11], [14]. Some
studies of the dual wound machine generators have been performed in [15]-[16] using
the same winding pole numbers and therefore being magnetically coupled. However, in
these machines the change of operation condition of one output would fully impact the
operation of the other [15]-[16]. Based on the principle of the IFEP system, this paper is
based on the design of a dual wound generator having the novel feature that each
winding uses a different pole number, providing the electric power for both the propulsion
and ship services simultaneously without any electromagnetic coupling [17]-[18]. The
two outputs of the dual wound generator are from two windings on the stator, which
mechanically share the same slots but can be windings of different forms. The proposed
stator winding arrangements have the benefit of eliminating the electromagnetic coupling
between them to avoid cross-coupling between the power supplies. In addition, each of
the two rotor windings should only couple with its corresponding stator winding. By
developing a dual wound generator prototype, it is possible to experimentally investigate
if the windings are coupled and this paper designs a prototype 2-pole and 6-pole dual
wound generator operating at 1500 rpm based on an existing machine frame. An
analytical harmonic calculation based on the airgap fields is presented showing that there
is no electromagnetic coupling between the two stator windings. A harmonics analysis
using the algebraic method and analytical equations developed in [19]-[21] is used in this
paper. A 2D finite element model has been used for simulation in COMSOL to
demonstrate the magnetic flux density distribution and the dynamic performance. The
detailed simulation results are published in a previous research paper [18] to show that
there is no coupling due to both the airgap fields and the slot leakage flux. The designed
dual wound machine is experimentally tested in this paper and the results further verify
that there is no electromagnetic coupling between the two outputs from the two sets of
stator windings; this not only includes the airgap and stator slot leakage fields but

importantly also the end-winding fields which have not been considered previously.
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The structure of this paper is as follows. Section Il introduces the dual wound generator
topology and design based on the existing machine frame, including the rotor winding
distributions and the magnetic flux density in the air gap; Section lll presents the stator
electromagnetic decoupling performance and the winding harmonic analysis; Section IV
presents the operation of the dual wound generator with resistive load using COMSOL
finite element modelling. Section V demonstrates the experimental results compared
with the simulation results and further validates the independence of the two power
outputs. Section VI discusses the system aspects and the potential applications of the

dual wound generator.
3.3.Generator design and air gap flux density

3.3.1.Dual wound generator topology

The prototype dual wound generator designed in this paper is a synchronous machine
with a separately excited wound rotor using the existing machine frame. Table 3-1

presents its key dimensions.

TABLE 3-1
GENERATOR DIMENSIONS
Item Stator Rotor
Number of slots 36 24

Diameter 190.5 mm 186.5 mm
Axial length 123.6 mm 139.5 mm

Slot opening 2.7 mm 3.5mm

Airgap 2 mm
Stator outer diameter 295 mm

This existing machine was in the lab at the University of Bath, manufactured by
Mawdsley’s LtD. It has 36-slot stator, 24-slot rotor, four slip rings and several open

terminals. The existing windings are removed. The dimensions of the machine frame is
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measured in the aspects of axial length, both rotor and stator diameters, and slot areas.
The proposed magnetic decoupled winding design in this paper is based on this existing

machine frame with the measured dimensions.

The stator has 36 slots and the rotor 24. To achieve a sinusoidal form of airgap magnetic
field, the rotor windings use concentrically distributed windings. Based on the slot
dimensions, the total number of turns of the 2-pole rotor is 1100 and the 6-pole rotor has
the total number of turns of 1000. The design provides maximum airgap flux density
without saturation in the frame structures. Considering the maximum exciting current and
the packing factors, the wire used for the rotor is SWG 27 with a diameter of 0.4166 mm.
The 2-pole and 6-pole rotor windings are excited through four slip rings and brushes.
The 2-pole stator has 20 turns in each slot, and the 6-pole stator has 12 turns.
Considering the slot packing area and the rated current, the 2-pole stator uses SWG 21

wire and the 6-pole stator uses SWG 19 wire.

3.3.2.Air gap flux density produced by the rotor windings

The machine operating performance highly depends on the air gap flux density
distribution generated by the rotor windings. In this dual wound generator design,
concentric windings are used to produce a good approximation to a sinusoidal magnetic
field in the airgap. Due to the different number of conductors in each slot, the rotor
winding can generate a good approximation to the sine wave air gap flux density required
if the slot conductors are themselves sinusoidally distributed. It will be appreciated that
the number of slots in a wavelength is finite and, in the case of the 6-pole winding, small.
However, even in this case, careful design can lead to a reasonably sinusoidal air gap

field.

The rotor machine frame has 24 slots. The 2-pole winding has a pole pitch of 12 slots

while the 6-pole winding has 4. The coil distributions are shown in Fig. 3-1, which shows
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the 2-pole distribution (one coil set out of two) in Fig. 3-1(a) and the six-pole distribution
(one coil set out of six) in Fig. 3-1(b). Each of these coil sequences is repeated with

arrows showing the current directions.

Slot No. 1

No. of turns 285f265 228|1T5 110 37
E——

(a) 2-pole rotor winding diagram (one coil set of two)

Slot No. 1] 2f 3] 2

No. of turns 7o7j293

(b) 6-pole rotor winding diagram (one coil set of six)

Fig. 3-1 Rotor winding diagram

For a single general machine winding which consists of a group of coils in a series
connection, the conductor distribution can be expressed as a Fourier expansion as

shown below in equation (3-1).
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p:OO
n= Z N, cos(p8 + (pp) B3-1)
p=1

The slot configuration can be replaced by a thin patch of current the width of the slot
opening on an iron surface, then if a general slot at 8; contains N, conductors and has a

slot opening of 26 the conductor distribution produced by the slot is given by equation

(3-2).
_ 1 (Ot N.
Np :EL s 2—;8_]p65 (3—2)
_ 1sin pd )
Ny =— p; Nye=iP0s 3-3)

If the assumption of point conductors is made then

sinpd

P s 1as 620 (3 —4)
129

I S

Np ZENSS JPYs (3—5)

Assuming that the winding has S slots and there are N conductors in the general s*" slot,

then the winding distributions are given by equation (3-6)
1 s=S
N, = Ez Nge™/Pbs = N,/ s (3-6)
s=1

The rotor windings of the dual wound machine use concentrically distributed windings as

shown in Fig. 3-1. The harmonics distribution can be calculated using equation (3-6).

The magnetic field harmonic distribution of the 2-pole and 6-pole rotor windings are

calculated and presented in Table 3-2 and Table 3-3 based on equation (3-6) , with the
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harmonics ranged from the fundamental up to the 35" harmonic. It clearly indicates that
there is no common harmonic field between the two windings, which means there is no
mutual electromagnetic coupling between them due to the air-gap flux. This is important
since it implies that during the transient change of the field current in one winding, there
will be no back-emf induced in the other winding.
TABLE 3-2
2-POLE ROTOR MAGNETIC FIELD HARMONICS DISTRIBUTION

Harmonics Magnetic field (T)
1 0.603
23 0.026
25 0.024
TABLE 3-3

6-POLE ROTOR MAGNETIC FIELD HARMONICS DISTRIBUTION

Harmonics Magnetic field (T)
3 0.536
21 0.077
27 0.060

Fig. 3-2 shows the 2D FEA simulation results of the magnetic field distribution around
the airgap with rotor excitation current of 1 A. The approximate sinusoidal magnetic field
is the result of the combination of the square waves generated by each rotor coil. The 2-
pole rotor magnetic field in the air gap (Fig. 3-2(a)) better approximates a sinusoid than
the 6-pole rotor winding (Fig. 3-2(b)) because the 2-pole winding has more slots per pole.
The peak magnetic field for 2-pole and 6-pole are similar, and around 0.5 T, because the
total number of turns are almost the same. The ripples appearing on the magnetic flux

density along the airgap are because of the slotting.
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Fig. 3-2 Rotor magnetic flux density distribution in the air gap

The two rotor winding distributions can start from any phase position with respect to each
other. The best position can be taken as that which produces the smallest peak magnetic
field when both rotor windings are excited and a simulation has been done to change the

relative position between the two windings by one slot at a time. Fig. 3-3 shows the total

77



Chapter 3 Magnetic decoupling of winding design in dual wound generators

field at the best position when the 2-pole and 6-pole windings are aligned, i.e. where the
2-pole and the 6-pole windings start in the same slot. The following finite element
modelling results presented in this paper are based on this aligned rotor winding

distribution.

Radial magnetic flux density Br (T)

|
0 0.1 0.2 03 .04 05
Air gap length in circumferential direction (m)

-0.8

Fig. 3-3 2-pole and 6-pole magnetic flux density when it is aligned

3.4.Winding harmonics & electro-magnetic coupling

The stator windings generate induced emf from the airgap magnetic field produced by
the rotor windings. The frequency of the output voltage is proportional to the pole number.
The 6-pole winding produces a frequency that is 3 times higher than that produced by
the 2-pole winding. The stator machine frame has 36 slots, for which the 2-pole and 6-
pole stator winding distribution is as shown in Fig. 3-4. Each pole winding is distributed
in two layers, where the 2-pole stator windings are above the 6-pole stator windings, thus
there are four layers in total. This design aims to maximize the induced voltage and
minimize the spatial harmonics from the windings whilst ensuring that there is no
electromagnetic coupling between them. The 2-pole and 6-pole windings are both short-

pitched: the 2-pole has a pitch angle of 120° and the 6-pole has 150°. Two terminals for
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each phase (R, Y and B) are connected to a terminal panel so that the load can be

connected to each phase.

Slot |1]12|3[4[(5]6]|7]|8
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©
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Fig. 3-4 Stator winding distribution

It is worth noting that since the 2-pole and 6-pole fields rotate at the same speed as the
rotor, the relative position between the air gap fluxes of the 2-pole and 6-pole windings,
which depends on the power factor of the loads, remains fixed. The stator windings
therefore use the same aligned position as the rotor windings assuming that the load
power factor is the same. Further study could be done if the load power factors are known

for the two loads.

The dual wound generator is designed to provide two independent power supplies. The
2-pole rotor windings can only produce 2-pole magnetic fluxes that couple with the 2-
pole stator windings. The 6-pole rotor windings can only generate 6-pole magnetic flux
that couples with the 6-pole stator windings. At the same time, the current in a winding
can only produce fluxes corresponding to its winding harmonics. This ensures that there
is no electromagnetic coupling between the 2-pole and 6-pole windings, so that there are

no common winding harmonics.

Phase ‘R’ of a general machine winding which consists of a group of coils each of N turns

connected in series gives a conductor distribution for the p" harmonic of:

s=S

— 1 ) .

Nyr = EE NSRe_]pesR = NpRe_]pepR B3-7)
s=1

Similarly, the conductor distribution for the ‘B’ phase is shown in equation (3-8) and ‘Y’
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phase is shown in equation (3-9).

N — -jpb
Nyp = Npze /Poes

— . —inB
pr = pre JPYpy

3-8

3-9

The three-phase stator windings of the dual wound machine use the double layer
distributed winding as shown in Fig. 3-4. The top layer formed by the leading coil sides
has 6, 11/3 length phase bands. The bottom layer formed by the second coil sides is
reverse repeat of the top layer displaced by a 1. The angle between the m coil sides in
a phase band for the general case is 1/3m. The conductor distribution on the pt" harmonic

for the R phase top layer taking both phase bands is shown in equation (3-10).
N et km km
Nygr =— 2 e P3m — e‘fp(m“) (3-10)
s
k=0

where m is the number of coils per phase band.

If p is an even number, then:

NpRT =0 (3 - 11)
If p is an odd number, then:
Nyrr =0 (3-11)
If p is an odd number, then:
IN k=m-1 K
Nppr = — e Pam (3-12)
m k=0

Hence the conductor distribution can be written as equation (3-13).
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LT

_ g ,

) Gl N2 Ea
sin(—m)

|1 ey T ; e

Since the bottom layer is a reverse repeat of the top displaced by a1 (a is the coil short-

pitched angle) the R phase winding conductor distribution is as shown in equation (3-14).

vaR = NpRT(l — e—jpa) = ZNpRTje_}ZﬂSin (%) (3 - 14)
hence
_ AN [sinfEE |1 cap

In this formula, m times the expression [ sinlpm/6} ] is called the distribution factor and the

sin(pr/6m)
expression [sin(ap/2)] is the pitch or chording factor. The conductor distribution for the

red phase can be written as
Nyr = N, (3—-16)

Then since the winding is symmetrical the conductor distribution for the blue phase is as

shown in equation (3-17) and the yellow phase is as shown in equation (3-18).

21p

Nps = Nye 3 (3-17)
= 2mp
Npy = Npe 3 (3-18)

The winding distributions of a 3-phase winding may be represented by positive, negative
and zero phase sequence sets each having three balanced windings. For a balance
current input, the zero-sequence set can be ignored. The sets for the balanced double

layer winding are given by:
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The positive sequence ns, = N, if p =1, 7, 13 ... and is zero for all other odd values.

The negative sequence n,, = N, if p =5, 11,17 ... and is zero for all other odd values.

The winding harmonic distributions of the 2-pole and 6-pole stator windings are shown
in Table 3-4 and Table 3-5. The winding harmonics are separately calculated into three
components: the positive phase sequence (PPS), negative phase sequence (NPS) and
zero phase sequence (ZPS). When the windings are supplied by 3-phase currents, the
three phase sequences can correspondingly produce forward, backward and stationary
fields. Table 3-4 and Table 3-5 show that there is no common harmonic term appearing
between the 2-pole and 6-pole stator windings, which verifies that there is no
electromagnetic coupling between them due to the airgap field. From the results shown
in Table 3-2 and Table 3-5, there is also no common harmonic component between the
2-pole rotor winding and 6-pole stator winding. Similarly, examining Table 3-3 and Table
3-4 it is apparent that the 6-pole rotor windings have no mutual harmonics with the 2-
pole stator windings. The harmonics analysis therefore shows that the rotor windings
only couple with their corresponding stator winding.
TABLE 3-4
2-POLE STATOR WINDING HARMONICS DISTRIBUTION

Harmonics PPS NPS ZPS
1 0.83 0.00 0.00
5 0.00 0.17 0.00
7 0.13 0.00 0.00
1 0.00 0.09 0.00
13 0.08 0.00 0.00
17 0.00 0.07 0.00
19 0.07 0.00 0.00
23 0.00 0.08 0.00
25 0.09 0.00 0.00
29 0.00 0.13 0.00
31 0.17 0.00 0.00
35 0.00 0.83 0.00
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6-POLE STATOR WINDING HARMONICS DISTRIBUTION

TABLE 3-5

Harmonics PPS NPS ZPS
3 0.93 0.00 0.00
9 0.00 0.00 0.50
15 0.00 0.07 0.00
21 0.07 0.00 0.00
27 0.00 0.00 0.50
33 0.00 0.93 0.00

3.5.Modelling of performance

3.5.1.Rotor excitation under no-load condition

A non-linear 2D finite element simulation using COMSOL has been performed to verify

the results presented in Section Il for both the airgap fluxes considered by the harmonic

analysis and the slot leakage fluxes. It should be noted that the flux density levels in the

stator and rotor cores and teeth are in the linear range (no saturation). When the 2-pole

rotor winding is excited and the 6-pole rotor winding is open-circuit, the magnetic flux

density and the induced voltage are shown in Fig. 3-5 and Fig. 3-6. The magnetic flux

density and the magnetic vector potential distributions on the cross-sectional plane are

shown in Fig. 3-5. The induced voltage generated by the 2-pole stator winding is shown

in Fig. 3-6. The 6-pole stator winding has zero induced voltage.
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Fig. 3-6 2-pole and 6-pole stator voltage with 2-pole excitation

Fig. 3-7 and Fig. 3-8 present the condition when only the 6-pole rotor winding is excited
and the 2-pole rotor winding is open-circuit. Fig. 3-7 presents the 6-pole magnetic flux
and magnetic vector potential distributions. It is clearly shown in Fig. 3-8 that 2-pole
winding has no induced emf, while the 6-pole winding produces sinusoidal induced emf

only when 6-pole rotor winding is excited.

Fig. 3-9 and Fig. 3-10 present the condition when both the 2-pole and 6-pole rotor
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windings are excited. Fig. 3-10 presents the 2-pole and 6-pole stator induced voltages,
and shows that the 2-pole and 6-pole voltages are independently generated without
influence from the other rotor winding. It is to be concluded that the excitation of 6-pole

rotor winding has a negligible impact on 2-pole stator winding, and vice versa.
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Fig. 3-8 2-pole and 6-pole stator voltage with 6-pole excitation
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Fig. 3-10 2-pole and 6-pole stator voltage with 2-pole and 6-pole excitation

3.5.2.Simulation performance with resistive load

To investigate the performance under load and further demonstrate the fully decoupled
winding properties, a simulation of the dual wound machine with resistive load condition
has been studied. This simulation aims to verify that the 2-pole and 6-pole windings
operate independently when both 2-pole and 6-pole rotor windings are energized. The

power rating of the 2-pole generator is designed to be 560 W at 1500 rpm. The peak
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phase voltage and current are assumed to be 150 V and 2.5 A. The load resistance that
connected for each phase of the 2-pole generator is therefore 60 Q. For the 6-pole
generator, the power rating is designed to be 220 W. The peak phase voltage and current
are assumed to be 106 V and 1.4 A, so that the load resistance that connected for each
phase of the 6-pole generator is 80 Q. Fig. 3-11 presents the phase voltage and current
for both windings when the 2-pole stator winding is supplying a 60 Q resistive load and
6-pole stator winding is open circuit. It can be observed that the 2-pole winding operates
at rated condition while 6-pole winding produces induced voltage but has no current. The
voltage and current for the 2-pole stator winding in Fig. 3-11 do not exhibit ripples
because the 2-pole generator is loaded and the winding is connected to the circuit, where

the winding acts as a filter inductor.

Fig. 3-12 shows the equivalent condition with the 2-pole winding in open circuit and the
6-pole winding with a resistive load of 80 Q. Considering the results of Fig. 3-11 and Fig.
3-12 itis confirmed that the 2-pole and 6-pole windings can operate independently when

either one is operating at its rated condition.

The case where both sets of windings are operating simultaneously at their respective
rated loads is shown in Fig. 3-13. The stator voltages and currents with dual load are
similar to the results with the single load conditions (Fig. 3-11, Fig. 3-12) which again

shows that the 2-pole generator does not affect 6-pole generator and vice versa.
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(b) 2-pole and 6-pole stator terminal current with 2-pole loaded

Fig. 3-11 Phase voltage & current with 2-pole loaded

88



Chapter 3 Magnetic decoupling of winding design in dual wound generators

200 T T T T T I
——2-pole R
150 Ty ——2-pole B
; —2-pole Y
100 - v, | —E—6-pole R
i =6-pole B |
. 50 & -_-_6-po|e Y
2' " A4 h
] , @
B’ 0
o
>

-150 Af .
_200 1 ] | 1 L ] ]
5 10 15 20 25 30 35 40
Time (ms)

(a) 2-pole and 6-pole stator terminal voltage with 6-pole loaded

25 1 1 ) L] L) 1
—=—2-pole R
2r —+—2-pole B[]
2-pole Y|
—=-6-pole Ry
h --é%---s-pole BH

5 10 15 20 25 30 35 40
Time (ms)
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Fig. 3-12 Phase voltage & current with 6-pole loaded

This section shows the simulation results when either and both windings are loaded at
rated operation conditions, and confirms that they are fully decoupled due to both the
airgap and slot leakage fields. The peak voltage of the 2-pole winding is 146 V and the
peak current is 2.5 A, which means the power is 547.5 W at 1500 rpm. The peak voltage
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of the 6-pole winding is 105 V and the peak current is 1.4 A, which shows the power is

220.5W.
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(b) 2-pole and 6-pole stator terminal current with 2-pole and 6-pole loaded

Fig. 3-13 Phase voltage & current with 2-pole and 6-pole loaded
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3.6.Experimental tests

3.6.1.Test platform

In order to further validate the concept, the proposed winding scheme is implemented
and tested to confirm agreement between experimental results and simulation. The
electric connection diagram of the dual wound generator is shown in Fig. 3-14. Fig. 3-15
shows a schematic of the experimental test platform. The dual wound generator winding
process is recorded and shown in Fig. 16. It shows the slot arrangements and end-
winding distributions. Large end-winding areas may cause potential magnetically
decoupling problems and mechanical vibration problems. Fig. 3-17 shows the
experimental test platform at the University of Bath (U.K.), which is composed of the dual
wound generator prototype, a DC motor, resistive loads, power sources and data
acquisition equipment. The DC motor is used as the prime mover, representing the prime
mover in the electric ship application. The DC motor is rated at 5 kW and has a rated
rotating speed of 3000 rpm. The DC motor has a rated field voltage of 200 V, with the
field current of 1.1 A. The maximum armature current is 36.5 A. A LAB/SMS630 DC
power supply is used to provide field current to the DC motor and a LAB/SMS5300 DC
power supply to provide armature current. The torque of the DC motor can be controlled
by changing the armature current, which is adjusted so as to achieve the target speed of
up to 1500 rpm, monitored by a tachometer. On the generator side, the 2-pole and 6-
pole rotor windings are supplied by EA-PS 8360-15 and LAB-SMP11200 DC power
supplies to provide a one amp excitation current for the rotor windings. The two outputs
of the dual wound generator are separately connected with their rated three-phase
resistive loads. An oscilloscope is used to monitor and record the output voltage and

current.
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Fig. 3-15 Schematic of experimental test platform
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Fig. 3-16 Dual wound generator winding process
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Fig. 3-17 Experimental test platform

3.6.2.Experimental performance with rotor excitation under no-

load condition

In order to investigate whether one rotor winding would couple with the other stator
winding the dual wound generator prototype is tested at no-load condition when only the
2-pole winding is excited, only the 6-pole winding is excited and when both rotor windings

are excited.

Fig. 3-18 shows the stator terminal voltage of 2-pole winding and 6 pole-winding when
only the 2-pole rotor winding is excited. The 2-pole stator winding generates a peak
voltage of 170 V and the voltage of the 6-pole stator winding is negligible, though not

exactly zero. It is worth mentioning that the end-winding resistance and reactance are
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not considered in the 2D finite element modelling as it requires a 3D model. However,
the experimental test includes end-winding effects for the first time for this class of
machine, and the small induced voltage on the 6-pole stator winding may be due to this

coupling.
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Fig. 3-18 2-pole and 6-pole stator voltage with 2-pole excitation

Fig. 3-19 shows the stator terminal voltage with only the 6-pole rotor winding excited.
The 6-pole stator winding generates a peak voltage of 132 V and the voltage of 2-pole

stator winding is negligible.
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Fig. 3-19 2-pole and 6-pole stator voltage with 6-pole excitation

When both 2-pole and 6-pole rotor windings are excited as shown in Fig. 3-20, the 2-
pole winding has a peak induced voltage of 154 V and 6-pole winding has a peak voltage
of 112 V. The voltage is slightly reduced compared with the results shown in Figs. 3-18
and 3-19, which shows 3.7% reduction for 2-pole voltage and 18.8% for 2-pole voltage.
This can be due to the saturation of the rotor and stator electrical steel, especially near
the slot areas. This no-load experiment also indicates that the three-phase outputs are

balanced without the influence of the other winding.
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Fig. 3-20 2-pole and 6-pole stator voltage with 2-pole and 6-pole excitation
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3.6.3.Experimental performance with resistive load

In order to confirm the performance of the system when either one or both windings are
loaded, and whether each will affect the operation of the other, a resistive load of 60 Q
is used for 2-pole generator and a resistive load of 80 Q for the 6-pole generator, as in
the simulations. The three scenarios as in Section IV-B are tested: only the 2-pole
generator loaded, only the 6-pole generator loaded and both 2-pole and 6-pole

generators are loaded.

Fig. 3-21 and Fig. 3-22 show the condition when the 2-pole generator is connected to 60
Q resistive load and the 6-pole stator winding is in open circuit. The 2-pole generator
generates peak voltage of 144 V and peak current of 2.32 A, which is 501.1 W at 1500
rpm. Fig. 3-23 and Fig. 3-24 present the generator voltage when the 2-pole generator is
open circuit and the 6-pole generator is connected to 80 Q resistive load. The 6-pole
generator generates peak voltage of 106 V and peak current of 1.28 A, which is 203.5
W at 1500 rpm. Fig. 3-25 and Fig. 3-26 show the results with the 2-pole generator
connected to 60 Q resistive load and the 6-pole generator connected to 80 Q resistive
load. The results show that the 2-pole and 6-pole generators can generate individual
outputs with the resistive load without any influence from the other generator,

demonstrating that they are electromagnetically decoupled.

The comparison between the simulation and experimental results are shown in Table 3-
6 for 2-pole stator voltage and Table 3-7 for 6-pole stator voltage. The 2-pole and 6-pole
simulation results match well with the experimental results. This again demonstrates that
the 2-pole and 6-pole generator is substantially electromagnetically decoupled and
therefore the change of load for one generator does not impact the operation of the other
generator. The small changes can be due to end-winding coupling or due to the

saturation effect.
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Fig. 3-21 2-pole and 6-pole stator voltage with 2-pole loaded and 6-pole open circuit
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Fig. 3-22 2-pole stator current with 2-pole loaded and 6-pole open circuit
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Fig. 3-23 2-pole and 6-pole stator voltage with 2-pole open-circuit and 6-pole loaded
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Fig. 3-24 6-pole stator current with 2-pole open-circuit and 6-pole loaded
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Fig. 3-26 2-pole and 6-pole stator current with 2-pole and 6-pole loaded

100



Chapter 3

Magnetic decoupling of winding design in dual wound generators

TABLE 3-6

SUMMARY OF 2-POLE STATOR VOLTAGE UNDER DIFFERENT CONDITIONS

] N . ) ) Difference
Operating condition Simulation (V) Experimental (V) Simudation_Experimental
C operimentat )
2-pole rotor winding excited 175 170 2.94%
Both rotor windings excited
o 150 154 2.59%
open circuit
2-pole winding loaded
o 146 146 0.00%
6-pole open-circuit
6-pole winding loaded
o 147 148 0.67%
2-pole open-circuit
Both stator windings loaded 146 144 1.39%
TABLE 3-7

SUMMARY OF 6-POLE STATOR VOLTAGE UNDER DIFFERENT CONDITIONS

i . ) i i Difference
Operating condition Simulation (V) | Experimental (V) Somadation - Exporimental
" Experimental -
6-pole rotor winding excited 125 132 -5.30%
Both rotor windings excited.
o 107 112 -1.82%
Open circuit.
2-pole winding loaded
o 106 108 1.89%
6-pole open-circuit
6-pole winding loaded
105 108 2.88%
2-pole open-circuit
Both stator windings loaded 105 106 2.86%

3.7.System aspects and discussion

There are several options for integrating the dual wound generator into an overall electric

ship IFEP power system. The choices considered for this paper are as follows.

The system must supply high power to the propulsion and low power to the ships services,

with a power ratio between 5 and 10 to 1. The total power required is of the order of tens

of Mega Watts and in a warship application will need to be supplied by a gas turbine at

a speed of the order of 3600 rpm. It will therefore be convenient to use the 2-pole output
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to supply the high-power propulsion at the usual frequency of 60 Hz. The supply for the

ship services will then be at 180 Hz from the 6-pole winding.

However, the ship services supply will need to be either 60 Hz or any frequency if the
supply is feeding power electronics conditioning equipment. The choice is then between
converting the supply immediately at the generator output to 60 Hz via an electronic
converter to give an AC supply or rectifying it to form a DC supply. The choice between
AC and DC systems is application specific and is the subject of debate but it is believed
that the DC system is a strong contender. However, in either case the current supplied

by the generator output will be balanced.

The propulsion power will be conditioned by power electronic converters for control of
the propulsion motors. The supply choice is to either rectify at the dual wound machine
to form a DC supply or to supply the motor converters directly. In either case the current
supplied by the generator will again be balanced. The test results in the paper are
therefore all for balanced loads. However other conditions such as unbalanced loads will

be considered in future work.

In this paper, the dual wound generator using wound-rotor is presented and
experimentally verified. It is promising to extend the design methodology to a permeant

magnet dual wound generator.

Outside of the proposed marine application the magnetically decoupled dual-wound
generator has several potential applications, with the general case being any scenario
where two independent power supplies are required, e.g. at different voltage and
frequency levels. This scenario is especially widespread in the transport sector where an
electric propulsion system requires high voltage power supply and auxiliary systems or
‘hotel loads’ require low voltage supply, typically 12V, 24V or 48 V. In this case the dual

wound generator could be especially relevant in the ‘series’ hybrid-electric powertrain
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architecture in which the transient vehicle power requirement is met by a small capacity
high voltage battery pack, with the average power requirement being met by a high
voltage generator powered by a prime mover (internal combustion engine or micro gas
turbine) to maintain the charge of the battery pack. In this architecture the existing
generator could have a secondary winding introduced to supply the low voltage systems,
replacing the need for an alternator or DC-DC converter. The series hybrid-electric
powertrain seems likely to fade in popularity as many governments introduce policy to
pushing the passenger car sector towards full Battery Electric Vehicles (BEVs) and away
from hybrid vehicles. However, the case for the haulage sector is less clear cut as the
high energy requirements make BEVs less practical, and in this case the proposed
system could be especially interesting as significant hotel loads often exist, for example

for refrigeration.

For pure BEVs it should be noted that, since the two windings are completely decoupled,
it is also possible to simultaneously operate them in different quadrants. This opens the
possibility of dual wound traction motors in which the electric traction motor also contains
a secondary winding which allows power take-off, replacing the alternator or DC-DC

converter in the same manner described for the dual-wound generator.
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3.8.Conclusions

This paper presents a dual wound generator with 2-pole and 6-pole windings, which can
generate two independent power supplies of different frequencies for an IFEP ship
system. Previous studies on dual wound machines used same pole numbers for the two
windings without the consideration of harmonic decoupling. The machine designed in
this paper ensures that the two generators can operate independently. Both analytical
calculations and 2D finite element COMSOL simulations validated by test results are
applied to investigate the generator performance. The harmonic analysis and finite
element modelling results show that the two outputs are fully electromagnetically
decoupled as far as the airgap and slot leakage fields are concerned. A dual wound
generator prototype is built and experimentally tested to validate the design and show
that the end-winding leakage fields also do not couple. The dual wound generator
prototype demonstrates that the 2-pole and 6-pole windings can generate individual
power outputs without influence from the other winding. When the dual wound generator
is integrated into an electric ship system, the power supply for the propulsion system can
be independent from the power supply for the ship service system. Other potential

applications, such as in electric cars, busses and trains are highlighted.
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This chapter presents the experimental test results of the dual wound generator

dynamical operation with resistive, inductive and rectifier load conditions.
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4.1.Chapter summary

IFEP systems remove the direct mechanical coupling between a prime mover and a
propeller, building an all-electric onboard network to supply both a ship’s services and
propulsion systems, which can reduce fuel consumption, increase system reliability and
also reduce maintenance and capital costs. However, both the propulsion system and
ship services have flexible power demands, which means that the loads of the generator
can be dynamically changed in a practical application. This can bring more challenges

to a designed dual wound generator.

Chapter 3 investigated the proposed dual wound generator’s performance under no-load
and rated resistive load continuous operating conditions. To further verify the
independence of the two outputs of the proposed dual wound generator design, this
chapter investigates the dynamical operation under resistive, inductive and rectified load

conditions.

The experimental tests including the change of rotor excitation current, resistance of
loads, inductance of loads and rectified DC loads are demonstrated, and the results
indicate that the two windings are not influenced by a sudden change of load from the

other winding.

The rest of this chapter is cited from the author’s submitted article in IEEE Transactions
on Energy Conversion. The structure of this chapter is organised in an alternative-based
format, where the indices, equations, tables, figures, titles and references are numbered

independently.
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Experimental testing of the dynamic performance of a magnetic decoupled dual

wound generator

Boyuan Yin, Xiaoze Pei, John Frederic Eastham, Han Wang, Xianwu Zeng

Abstract— The electric propulsion ship system removes the direct mechanical coupling
between the diesel engines and the propellers. An all-electric network is introduced to
increase system efficiency and reduce emissions. Considering a more compact and
integrated design, a dual wound generator is proposed and designed to provide
independent power supplies for ship propulsion and ship services. The two sets of
windings physically share the same slots in one machine frame but electromagnetically
are fully decoupled. This avoids the impact from the change of one output onto the other.
The paper investigates this effect by considering load dynamical change between the
two outputs. Different types of loads including resistive, resistive-inductive and rectified
are experimentally tested and it is shown that the designed dual wound generator is a
fully decoupled machine so that the change of load for one winding output for all cases
does not have an impact on the other. This indicates that the machine has great potential

for use in electric ships, electric aircraft and heavy-duty vehicles.

Index Terms— Dynamic performance, Dual wound machine, Magnetic decoupling,

Independent power supplies
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4.2.Introduction

Naval warships and large cruise ships require a high-power rating supply for the
propulsion system and a medium power rating supply for the onboard services. The
traditional solution contains a set of diesel generators for the ship service system, and
separate prime movers for the propulsion system [1]-[2]. This direct diesel-power ship
system can occupy a large onboard space with lower power efficiency. The electric
propulsion system has emerged to be the most efficient arrangement for several vessel
types [3]-[4], and the number of electrically-propelled ships has grown rapidly over the
decade [5]. Compared with the diesel ship systems, the electrical propulsion system has
a great potential to reduce fuel consumption, enhance dynamic performance and
increase the system reliability [6]-[8]. The integrated full electric propulsion (IFEP) system
removes the direct mechanical coupling between the prime mover and the propeller,
introducing an all-electric onboard system to supply both the ship services and the
propulsion system [9]-[10]. By using electrical distribution rather than mechanical
distribution, the IFEP system eliminates the need for clutches and the gearbox. It offers
flexibility in the locations of the engines to achieve acoustic decoupling between the
engines and the hull. The IFEP system also has the benefits of reducing fuel

consumption, increasing reliability, and reducing maintenance costs [6], [11].

Most electric propulsion ships are operating with AC power distribution systems. With the
advancement of semiconductor devices and the improvement of the capacity in power
converters and DC circuit breakers, the onboard DC distribution systems become more
attractive for electric ship manufacturers. The benefits of using DC networks on electric
ships are investigated in terms of economic and environmental considerations [12]. The
DC networks on an electric propulsion ship can increase the system efficiency, and

improve carbon dioxide emission and fuel consumption [12].
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A dual wound machine provides a redundant system and enables several
interconnection permutations [16]. It is also one of a range of multiphase machines that
attracted attention in electric vehicle applications with high power and fault-tolerance
capability [17]. A dual wound machine can provide better power quality [13], torque
quality [14], and higher efficiency [15]. A dual three-phase machine with an interior
permanent magnet rotor is developed and proved to have better torque density and
torque quality without compromising efficiency compared with the Nissan Leaf IPM

machine [18].

A dual wound generator is developed to provide two power supplies for the systems with
different operating conditions. It consists of two sets of windings in one machine frame
driven by one prime mover. On the electric propulsion ship systems, a dual wound
generator can supply both the propulsion and onboard service at the same time with only
one prime mover. This achieves a more compact design due to the reduction of the
number of diesel engines, generators and transformers. The primary challenge of the
design of a dual wound generator for electric propulsion systems is the independence of
the two outputs. The two sets of windings physically share the same slots in one machine
frame, but the winding distributions are different. The winding strategy on a dual wound
generator allows the two outputs to have individual power ratings and frequencies.
Through the arrangements of the windings, the electromagnetic coupling between the
two windings can be eliminated. Different winding strategies applied to dual wound
machines are described in [13], [19]. Previous studies on the dual wound machines
commonly used the same pole number for each winding and therefore were magnetically
coupled [20]-[21]. Thus, the change of the operation condition for one output would
impact the operation on the other winding. The analysis in [22]-[25] theoretically proved
the possibility of designing an uncoupled dual wound machine but the results are not

experimentally verified, and only the in-slot windings are considered.
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A dual wound generator with both 2-pole and 6-pole windings has been proposed, which
can provide the power for both the propulsion and the onboard service simultaneously
[26]. Previous research has shown the independence of the two sets of windings under
static operation conditions. Both analytical harmonic calculation and 2D finite element
modelling are used to verify that there is no electromagnetic coupling between the two
sets of windings. The end-winding effect in a dual wound machine is analysed
mathematically using a simplified 2D model in [27], where the results are calculated by
the Biot-Savart Law. A prototype of the designed dual wound generator is built by
rewinding an existing machine frame. The experimental test results have shown that the
2-pole generator and the 6-pole generator can independently generate outputs without
the influence from the other winding under both no-load and rated resistive load
continuous operating conditions. Both propulsion and onboard service have flexible
power demands, thus the load can be dynamically changed in practical applications. This
brings more challenges to the independence of the dual wound generator outputs. This
paper investigates the dual wound generator dynamical operation with resistive,
inductive and rectifier load conditions, and experimental dynamic tests using the
designed dual wound generator prototype are presented. Firstly, a static test with
resistive and inductive load is presented, showing that the 2-pole and 6-pole windings
have no electromagnetic coupling. Secondly dynamic tests including the change of rotor
excitation current, resistive loads, resistive and inductive loads, and the rectifier loads.
The dynamic tests are carried out to demonstrate the two windings are not influenced by

the sudden change of load from the other winding under different operating conditions.

This paper is structured as follows: Section Il introduces the dual wound generator
design topology. Section Il presents the simulation results based on the dual wound
generator design. Section IV shows the experimental test results on the dual wound

generator prototype under different types of loads.
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4.3.Dual wound generator design

4.3.1.Dual wound generator topology

The dual wound generator designed in this paper is a wound rotor synchronous
generator with 2-pole and 6-pole windings. Two groups of windings share the same slots
but rotor windings can be separately excited. The machine prototype is built based on

an existing machine frame, where the machine dimension is shown in Table. 4-1.

This existing machine was in the lab at the University of Bath, manufactured by
Mawdsley’s LtD. It has 36-slot stator, 24-slot rotor, four slip rings and several open
terminals. The existing windings are removed. The dimensions of the machine frame is
measured in the aspects of axial length, both rotor and stator diameters, and slot areas.
The proposed magnetic decoupled winding design in this paper is based on this existing

machine frame with the measured dimensions.

The detailed design method was introduced in [26], where the air gap magnetic field
harmonics distributions are calculated and the results indicate that there are no common
harmonics between the two windings, fulfilling the condition for no mutual coupling, and
ensuring that the two outputs are independent.
TABLE 4-1
GENERATOR DIMENSIONS

ltem Stator Rotor
Number of slots 36 24
Diameter 190.5 mm 186.5 mm
Axial length 123.6 mm 139.5 mm
Slot opening 2.7 mm 3.5 mm
Airgap 2 mm
Stator outer diameter 295 mm
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4.3.2.Rotor winding distribution

To produce a sinusoidal air-gap magnetic field, the rotor windings are arranged in the
concentric form . The number of conductors in each slot are sinusoidally distributed to
generate an approximation to a sinusoidal magnetic flux in the airgap. The dual wound
generator has 24 slots in the rotor frame. Thus the 2-pole rotor winding has a pole pitch
of 12 slots and the 6-pole rotor winding, 4 slots. Fig. 4-1 illustrates the 2-pole rotor
winding distribution, which shows one of the two 2-pole coil sets. Fig. 4-2 illustrates the
6-pole rotor winding distribution, which shows the one coil set out of six. The rotor winding

conductors are connected and excited through four slip rings and brushes.

Slot No. 1] 20 31 4) s s} 7 81 ] 11111 12
A A A AAA Y Y
No. of turns 2852654228175 110} 37

%

Fig. 4-1 2-pole rotor winding distribution

Slot No. 1] 2 3] 4
A AY Y

No. of turns 707j293

Fig. 4-2 6-pole rotor winding distribution
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The sinusoidal winding distribution is arranged considering the machine slot space and
the rotor excitation current, which aims to maximize the usage of each slot and minimize
the saturation in the machine frame. The 2-pole rotor has a total number of turns of 1100,
and the 6-pole rotor has a total number of turns of 1000. Thus, the number of turns in
each slot is as shown in the above figures. The wire type for the rotor windings is SWG27
with a diameter of 0.4166 mm, which depends on the excitation current of 1 A and the fill

factor.

4.3.3.Stator winding distribution

The rotor of the dual wound generator produces a rotating magnetic field, which
generates an induced voltage in the stator windings. To propose a fully decoupled
machine design, the 2-pole rotor winding only produces a magnetic field that couples
with the 2-pole stator winding. In the same way, the 6-pole rotor winding only produces
a magnetic field that couples with the 6-pole stator winding. The stator frame has 36 slots
with four layers in each slot, where the 2-pole and 6-pole windings each occupy 2 layers.
The 2-pole winding is above the 6-pole winding. This is the same order as in the rotor.
Following the previous study in [26], the designed dual wound generator stator winding
distribution is shown in Fig. 4-3. The winding distribution design principle aims to
maximize the induced voltage and minimize the spatial harmonics. Both the 2-pole and
6-pole windings are short-pitched distributed windings. The 2-pole stator winding has a

pitch angle of 120 degrees, while the 6-pole winding has a pitch angle of 150 degrees.

Slot [1]12]3[4[5[6[7]|8]9]10{11[12|13|14|15|16(17({18[19|20|21|22|23|24|25(26|27]28|29(30/31|32|33|34|35|36

2 Pol
oe—B—B—B—B—B—BY YIY|Y|Y[Y[-R-R|-R[-R[-R[-R|B| B|B|B[B|B]|-Y[-Y[-Y[-Y][-Y]-Y]R]|R[R|R|R|R

6 Pole

R]-B|-B[ Y[ Y |-R|-R B[ B[-Y|-Y]R]R[-B[-B]| Y| Y|-R|-R[B|B|-Y]-Y|R|R|-B|-B] Y| Y|-R[-R[B|B|-Y|-Y[R

Fig. 4-3 Stator winding distribution
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The winding harmonics distribution of the 2-pole and 6-pole stator windings are
calculated and analysed in the previous paper [26], which indicates that there is no
common harmonic component between the 2-pole and 6-pole stator windings. Also, the
2-pole rotor windings have no mutual harmonics with the 6-pole stator windings and vice
versa. The harmonics analysis shows that the rotor windings only couple with their

corresponding stator winding

4.4.Finite element modelling

2D finite element modelling is used to analyse the magnetic field distribution and the
airgap magnetic field distribution. The FEM analysis in [26] has verified the harmonic
analysis and the slot leakage fluxes at a steady-state operation. This section presents
the simulation results of resistive and inductive load conditions for the 2-pole and 6-pole
generators to further investigate the decoupling between the two generators under

different load conditions.

Fig. 4-4 shows the simulation results that the 2-pole stator is loaded with 60 Q resistive
load and 100 mH inductive loads, while the 6-pole is loaded with a rated 80 Q resistive
load. The peak voltage for the 2-pole output is 150 V with a peak current of 2.2 A. The

peak voltage for the 6-pole generator is 140 V with a peak current of 1.7 A.

Fig. 4-5 shows the 6-pole generator resistive and inductive load test simulation results.
The 2-pole stator is loaded with a rated 60 Q resistive load, while the 6-pole stator is
loaded with 80 Q resistive and 100 mH inductive loads. The peak voltage for the 2-pole
output is 150 V with a peak current of 2.5 A. The peak voltage for the 6-pole generator
is 140 V with a peak current of 1.3 A.
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Fig. 4-5 2-pole and 6-pole outputs with 6-pole RL load
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It can be seen that the peak voltage stays the same with or without the inductive load for
both the 2-pole and 6-pole generators, including the phase angle. However, the inductive
load brings more ripples to the voltage curve. The peak current for both generators is
reduced with the 3-phase inductive load as the non-idea inductors bring extra load
resistance. The current phase angle is changed as well. The difference on the output of
the 6-pole generator when the load is inductive is more obvious as it operates at a higher

frequency.

4.5.Experimental test and discussion

4.5.1.Test platform

A dual wound generator prototype has been built following the design principle to verify
the decoupled winding design. The schematic of the experimental test platform is shown
in Fig. 4-6. A DC motor is coupled with the dual wound generator through the shaft,
representing a diesel engine prime mover in the electric propulsion systems. The DC
motor has a rated power of 5 kW and a rated rotating speed of 3000 rpm. The field
voltage of the DC motor is 200 V, with a field current of 1.1 A. The armature current is up
to 36.5 A. ALAB/SMS630 DC power supply is used to provide the field current to the DC
motor and a LAB/SMS5300 DC power supply to provide armature current. The operation
speed can be adjusted by changing the DC motor terminal voltage to achieve the
proposed testing speed of 2000 rpm. The rotating speed of the prime mover is monitored

by a tachometer.

120



Chapter 4 Experimental testing of the dynamic performance of a magnetic
decoupled dual wound generator

Prime mover 2-pole & 6-pole generator
(DC motor) (AC generator)
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630W Skw 1500W 1200W

Fig. 4-6 Schematic of experimental test platform

The dual wound generator is a wound rotor synchronous machine. The 2-pole and 6-
pole rotor windings are excited DC windings. The rated rotor winding excitation current
is 1 A. The 2-pole rotor winding resistance is 179.6 Q, and the 6-pole rotor winding
resistance is 418.9 Q. The 2-pole and 6-pole rotor windings are separately supplied by
the EA-PS 8360-15 and LAB-SMP11200 power sources, that are capable to provide the

1 A excitation current.

The 2-pole and 6-pole three-phase outputs on the stator windings can be connected to
different loads through the terminals. In this paper, 3-phase resistive loads, resistive and
inductive loads and rectified DC loads are experimentally tested. The electric connection
diagram for the experimental test is shown in Fig. 4-7. The voltage and current are

monitored and recorded by an oscilloscope.

The experimental test platform is shown in Fig. 4-8, which consists of the dual wound
generator prototype, the DC drive motor, electric loads, power sources and data

acquisition equipment.
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4.5.2.Rotor current dynamic change

The output voltage of the generator can be controlled through the rotor excitation current
at a fixed operating speed. To investigate whether the change of one of the rotor
excitation currents would impact the other generator, the dual wound generator is tested
with the rotor excitation current increasing. In this test, the two stator windings are loaded
with their rated resistance, which is 60 Q for the 2-pole generator and 80 Q for the 6-pole
generator. As shown in Fig. 4-9, a resistor is series connected in the rotor excitation
circuit to provide a low initial rotor current. A circuit breaker is used to short-circuit the
resistor to increase the rotor excitation current to 1 A. The external resistor has the same
resistance as the corresponding rotor winding; thus, the rotor current will be doubled by

switching the circuit breaker.

2-pole rotor 6-pole rotor

L AL

d

3
Nt

(a) 2-pole rotor test circuit (b) 6-pole rotor test circuit
Fig. 4-9 Rotor current dynamic change test circuit

Fig. 4-10 shows the 2-pole and 6-pole stator voltage dynamic change when the 2-pole
rotor current is increased from 0.5 A to 1 A. As the 2-pole rotor excitation current
increases, the 2-pole stator voltage increases. Since the input power of the DC motor is
constant, it causes a rotating speed drop of the prime mover. This rotating speed

variation due to load changes happens for any type of generators. The prime mover
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diesel engine will recover the rotating speed to the set point with a speed control system.
It is noted that the peak voltage of the 2-pole stator at 1 A rotor current is smaller than
the two times that at 0.5 A rotor current, which is due to the drop of the rotating speed.
The 6-pole voltage as shown in Fig. 4-10 is slightly decreased with the 2-pole rotor

excitation current increasing because of the decreased rotating speed.
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Fig. 4-10 2-pole rotor current dynamic test

Fig. 4-11 shows the experimental test results that the 6-pole rotor current increased from
0.6 Ato 1 A. The 6-pole stator output voltage increases as the 6-pole rotor excitation
current increases. In the same way as the 2-pole rotor current change effect, the prime
mover rotating speed decreases slightly with the 6-pole rotor current increases. Thus the

2-pole stator output voltage decreases.

124



Chapter 4 Experimental testing of the dynamic performance of a magnetic
decoupled dual wound generator

<15
492
©
0.9
55
506
203
£

(b 0 I ! 1 1 1 1 1 | 1

200

TR

i |

—T

2-p voltage (V)

-150
-200

200 T T T T T T T
150 - —F‘hase Rh
100 —Phase B[]

;WWMWMW&W&WJLW il

o

=100
© 160
_200 ! 1 1 1

-125  -100  -75 -50 -25 O 25 50 75

Time (ms)

-p voltage (V)

125

Fig. 4-11 6-pole rotor current dynamic test

It can be observed that in the dynamic change test of the 6-pole rotor current, the range
of the change of the 2-pole stator voltage is less than the range of the change of the 6-
pole stator voltage, which indicates the rotor current only affects the corresponding stator

winding. This is also applies to the 2-pole rotor current dynamic test.

4.5.3.Resistive load dynamic change

In an all-electric propulsion system, the propulsion and service power can change under
different operations. Therefore, it is important to make sure that the change of the load
of one generator will not affect the other generator. Fig. 4-12 and Fig. 4-13 show the

resistive load dynamic change test results.
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The 2-pole dynamic load testing process is initiated to operate the 2-pole generator at a
no-load condition. Then the rated 3-phase resistive load is switched on to the 2-pole
generator, while the 6-pole generator is always at a rated load condition. The 2-pole
generator dynamic load test results are shown in Fig. 4-12. The 2-pole stator current
starts to increase from zero to its rated current. The 2-pole stator voltage shows instability
when the load is connected and soon recovers to the rated 3-phase sinewave, while the

6-pole stator voltage is completely stable and not influenced.

With the same test process as the 2-pole dynamic load test, the 6-pole resistive load
dynamic test results are shown in Fig. 4-13. The 6-pole stator has no current at the
beginning of the test as it is a no-load condition. The current starts to increase to its rated
level when the load is connected. A few ripples appear on the 6-pole stator voltage during

the switching process, which is soon recovered to the normal voltage waveform.

The experimental test results for the resistive load dynamic change in this section shows
that the change of the resistive load of the 2-pole generator has no impact on the 6-pole

generator and vice versa.
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Fig. 4-13 6-pole resistive load dynamic test

4.5.4.RL load dynamic change

Since the resistive load dynamic change test proves the decoupling of the two generators
in that situation, considering a more complex operation condition, the inductive load test

is apt.

In the dynamic change of resistive and inductive load test procedure, the load for the 2-
pole generator is 60 Q resistive load with 100 mH inductive loads. And the 6-pole
generator has 80 Q resistive load with 100 mH inductive loads. The test process is the
same as the resistive load dynamic test. At the beginning, the generator operated at a

no-load condition. Then the load is switched to the tested generator. The other generator
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is at the rated 3-phase resistive load condition during the testing process.

Fig. 4-14 presents the 2-pole generator resistive and inductive load dynamic test results.
The 2-pole stator current starts to increase when the load is connected. The first peak
value does not reach the rated peak current because of the inductive load. It is noticed
that the 2-pole stator voltage is affected when the 2-pole loads are switched in the circuit.
But the 6-pole voltage is stable constantly, which indicates the decoupling of the two

generators under the inductive load condition.
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Fig. 4-14 2-pole resistive and inductive load dynamic test

The resistive and inductive load dynamic test for the 6-pole generator is shown in Fig. 4-

15. In the same way as in the 2-pole generator test, the load switching only effect the 6-
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pole voltage itself, without any impact on the 2-pole generator output. The results shown
in this section further proves the independence of the two generators under a more

complex load condition with the dynamic operation.
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Fig. 4-15 6-pole resistive and inductive load dynamic test

4.5.5.Rectifier DC load dynamic change

Increasing use is being made of DC distribution networks for all-electric propulsion ship
systems. Therefore, in this section, a rectifier load test on the dual wound machine is
investigated by using a full-bridge rectifier VS-36MT120 to produce a DC bus on the 2-
pole and 6-pole stator side for a resistive load. The dynamic change of load is also

considered to verify the full decoupling of the two generator outputs under a dynamic
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rectifier condition. The DC resistive loads used in this test are a 1000 Q resistor for the
2-pole winding output and a 500 Q resistor for the 6-pole generator. The generator output
under test is initially operating in a no-load condition. Then the DC resistive load is

switched into the DC bus. The other generator keeps the rated 3-phase loaded condition.

Fig. 4-16 shows the 2-pole rectifier load dynamic change test results. The 2-pole stator
rectified DC voltage is increased from zero to 320 Vdc after switching on. There are
ripples that appear on each switching point on the primary side of the 2-pole stator

voltage. There is almost no effect on the 6-pole stator at the switching point.
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Fig. 4-16 2-pole rectifier load dynamic test
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4.6.Conclusions

This paper designed and built a 2-pole and 6-pole dual wound generator for the IFEP
systems. The arrangements of the 2-pole and 6-pole windings are investigated to
eliminate the electromagnetic coupling based on the airgap and slot leakage fields.
Considering the practical full-electric propulsion ship system applications, the propulsion
and ship service loads can be more complex and dynamically changed. Therefore, this
paper investigated the resistive load, inductive load and rectified load dynamic
performance of the designed dual wound generator prototype to verify the fully
decoupling of the two generators. 2D finite element analysis is applied to verify the
machine decoupling performance of resistive and inductive loads. Experimental tests on
the dual wound generator prototype are performed, including the rotor excitation current
dynamically increasing, the resistive load dynamically changing, the resistive and
inductive loads dynamically changing and the rectified circuit DC load dynamically
changing. These tests of the dual wound generator further demonstrate that the two
generators outputs including the end-windings are fully decoupled under more complex
load conditions. The dual wound generator prototype demonstrates that the 2-pole and
6-pole windings can generate independent power supplies with no impact on the other
generator, which ensures the power supplies for the electric propulsion and the ship
service segment is independent. This application can also be applied to electric aircrafts,

trains, busses, and heavy-duty trucks.
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This chapter introduces a novel design of a moving coil actuator topology with
compensation coils for DC circuit breakers. The compensation coils eliminate the
saturation in the magnetic core, reduce system equivalent inductance, thus increase

the operating speed.
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5.1.Chapter summary

Conventional AC systems have a lower efficiency and higher cost when considering long-
distance power transmissions [1]-[3]. With the development of DC transmission networks,
a more economical and energy-efficient solution for long-distance power transmission is
achievable, which is important for the development of renewable energy systems
deployment [1], [5]. However, the design of DC circuit breakers is regarded as the main
limitation to the implementation of DC transmission systems [6]. The design of a DC
circuit breaker is generally more complex than an AC circuit breaker due to no natural

zero-crossing point and the high rate of rise of a fault current.

This chapter proposes a novel moving coil actuator topology for DC circuit breakers,
which applies additional compensation coils to an original moving coil actuator design.
The compensation coils generate an opposite magnetic field against the magnetic field
produced by the moving coils, which effectively eliminates the saturation in the magnetic
core. This topology significantly reduces the system equivalent inductance, and therefore
achieves a higher rate of rising excitation current in the moving coils, which results in a
faster actuating speed. The dynamic performance is compared between an original
moving coil actuator and the actuators with compensation coils. 2D finite element
analysis is used to investigate the actuators performance in terms of magnetic field,

excitation current, moving force and efficiency.

The rest of this chapter is cited from the author’s published article in CSEE Journal of
Power and Energy Systems [111]. The structure of this chapter is organised in an
alternative-based format, where the indices, equations, tables, figures, titles and

references are numbered independently.

139



Chapter 5

A novel fast operating moving coil actuator with a
compensation coil for HVDC circuit breakers

Statement of Authorship

This declaration concerns the article entitled:

A Novel Fast Operating Moving Coil Actuator with a Compensation Coil for HVDC
Circuit Breakers

Publication status (tick one)

2HE ’_‘Submitted ﬂ i ﬂ Accepted ﬂ Published |
manuscript review
Publication B. Yin, X. Zeng, J. F. Eastham, D. Vilchis-Rodriguez and X. Pei, "Novel
details fast operating moving coil actuator with compensation coil for HYDC
(reference) | circuit breakers," in CSEE Journal of Power and Energy Systems, vol.

7, no. 5, pp. 1041-1050,
10.17775/CSEEJPES.2020.06910.

Sept. 2021, doi:

Copyright status (tick the appropriate statement)
| hold the copyright for this

Copyright is retained by the publisher,
but | have been given permission to | V

material replicate the material here

Candidate’s
contribution
to the paper

The candidate contributed to / considerably contributed to /
predominantly executed the...
Formulation of ideas:

(provide ® 80%
details, and | ® Introducing a novel moving coil actuator topology with
also indicate compensation coils for DC circuit breakers, guided and supervised
as a by Dr Xiaoze Pei.
percentage) | Design of methodology:
® 100%
® A 2D finite element model is built and simulated in COMSOL,
investigating the dynamic performance of the moving coil actuator
with compensation coils, guided by Dr Xiaoze Pei.
Experimental work:
® 100%
Presentation of data in journal format:
® 80%
® Organising and writing this article, revised by Dr Xiaoze Pei and
other co-authers
SUELENTEN This paper reports on original research | conducted during the period
T of my Higher Degree by Research candidature
Candidate yHig 9 y )
Date
Signed Boyuan Yin 25/11/2022

140



B. Yin, X. Zeng, J. F. Eastham, D. Vilchis-Rodriguez and X. Pei, "Novel fast operating moving coil actuator with compensation coil for HYDC
circuit breakers," in CSEE Journal of Power and Energy Systems, vol. 7, no. 5, pp. 1041-1050, Sept. 2021, doi: 10.17775/
CSEEJPES.2020.06910. Published open access with a CC BY-NC-ND licence.

Chapter 5 A novel fast operating moving coil actuator with a
compensation coil for HVDC circuit breakers

A Novel Fast Operating Moving Coil Actuator with a Compensation Coil for HVDC

Circuit Breakers

Boyuan Yin, Xianwu Zeng, John F. Eastham, Damian Vilchis-Rodriguez and

Xiaoze Pei

Abstract— DC circuit breakers are major enabling components for multi-terminal HYDC
systems. Their key design targets are operating speed and efficiency. This paper
proposes a novel moving coil actuator using a compensation coil topology to operate
mechanical circuit breakers. This topology aims to significantly improve the magnetic
field saturation and reduce the system inductance, so that the operating speed is
increased. Four possible connection methods for the compensation coils are proposed
and analyzed using finite element modelling, ensuing simulation results are compared
and discussed. The operating speed of the moving coil actuator with compensation coils
is significantly improved compared with the original moving coil actuator. The moving coil
actuator with compensation coils can open a distance of 5 mm within 2.8 ms and the

peak efficiency is 47%.

Index Terms— Compensation coil, DC circuit breaker, HVDC, mechanical circuit

breaker, moving coil actuator.
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5.2.Introduction

High voltage direct current (HVDC) systems provide an economical and energy-efficient
solution for long-distance bulk power transmission [1]—-[3]. This significantly supports the
development of renewable energy, transmitting abundant power from remote resources
to the cities with high power demands. Offshore wind power is an important means for
realizing energy structure reforms, and HVDC transmission technology is the key
solution to enable offshore wind power grid connections. Large numbers of offshore wind
farms have been established based on HVDC remote power transmissions [4]. The
United Kingdom currently has more than one hundred offshore wind farms under
operation, which provide significant energy for industrial use [5]. In China, Zhangbei, the
multi-terminal VSC-HVDC project in the Beijing — Tianjin — Hebei area operating at +/-
500 kV and up to 4500 MW, enables the integration of renewable energy in a
transmission ring and ensures the optimization of power flow [6]. A 535 kV HCB has been
developed by NR Electric Co., Ltd. for Zhangbei project, which introduces the first
commercial HCB at 500 kV level [7], [8].

The HVDC circuit breaker, as an important component in the system, which faces the
challenge of providing strong fault-clearance capability within a short period of time. The
solid-state circuit breaker based on IGBT components is able to break the fault current
in less than a few hundred micro-seconds [9]-[11]. However, it has limited overcurrent
capability [1], and high conduction losses under normal operating conditions [12]-[16]. In
contrast, the mechanical circuit breaker has low conduction losses, which reduces the
power losses during normal operations. The mechanical circuit breaker uses a pre-
charged capacitor to create the artificial zero-crossing point. The operating speed of the
mechanical circuit breaker is limited especially for small current interruptions, caused by
the pre-charged capacitor [17], [18]. The hybrid circuit breaker is designed to achieve

fast HVDC current interruption with less losses than the solid state HVDC breaker under
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normal operations [19], [20]. Research is proposed to investigate new circuit breaker
topologies [21]-[23], control methods [23], and consider the application of
superconductor materials [25], [26]. Since the semiconductor circuit breakers are much
faster than the mechanical, the breaking time of hybrid DC circuit breakers largely
depends on the operating speed of the mechanical breaker. It is therefore important to

design a fast-operating actuator with high efficiency and high reliability.

Typical actuators, such as the permanent magnet actuator, the Thomson coil actuator,
the moving magnet actuator, and the moving coil actuator are commonly used for circuit
breakers. The permanent magnet actuator is a typical linear actuator that is widely used
in various industrial processes with low manufacturing and maintenance costs [27]-[30].
However, the operational speed of the permanent magnet actuator is limited. The
Thomson coil actuator is used for ultra-fast operations [31]-[33], however, the operating
efficiency is limited due to the decreasing linked magnet flux density and force between
the coil and armature as the gap increases [34]-[36]. Given its relatively low moving
mass and constant air-gap design, the moving coil actuator has great potential to achieve
fast operating speeds. The excited coil produces an electromagnetic force in a magnetic
field produced by permanent magnets following Lorenz’s law. The moving coil actuator
has been proved to have better dynamic performance than the moving magnet actuator
due to its higher force density, which makes it more suitable for vacuum interrupter
applications [37], [38]. However, the moving coil actuator has a large coil inductance,
which limits the rise of current in the coil and therefore the operating speed. Also, the
high operating current produces a high magnetic field, which leads to saturation in the
magnetic core. In addition, the magnetic field changes when the coil is energized, which

produces eddy current losses in the magnetic core.

This paper proposes a novel moving coil actuator topology, which applies a group of

compensation coils to the original moving coil actuator. The compensation coils generate
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an opposing magnetic field, which reduces the impact of the magnetic field produced by
the moving coils when they are energized. The equivalent coil inductance is significantly
reduced by the compensation coils and therefore, the rise of current in the coil is much
faster and so is the actuation. By implementing the compensation coils, the magnetic
field in the magnetic core does not change when the moving coil is energized during the
opening and closing operations. This idea is similar to the compensation winding in DC
machines to eliminate armature reaction. A similar design was investigated by Mikhail
Godkin in 2004, this applied three compensating coils with different power supplies, and
a position sensor to accurately control the current in the coils [39]. Passive compensation
with closed-loop supplied coils placed next to the moving coils is proposed in this paper
for the first time. The closed-loop coils can also be replaced by solid copper rings to
achieve a similar effect. Four possible connection methods for compensation coils are
proposed, namely, passive compensation, series connection, parallel connection, and
hybrid connection. The current, force, efficiency, operational speed, and displacement

are compared for these connections.

The remainder of this paper is structured as follows. Section Il introduces the operating
principle of moving coil actuators with compensation coil topology. Section Il employs
finite element modeling to compare the actuator operating performance for the four
different connection methods with the original actuator. Section IV discusses the
simulation results and summarizes the advantages and disadvantages of the moving coil

actuator with compensation coils. Section V provides our conclusions.
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5.3.Moving coil actuator with compensation coils for

hybrid DC circuit breakers topology

5.3.1.Vacuum interrupter specification

Air, oil, and sulfur hexafluoride (SFs) are commonly used in circuit breakers. However,
vacuum breakers have become the most widely used because they are more
environmentally friendly [40]. A vacuum interrupter is basically a mechanical switch as
shown in Fig. 5-1. A moving contact and a fixed contact are located at the ends of a
ceramic high vacuum arcing chamber. This is supported by ceramic insulators, one of
which encloses bellows to support the movement of the contact [41]. An external actuator
is used to connect with and operate the moving contact. This controls the opening and

closing operation of the interrupter and is able to hold it in the open and closed positions.

Fixed contact stem

Fixed terminal pad

Arcing chamber

Fixed contact

Moving contact

Bellows

Guide

Moving contaoct stem

T_— Mechanical coupling for

operating mechanism

Fig. 5-1 Vacuum interrupter diagram [45]

The vacuum interrupter used in this paper is the TJC241-type, supplied by Shanxi
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Baoguang Electric Device Company, which has voltage and current ratings of 3.6 kV and
1.25 kA. The separation distance between the two contacts is 2 mm. The weight of the
moving part is 0.3 kg and the force required to hold contacts open at full stroke is 175 N.
It is important that the actuator designed for the duty should be able to avoid contact
popping, bounce, rebound, and welding. The operating distance for the actuator is 5 mm
when the mechanical connections between the vacuum interrupter and the actuator are
taken into account. This extra operating distance can be buffered and absorbed by the

auxiliary mechanical structure.

5.3.2.0riginal moving coil actuator

The moving coil actuator has the same operating principle as a loudspeaker, and is also
called a voice coil actuator [42]. Fig. 5-2 shows the radial plane of the axisymmetric
topology. The actuator comprises a permanent magnet, two moving coils, and three soft
magnetic composite (SMC) blocks. The two moving coils make full use of the magnetic
field in both air gaps and achieve a more compact design when compared with a single
coil. The permanent magnet generates the magnetic field in both upper and lower air
gaps through the SMC cores. During normal operations, there is no current through the
moving coils, so the vacuum interrupter maintains an open or closed position. When the
coils are energized by a pre-charged capacitor, a Lorentz force, which is proportional to
the current, is induced in the coils. This force can drive the actuator’s moving parts in
either direction, depending on the direction of the injected current. In Fig. 5-2, for
example, the moving coils have a force to move downwards according to Fleming’s left-

hand rule.

146



Chapter 5 A novel fast operating moving coil actuator with a
compensation coil for HVDC circuit breakers

Moving coils

‘I

Permanent magnet

— ]

Soft magnetic composite

Fig. 5-2 Original moving coil actuator topology

The operating speed of a moving coil actuator depends on the electromagnetic force,

which can be expressed as:

Fnag = Bl 5—-1)

Where:

B,: the air gap flux density produced by the magnet
I: the current through the coil

l: the coil length

R.: the coil resistance

The coil length for this model is defined as the wire length that formed the coil, which
can be expressed as:
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l =2nrN (5—-2)

Where:

r: the coil radius
N: the coil number of turns

The B, and [ are both constants depending on the design. The coil current, therefore,
is the key factor to change the force on the coil and therefore the operating speed. The
coil voltage can be expressed as:

di
V() = Ld_tL +R,i, (5-13)

In order to increase the rate of rise of current, one method is to reduce the coil inductance.
Based on the moving coil actuator topology, there are three ways to reduce the coll
inductance. The first is to reduce the number of turns, which in turn reduces the
electromagnetic force. The second is to reduce the coil radius, which again reduces the
force. The third method that is proposed here is to provide a compensation coil group to
oppose and reduce the magnetic field produced by the moving coils. This is similar in

concept to that of bifilar wound non-inductive coils.

5.3.3.Moving coil actuator with compensation coil topology

The compensated moving coil actuator topology includes two compensation coils as
shown in Fig. 5-3. The two compensation coils are fixed to the top and bottom SMC

blocks and have the same number of turns as the moving coils.
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Fig. 5-3 Moving coil actuator with compensation coils topology.

The current through the compensation coils follows that in the moving coils but in the
opposite direction, and produces an opposing magnetic field to oppose and reduce the
magnetic field generated by the moving coils. The magnetic field in the SMC blocks is
therefore maintained at the value produced by the permanent magnets to eliminate
saturation. The action of the compensation coils can also be explained by their
generation of mutual inductance with the moving coils which reduces the total system
equivalent inductance, to achieve a higher rate of rise of current during the opening and
closing operations. In summary, the proposed moving coil actuator with compensation
coils has the following advantages. The magnetic field in the magnetic core does not
change and the effective coil inductance is reduced. This leads to increased rate of rise
of current and therefore operating speed of the moving coil actuator with compensation

coils.

To generate current in the compensation coils, there are four possible connection

methods. The first is passive compensation, in which the two compensation coils are
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short-circuited as shown in Fig. 5-4 (a). When the moving coils are energized, there will

be induced current generated in the compensation coils reducing the magnetic field.

The second and third connection methods are series connection as shown in Fig. 5-4 (b)
and parallel connection as shown in Fig. 5-4 (c). The benefit of series connection is that
the current in the compensation coil is the same as the moving coil, which provides
excellent magnetic field cancellation. However, the inductance of the series connection
is higher than that of the parallel connection. The parallel connection can achieve the
smallest system inductance, but cannot guarantee that the currents in the moving and
compensation coils are the same, which means that the changing magnetic field is not
fully compensated. It also requires a capacitor with a higher current rating to support the

large total current through the four coils.

Another method is the hybrid connection as shown in Fig. 5-4 (d), which connects the
compensation coil and the corresponding moving coil in series, then connects the two
groups in parallel. This connection method can ensure each coil group has the same

current and reduces the system inductance by parallel connection.
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.
|II+
I

(a) Passive compensation (b) Series connection

(c) Parallel connection (d) Hybrid connection

Fig. 5-4 Connection method for moving coils and compensation coils

5.4.Finite element modelling and results analysis

5.4.1.Modelling method

Finite element analysis (FEA) was carried out by a 2-D axisymmetric model in COMSOL,
using partial differential equations (PDE). FEA simulation had shown excellent
agreement between numerical and experimental results in original moving coil actuators

[35]. The COMSOL model simulation is built based on Maxwell’s field equations (5-4) —
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(5-7):
V-E=§O 5-4)
V-B=0 (5-5)
VXEz—Z—If (5-16)
VxB=u0(]+802—f) Ca)

where E is the electrical field, p is charge density, B is magnetic flux, and J is charge

density in the caoils.

During the operational process, the energy stored in the capacitor is used to inject a large
current pulse in the coils. The equivalent circuit includes a capacitor (C) and moving coils
(R; L.) coupled with compensation coils (R, L, ) as shown in Fig. 5-5. The circuit

equation can be expressed as:

d
RI.+L,—~+M—-Y=U, (5—8)
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lc

Rc lw

Uc —— )

Lc Lw

Fig. 5-5 Equivalent circuit of moving coil actuator with compensation coll

The electromagnetic force can be derived using the Lorentz force as:
l—) -
szBx]dl G- 9)
0

The efficiency of the actuator is defined as the increase of the kinetic energy over the
decrease of the energy stored in the capacitor, which is as shown in equation (5-10).
1 2 2)2
AE,  7m(v"=vo%)

n=-—= (5—-10)
AE, 1
¢ EC(UI:Z - UOZ)

Where E|, is the kinetic energy of the moving part. E. is the energy stored in the capacitor.
m is the mass of the moving part. v is the velocity of the moving part. U is the voltage

across the capacitor.

5.4.2.Finite element modelling

The essential topology of the moving coil actuator with compensation coils is introduced
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in Fig. 5-3, where the magnetic field is fully used by the coils in the two airgaps. The size
of the actuator is not significant for this prototype design but is determined by the
magnetic field saturation in the magnetic core. A large cylindrical permanent magnet is
applied, which means more steel is required. A larger magnetic steel generally provides
a greater efficient area to support the magnetic fluxes, which can reduce the saturation.
For this prototype, the size of the magnetic steel is designed to minimize the saturation.
However, the size of the magnetic cores also determines the size of the coils, which
affects the coil length, coil inductance, and even the mass of the moving part. Thus the

FEM simulation should be analysed to investigate the reasonable sizes of the topology.

The total weight of the proposed prototype is not concerned in this design. The material
used for the actuator should be considered to have the potential to operate in a cryogenic

electric aircraft environment.

A common ground is established by using the same topology, size, materials, and
external supply to investigate the performance of the moving coil actuator with
compensation coils and compare the different connection methods. The actuators are
designed for a TJC241-type vacuum interrupter supplied by Shanxi Baoguang Electric
Device Company as introduced in the previous section, the key parameters of which are
shown in Table 5-1. The actuator designed is expected to separate the two contacts by

5 mm considering the rebound and buffer structures.

The moving coil actuator was broadly optimized and has a height of 90 mm, and a radius
of 70 mm. Neodymium Iron Boron (NdFeB) N50-type from the Eclipse Magnetics
company was used for the design, which has a remanent flux density, Br, of 1.4 T [43].
The cylindrical permanent magnet has a height of 50 mm and a radius of 45 mm. The
soft magnetic composite used is Symmco’s Somaloy 1000-SP [44]. In order to compare
the moving coil actuators with differently connected compensation coils, the air gap is

increased to 7 mm to allow space for the compensation coils and the supporting structure.
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The magnetic field in the air gap is designed to be 0.85 T at steady state. The
compensation coils and moving coils are both double-layered with 37 turns. The two
compensation coils are fixed onto the top and bottom SMC cores. The moving coils are
fixed on the moving structure carrying the moving contact of the vacuum interrupter. A
20 mF capacitor is pre-charged to 50 V to provide the excitation current for the moving
coils and the compensation coils when they are used. Table 5-1 lists key parameters of

the actuator.

TABLE 5-1
ACTUATOR KEY PARAMETERS

Parameter Value
Actuator height 90 mm
Actuator radius 70 mm
Permanent magnet height 50 mm
Permanent magnet radius 45 mm
Permanent magnet remanent flux density 14T
Air gap length 7 mm
Magnetic field in the air gap ~0.85T
Moving coil number of turns 37
Compensation coil number of turns 37
Coil wire cross-section area 1 mm2
External capacitance 20 mF
Capacitor voltage 50V

5.4.3.Magnetic field analysis

During the actuator opening and closing process, the current through the moving coils
generates a changing magnetic field, which is superimposed on the constant magnetic
field produced by the permanent magnet. This changing magnetic field could cause
additional saturation. The compensation coil groups can eliminate this influence by

opposing and reducing the changing magnetic field.
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Fig. 5-6 (a) shows the initial steady state magnetic field distribution produced by the
permanent magnet. When the current flows into the moving coils and reaches 60 A, the
magnetic field distribution for the original moving coil actuator is shown in Fig. 5-6 (b). It
can be seen that the magnetic field around the SMCs core edges is significantly
enhanced and saturated. To improve this saturation, a pair of passive compensation coils
are added in the corresponding location of the two moving coils as shown in Fig. 5-6 (c).
The induced current in the passive compensation coils generates an opposite magnetic
field to reduce the moving coil magnetic field. It can be seen that the edges of the SMCs
core are less saturated. Fig. 5-6 (d) displays the magnetic field using the series
connection. The compensation coils and moving coils are series connected to ensure
that they have the same current and fully compensate the magnetic field produced by
the moving coils. Fig. 5-6 (e) shows the magnetic field with the parallel connected
compensation coils. Due to the small differences between the radius of compensation
coils and moving coils, they present different inductances, which results in the magnetic
field being not fully compensated. Fig. 5-6 (f) shows the magnetic field distribution of the
hybrid connection. Due to the corresponding compensation coil and moving coil being
series connected, compensation magnetic fields are generated respectively on the top
and the bottom coil regions. The changing magnetic field is effectively eliminated. It is
clear that the moving coil actuators with compensation coils, in general, shows less
saturation in the SMC cores compared with the original one when the moving coil is

energized with the same current of 60 A.
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(a) Steady state magnetic field produced by the permanent magnet
(b) Original moving coil actuator

(c) Passive connection moving coil actuator with compensation coils
(d) Series connection moving coil actuator with compensation coils
(e) Parallel connection moving coil actuator with compensation coils

(f) Hybrid connection moving coil actuator with compensation coils

Fig. 5-6 Magnetic field distribution with coil current of 60A

In summary, the compensation coils are able to reduce the impact of the magnetic field
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produced by the moving coil when energized, this effectively reduces the moving coil
inductance and avoids saturation of the core. The passive compensation and parallel
connections reduce the magnetic field from the moving coils even though the current in
them is not exactly the same, while the series connection and hybrid connection can fully

compensate.

5.4.4.Current analysis

The electromagnetic force is the key factor to determine the actuator operating speed.
The force is decided by the current through the moving coils. Fig. 5-7 shows the
simulation results of the moving coil current in the first 4 ms. It can be seen that the
original moving coil actuator has the lowest rate of rise of current. The passive connection
and series connection actuator have almost the same rate of rise of current. The hybrid
connection actuator has a fast rate of rise of current and high peak current. The current

in the parallel connection coils rises fastest with the highest peak current value.

The compensation coils and moving coils form a non-inductive coil. With lower equivalent
inductance, the rate of rise of the current and peak current are both increased. The
parallel connection not only provides high excited current for the compensation coils, but
also reduces the circuit equivalent inductance. In this case, the parallel connection
actuator has the smallest inductance, which makes it have the fastest rate of rise of
current with the highest peak current value. It is noted that the current through the parallel
compensation coils decreases very quickly. The current is lower than the hybrid
connection at t = 1 ms, and then lower than the three other connections att = 1.4 ms.
The parallel connection, although it has a fast rate of rise and high peak current, only
has better performance in the first time period because the total energy in the pre-
charged capacitor is the same for all cases. The parallel coil resistance will quickly

consume the energy from the capacitor. The parallel connection actuator would have
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better performance if the energy in the capacitor were increased.
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Fig. 5-7 Current in the moving coils against time

Compared with the original moving coil actuator, it can be seen that the rates of rise of
current in the moving coils is improved by the compensation coils. Meanwhile, the series
connection has the same rate of rise of current as the passive connection but with a
lower peak current. After 1.2 ms, the current of both passive compensation and series
connections is lower than the original actuator, which means that the compensation coils
for these two connections are only effective in the first period, after which the acceleration
will be slower than in the original actuator. If the capacitor energy is increased, the
actuator with compensation coils will achieve longer acceleration time and better

dynamic performance.

5.4.5.Force analysis

The electromagnetic force on the moving coils is determined by the current in the coll

and magnetic field produced by the permanent magnet in the air gap. It is important to
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investigate if compensation coils would reduce the electromagnetic force on the moving
coils. A static test has been investigated by fixing the coils at their initial position, while a
current from 0 A to 100 A is applied to the coils. The static electromagnetic force on the

moving coils is as shown in Fig. 5-8.

It can be seen that the force for passive compensation coils is slightly higher than the
original moving coil actuator. The increased electromagnetic force with compensation
coils is due to less saturation in the magnetic core, leading to a slightly higher permanent
magnet field in the air gap. The force for series, parallel and hybrid connected
compensation coils is similar to the original moving coil actuator. This is a combined
effect of less saturation in the magnetic core and the force from the magnetic field

produced by the compensation coils.
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Fig. 5-8 Force on the moving part with linear current

Fig. 5-9 shows the force on the moving part during the dynamic opening operating
process under the same conduction as the results shown in Fig. 5-7. The force has the

same trend as the current in the moving coil. The actuator with parallel connected
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compensation coils provides the fastest rate of rise of the force and the highest force due
to the fast current rise. It is noted that the force on the parallel connection actuator
reduces quickly and even has a negative force after t = 2 ms. This is because there is a

negative current in the moving coil due to low current from the capacitor and slightly

imbalanced coil inductance between the moving coil and compensation coil.
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Fig. 5-9 Force on the moving part against time

5.4.6.Displacement analysis

The displacement of the actuators with time is simulated for 4 ms, as shown in Fig. 5-10.
The actuators with compensation coils generally have better performance than the
original moving coil actuator. The parallel connection and hybrid connection actuators
have a faster operational speed than the other three actuators because of the relatively
high operating current. As previously mentioned, the operating distance for the designed
actuator is 5 mm considering the mechanical connections between the vacuum

interrupter and the actuator. The original moving coil actuator and the series connection
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actuator each need more than 4 ms to achieve 5 mm displacement, the original moving
coil actuator is the slightly faster of the two. The passive compensation actuator reaches
5mm within 3.8 ms. The hybrid connection actuator achieves 5 mm within 3 ms and the
parallel connection actuator within 2.8 ms. According to these results, the parallel

connection actuator has the best displacement performance for this vacuum interrupter.

The displacement performance in Fig. 5-10 illustrates that the selection of the actuators
can be different depending on the proposed operating distance. The parallel connection
actuator achieves 6.2 mm at t = 3.5 ms, then it is exceeded by the hybrid connection
actuator, this is because the parallel connection coil current reaches the peak in the first
0.5 ms and then drops very quickly. The overall performance of passive and series
connection actuators is similar to the original moving coil actuator. It is noted that the
original moving coil actuator operates slowly at the beginning, but exceeds the passive
connection actuator at t = 3 ms, having the potential to surpass the series connection

actuator in the later part of the action.
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Fig. 5-10 Moving part displacement against time
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5.4.7.Efficiency analysis

A high-efficiency actuator is preferred for the HVDC circuit breakers due to the challenge
of energy harvesting. The efficiency of the actuator determines how many times the
actuator can operate after each charge of the capacitor. Fig. 5-11 shows the comparison
of efficiency between the five actuator topologies. The moving coil actuators with
compensation coils have higher efficiency in the first 2 ms. The parallel connection
actuator has a relatively low efficiency below 15%, which is due to the energy
consumption by the high current in the compensation coils. The series and hybrid
connection actuators have similar efficiency performances, which are better than the
original actuator in the first 2 ms. The passive compensation actuator has the highest

efficiency until t = 3 ms.
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Fig. 5-11 Actuator efficiency against time

According to the results in the time domain, the passive compensation actuator has

better efficiency performance if it is only required for a short operational time, while the
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original moving coil actuator has higher efficiency when the operational time is longer.

In practical applications, there is more concern about the efficiency against the actuator
displacement, rather than against time. Fig. 5-12 shows the efficiency against the
displacement. It can be seen that the passive compensation and the original moving coil
actuators have the highest efficiency. And the parallel connection actuator performs with
the lowest efficiency. The efficiency of the passive compensation actuator is almost 4

times higher than the parallel connection actuator for the displacement of 5 mm.
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Fig. 5-12 Actuator efficiency against displacement

The breaking process consumes the energy stored in the pre-charged capacitor. Large
energy consumption during the operational process requires frequent recharging for the
capacitor, which is not preferred. Fig. 5-13 shows the capacitor voltage reduction during
the operational process. The passive connection, series connection, and original moving
coil actuators complete the breaking operation using the lowest energy from the capacitor.

The hybrid connection actuator uses 43.1% of the capacitor energy, while the parallel
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connection actuator uses 82.5% of the capacitor energy for one operation.
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Fig. 5-13 Capacitor voltage against time
5.5.Performance comparison

The moving coil actuators with compensation coils have advantages and disadvantages
compared with the original moving coil actuator. Overall, the moving coil actuators with
compensation coils have faster operational speeds than the original moving coil actuator.
The compensation coils effectively reduce the magnetic field generated by the moving
coils, which can reduce saturation and eddy current loss in the SMCs. At the same time,
the compensation coils significantly reduce the coil equivalent inductance, providing a
faster rate of rise of the current in the coil. The moving coil actuators with compensation

coils can achieve the target displacement within a shorter period of time.

Table 5-2 shows the quantitative comparison of the performance of actuators in terms of
the rate of rise of current, peak current, peak force, opening time, energy consumption

and efficiency for one operation.
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The passive connection actuator is slightly faster than the original moving coil actuator
and has higher operating efficiency, this makes it a good solution for the replacement of
the original moving coil actuator. The series connection actuator provides the best
magnetic field compensation, and achieves no changing flux from the moving coils when
energized. However, the performance is not as good as the passive compensation in
terms of both operating speed and efficiency. The parallel connection actuator has the
fastest operation speed, but the lowest efficiency. The high operating current requires a
capacitor with a higher current rating. Also, the energy consumed by the parallel
connection for each operation is the highest, which means the capacitor needs to be
recharged more frequently. The operational speed of the hybrid connection is lower than
the parallel connection but much higher than the other actuators, while the operating
current is relatively small, reducing the pressure on the system. The hybrid connection
actuator maintains high efficiency without too much energy consumption in one operation.
In summary, the passive connection moving coil actuator with compensation coils can
be an alternative option giving faster speed than the original moving coil actuator. The

parallel connection actuator can be used for an ultra-fast linear actuator.

TABLE 5-2
PERFORMANCE COMPARISON

Original | Passive Series Parallel Hybrid
Rate of rise of current (A/ms) 36.9 113.9 132.7 675.1 286.7
Peak current (A) 61.8 63.9 60.1 204.7 114.1
Peak force (N) 1159.2 1215.3 1111.5 3775.2 2135.0
Opening time (ms) 4.1 3.9 43 2.8 3.1
Energy consumption 19.5% 17.3% 14.5% 82.5% 43.1%
Efficiency 48.4% 43.1% 36.9% 13.0% 29.3%
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5.6.Conclusions

This paper aims to investigate a fast-operating and highly efficient actuator for a vacuum
interrupter. A new type of moving coil actuator with compensation coils is proposed. Finite
element analysis results show the performance of the moving coil actuator using
compensation coils is significantly improved. The compensation coils are able to
increase the operating speed, and at the same time to eliminate the saturation of the
core by reducing the moving coil magnetic field. Four possible connection methods for
the compensation coils: passive connection, series connection, parallel connection and
hybrid connection are investigated in this paper. In summary, the following conclusions

can be drawn:

1) The compensation coils can effectively reduce the effective coil inductance, which
achieves a faster rate of rise of the current in the moving coil and hence a faster operating
speed. The compensation coils can also reduce the magnetic field produced by the

moving coils to avoid eddy current loss and saturation.

2) The current in the compensation coils consumes energy, but the overall operating
efficiency is still competitive. The passive connection actuator has the highest efficiency

of 43.1%.

3) The moving coil actuator with parallel connected compensation coils offers the
fastest operational speed of 2.8 ms opening time for displacement of 5 mm, which also

has the largest operating force, reaching peak value of 3775.2 N.

The analysis of the moving coil actuator with compensation coils presented in this paper
develops a new idea for actuator design, which has the potential to improve the actuator

performance when applied to HVDC hybrid circuit breakers.
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This chapter proposes a design of a novel fast operating moving coil actuator with
compensation coil topology for DC circuit breakers. A prototype of the designed
actuator is built and experimentally tested with a vacuum interrupter. The performance
of the moving coil actuator is demonstrated in terms of operating speed, capacitor

voltage, coil current, displacement and energy consumption.
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6.1.Chapter summary

Decarbonisation has been identified as one of the most significant targets by many
countries and institutions. The development of hydrogen-powered electric aircraft, which
can achieve zero emissions during flight, is significant to meet decarbonisation and
sustainability targets. Onboard DC electric networks face a challenge of high and fast-
rising DC fault currents caused by the large energy stored in capacitors and batteries.
Reliable and fast-operating DC circuit breakers are therefore urgently needed. The
operating speed of a hybrid DC circuit breaker, with low on-state losses, is depended on

its mechanical switch.

This chapter proposes the design of a novel fast operating moving coil actuator with
compensation coil topology for circuit breaker applications. The actuator topology is
simulated in 2D finite element modelling using COMSOL, to investigate the magnetic
field distribution and dynamical performance. A prototype of the moving coil actuator is

designed, built, and experimentally tested with a vacuum interrupter.

The results demonstrate that the compensation coils can effectively increase the rate of
rise of the excitation current in the coils, thus increase the actuating speed. This novel
topology can also eliminate the saturation in the magnetic core. Further potential

improvements for the designed moving coil actuator are presented and analysed.

The rest of this chapter is cited from the author’s submitted article in IEEE Transactions
on Industrial Electronics. The structure of this chapter is organised in an alternative-
based format, where the indices, equations, tables, figures, titles and references are

numbered independently.
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A fast operating moving coil actuator with compensation coils for vacuum

interrupters

Boyuan Yin, Xiaoze Pei, John Frederick Eastham, Emelie Nilsson, Jean-francois

Rouquette, Jean Rivenc, Ludovic Ybanez, Xianwu Zeng

Abstract—In recent years hydrogen-powered electric aircraft have attracted significant
interest aiming to achieve sustainability and decarbonization targets. The onboard DC
electric networks are facing a great challenge in DC fault protection requirements.
Vacuum interrupters are widely used in low voltage and medium voltage networks as
they are environmentally friendly with low maintenance. This paper designs and builds a
fast operation moving coil actuator, with compensation coils, for a vacuum interrupter as
part of a hybrid DC circuit breaker. The compensation coils induce a magnetic field which
acts against the magnetic field from the moving coils, thus reducing the saturation in the
electric steel. It also reduces the coil inductance so that the rate of rise of current and
the operating speed are improved. Four possible connections are proposed and
compared with the original moving coil actuator. A vacuum interrupter actuator prototype
is built and tested to verify the performance of the moving coil actuator. The actuator
structure is designed to latch the moving contact in an open or closed position without
energy consumption and avoid the effects of bouncing, rebounding and welding. The
experimental results show comparisons between different connections of the actuator
coils in terms of opening time, coil current, and pre-charged capacitor voltage. The
dynamic performance of each actuator connection is also compared. The overall fastest
operation is the parallel connection actuator within 3.5 ms when the capacitor is pre-
charged to 50 V. The actuator with compensation coils is shown to have a higher current

rising rate and faster opening speed.

Index Terms—Moving coil actuator, Compensation coil, Vacuum interrupter, Circuit

breaker.
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6.2.Introduction

Decarbonization is one of the most urgent global challenges for industrial applications,
especially in the aviation industry. Most institutions propose to complete decarbonization
and meet the net zero target by 2050[1]. The development of electric aircraft is significant
in achieving sustainability and decarbonization targets. The research on hydrogen-
powered aircraft has been widely discussed [2-5]. Airbus UpNext has launched an
advanced superconducting and cryogenic experimental powertrain demonstrator
(ASCEND) project to develop a superconducting full-electric aircraft propulsion system
in 2021 [6]. The power electronics for aviation must be reliable and efficient to meet the
electric aircraft propulsion protection requirements. The onboard electric networks can
suffer from high and fast-rising DC fault current due to the large energy storage in
capacitors and batteries [7]. The development of onboard DC circuit breakers is urgently

needed.

The design of a DC circuit breaker is generally more complex than an AC breaker. The
mechanical DC circuit breakers have a reliable mechanical structure with low conduction
resistance, reducing the joule losses during normal operation. It needs a pre-charged
capacitor to generate the artificial zero-crossing point [8]. However, the interruption time
of a mechanical circuit breaker is limited, in the order of milliseconds [9]. The solid-state
DC circuit breaker is a power semiconductor-based device that has a fast interruption
ability. It can break the fault current in less than 100 us [10-12]. However, the limited
overcurrent capability and high conduction losses can not be neglected [13]. Hybrid DC
circuit breakers, which combine mechanical and solid-state circuit breakers, are
proposed to achieve a fast fault-interruption speed with lower on-state losses [14-15].
Since the semiconductor devices have a much faster-operating speed than the
mechanical switches, the operating time of the hybrid circuit breaker highly depends on

the mechanical switch. A mechanical switch includes an interrupter and its operating
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actuator.

A vacuum interrupter is a widely used electrical component in medium-power
applications. Compared with sulfur hexafluoride (SF6), vacuum is environmentally
friendly and can provide high insulation strength due to its superior arc quenching
properties [16]. In a closed environment like an electric aircraft application, the vacuum
interrupter becomes the only option. A vacuum interrupter is a mechanical switch using
two electric contacts in a vacuum chamber [17-20]. The fixed contact and the moving
contact are located at the two ends of the vacuum chamber, with a comparatively short
contact stroke. The moving contact is supported by a ceramic bellow, which is used for
external actuator operation through a mechanical coupling. The design of the fast-
operation actuator for vacuum interrupters is very important for hybrid direct current
circuit breakers [21], superconducting fault current limiters [22-23] and other system

protection.

To meet the electric aircraft propulsion fault protection requirement, the actuator should
be able to separate the moving contact and the fixed contact with a considerable force
and operating speed. There are a few typical actuators for vacuum interrupters, the
permanent magnet actuator [24-27], Thomson coil actuator [28-30], moving magnet
actuator [31-32] and moving coil actuator [33-35]. The permanent magnet actuator
employs energized coil and a permanent magnet for force production, this has the
benefits of compact design, reliable operation and mature technology. However, due to
the heavy armature and considerable eddy current loss, the operating speed is limited.
Alternatively, the Thomson coil actuator, as the novel design for ultra-fast operation circuit
breakers, has been investigated with a vacuum interrupter [36-38]. It accelerates the
moving armature with pancake coils. But the efficiency can be limited [28], [30], [39-40].
A moving magnetic actuator applies energized coil to generate a magnetic field driving

the permanent magnet armature. It performs well in terms of durability and efficiency as
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it has no moving wires. However, the heavy permanent magnet armature limits the
operating speed. Compared with the moving magnet actuator, a moving coil actuator has
less moving mass as the moving part is a coil. The moving coil actuator is also known as
a loud- speaker actuator with the benefits of low moving mass and high efficiency. The
comparison of the performance between the moving magnet actuator and the moving
coil actuator is investigated in [41], which proves the moving coil actuator has better
dynamic performance and higher force density. The moving coil actuator can be
improved by minimizing the moving mass, increasing input energy, and reducing the coll

resistance and inductance.

This paper proposes a design of a novel fast operating moving coil actuator with
compensation coil topology. The compensation coils are employed to generate a
magnetic field in the opposite direction to the magnetic field produced by the original
moving coils, so that the equivalent coil inductance is significantly reduced. Therefore,
the rate of current rise in the coils is much faster increasing the operating speed. Four
possible connections between the moving coils and the compensation coils, including
the passive compensation, series connection, parallel connection and hybrid connection,
are investigated in this paper. The finite element modelling of the moving coil actuator
with compensation coils has been investigated in the previous published paper [33]. A
moving coil actuator prototype is designed, built, and experimentally tested with a
vacuum interrupter. The performance is compared with the original moving coil actuator

in terms of operating speed, displacement and energy consumption.

The structure of this paper is as follows. Section Il introduces the vacuum interrupter
specifications and the moving coil actuator topology designed for the vacuum interrupter.
Section Il shows the experimental test results and analysis of the moving coil actuator
prototype with a vacuum interrupter. Section IV compares and discusses the actuator

performance between different coil connections for the moving coil actuator. Both the
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opening and closing processes are analyzed.

6.3.Vacuum interrupter specifications and actuator

topology

6.3.1.Vacuum interrupter specifications

TJC-241 type vacuum interrupter, manufactured by Shanxi Baoguang Electric Device
Company, is investigated in this paper. It has a rated voltage of 3.6 kV and a rated current
of 1.25 kA. The stroke between the two contacts is 2 mm. During the normal operation,
the contact resistance is 30 uQ. The mass of the moving part is 0.3 kg and the closing
force of the moving contact is 110 N. The detailed specifications of TJC-241is listed in
Table 6-1.
TABLE 6-1
VACUUM INTERRUPTER SPECIFICATIONS

Parameter Value
Rated Voltage 3.6 kV
Maximum Voltage (1 min) 20 kV
Rated current 1.25 kA
Maximum Current (2 s) 15 kKA
Stroke 2+ 0.6 mm
Contact resistance 30 uQ
Mass of moving part 0.3 kg
Closing force 110+ 30N

6.3.2.Moving coil actuator electro-magnetic design

The actuator designed for the vacuum interrupter should be based on its mechanical
parameters, not only to ensure the reliable opening and closing process, but also to avoid

contact popping, bounce, rebound, and welding [9]. The actuator designed in this paper
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is proposed to achieve a 4.5 mm operating distance, which includes the 2 mm moving

contact stroke and an additional 2.5 mm distance to provide contact wear compensation.

The actuator for the vacuum interrupter proposed in this paper is a moving coil actuator,
operating using the same principle as a loudspeaker, it is also called a voice coil actuator.
Fig. 6-1 (a) shows the 2D axisymmetric topology of the original moving coil actuator,
which contains two moving coils in the top and bottom airgaps to utilize fully the magnetic
field generated by the permanent magnet. The arrows show the directions of the
magnetic flux. The moving coils position shown in Fig. 6-1 (a) is at the closed position,
which aligns with the top and bottom magnetic steel. Once the fault happens, the moving
coils will be energized by a pre-charged capacitor. Then a large Lorentz force will be
induced on the moving coils, driving the moving part of the actuator to separate the two
contacts of the vacuum interrupter. In Fig. 6-1 (a), the current direction in the moving

coils generates force to move them downwards.

The moving coil actuator with compensation coil topology is shown in Fig. 6-1 (b) [33].
Two fixed compensation coils are located on the top and bottom magnetic steel, aligning
with the moving coils at the closed position. When the actuator is active, an opposite-
direction current will flow into the compensation coils to compensate the magnetic field
produced by the moving coils. The magnetic field, therefore, is maintained at the same
level to avoid saturation in the magnetic core. Because the compensation coils are
wound in the opposite direction to the moving coils, the equivalent coil inductance is
significantly reduced, so that the exciting current in the moving coils has a higher rate of

rise, and the actuator operating speed is increased.
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(a) Original moving coil actuator (b) Moving coil actuator with compensation coils
Fig. 6-1 Moving coil actuator 2D topology

The actuator is energized by a pre-charged capacitor during the opening and closing
process. There are four possible connections for the moving coils and the compensation
coils as shown in Fig. 6-2. The passive compensation actuator is shown in Fig. 6-2 (a),
in which the moving coils are connected with the capacitor and the compensation coils
are short-circuited. The compensation coils can also be replaced by annular copper rings
in this connection. Fig. 6-2 (b) shows the series connection actuator topology, where all
the moving coils and the compensation coils are series connected. This connection
ensures that the current flowing into the four coils are the same, maximizing the magnetic

field compensation.
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Ve

(a) Passive compensation (b) Series connection

(c) Parallel connection (d) Hybrid connection

Fig. 6-2 Different connections of moving coil actuator with compensation coils

Fig. 6-2 (c) shows the parallel connection actuator topology. The moving coils and the
compensation coils are parallel connected to minimize the equivalent resistance and the
inductance. The hybrid connection actuator topology is shown in Fig. 6-2 (d), where the
top moving coil and the top compensation coil are series connected to ensure they have
the same exciting current to fully compensate the magnetic field. So does the coil in the

bottom. Meanwhile, the top and bottom coil groups are parallel connected to reduce the
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coil inductance and resistance.

6.3.3.Vacuum interrupter actuator mechanical design

To achieve a reliable and high-performed vacuum circuit breaker design, the mechanical
structure needs to be considered to avoid bouncing, rebounding, contacts popping and

welding [9].

The arcing between the two contacts cannot be avoided due to the bouncing and popping
during the opening and closing process, which may cause the contact to melt and fuse,
forming dynamic welding on the surface. Arcing and welding will degrade and burn the
contacts, reducing the device lifetime and bringing difficulties in separating the two
contacts. To eliminate the welding effect and against the welding force, the moving plate
of the actuator is coupled with the moving contact through a wipe spring. The actuator
moving plate actuating distance is 4.5 mm, which is 2.5 mm further than 2 mm vacuum
interrupter stroke. Two ‘L-shaped’ stoppers are applied to avoid the moving contact
moving further, exceeding the allowed stroke limitation. A wipe spring is applied between
the moving contact and the actuator moving plate. A supporting spring is located at the
top of the vacuum interrupter connecting the top plate and the fixed contact. During the
opening process, the moving plate already travels 2.5 mm before it drives the moving
contact. When the two contacts start to separate, there has been a large amount of the
kinetic energy accumulating on the moving actuator, which effectively againsts the
welding force. During the closing process, the moving plate travels the first 2 mm
together with the moving contact, then it compresses the wipe spring and the supporting
spring for another 2.5 mm to provide the holding force avoiding the contact bouncing and

rebounding.

Once the actuating process is finished, the current in the moving coils is removed. Then

the moving part must hold at the opening or closing position securely. Thus, four
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permanent magnets are employed on the moving plate of the actuator. A steel plate
above the moving plate and another steel block at the bottom of the moving plate are
employed to latch the moving part of the actuator at a stable position after the actuating

process.

The final designed 3D topology of the moving coil actuator with vacuum interrupter is
shown in Fig. 6-3, including the mechanical parts of magnetic latches, driving shaft,

contact stoppers, rubber absorbers, and supporting steel rods.

Supporting plate
Supporting spring

Vacuum interrupter

Contact stopper Wipe spring
Top latching steel Moving shaft
Moving plate Rubber absorber
Perm?:t%mnrgagnet Bottom latching steel
Supporting steel Coils
rods :
Moving tube
Steel block

Permanent magnet

Coils

Fig. 6-3 Moving coil actuator 3D topology
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6.4.Experimental investigation

A moving coil actuator with compensation coils prototype was built and assembled with
the TJC241 vacuum interrupter in this section as shown in Fig. 6-4. Fig. 6-4 (a) shows
the top and bottom moving coils wound on a G10 tube with epoxy coating. The tube is
directly attached with the moving plate with latching permanent magnets. Fig. 6-4 (b)
shows the magnetic core frame. The permanent magnet and compensation coils are
placed in the magnetic core frame. Neodymium iron boron (NdFeB) N50 type is used in
the actuator. The moving tube as shown in Fig. 6-4 (a) is placed in the airgap shown in
Fig. 6-4 (b). The complete actuator with vacuum interrupter is shown in Fig. 6-4 (c). The
coil terminals at the front provide flexible connections for the moving coils and the
compensation coils. Therefore, the comparison tests can be investigated by using

different coil connections.
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(a) Moving plate and moving coils on the G10 tube
(b) Steel frame with the permanent magnet and compensation coils

(c) Prototype actuator with vacuum interrupter

Fig. 6-4 Moving coil actuator prototype

To control the actuating process, a control circuit is designed with a 20 mF pre-charged
capacitor, to provide power for moving coil actuator operations. The capacitors are
connected to the coils through an H-bridge, which includes four MOSFETs. The H-bridge
circuit can control the exciting current in both directions, which drives the actuator to
open and close. The open and close signals are generated by a control board, which is

also functions to control the current energizing time by adjusting the duration of the signal

189



Chapter 6. A fast operating moving coil
actuator with compensation coils for vacuum interrupters

pulse. The open pulse period is set to be 10 ms and the closing pulse period is 14 ms,
where both are longer than the operating time, in order to hold the moving contact in

position after the opening or closing operation.

The test platform for the actuator with vacuum interrupter is shown in Fig. 6-5. APhontron
SA3-type fast camera is employed to capture the accurate dynamic position of the
actuator moving parts with a high sampling rate of 15000 frames per second. The
resolution is up to 256 x 256 pixels. A high sampling rate oscilloscope is used to record
the coil voltage and current waveforms. DC power supplies are used to support the

control circuit and charge the capacitors.
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Fig. 6-5 Actuator with vacuum interrupter test platform

6.4.1.Static magnetic field distribution

The permanent magnet generates a high magnetic field in the top and bottom airgaps
through the magnetic steel frame. The magnetic field is distributed evenly through the
cylinder steel piece and changed along the vertical direction. A gauss meter is used to
measure the magnetic field distributed along the vertical direction as shown in Fig. 6-6.

The peak flux density is 0.85 T, produced at the top and bottom airgaps, where the coils
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are located.

Length (mm)

Fig. 6-6 Flux density distribution in the airgap produced by the permanent magnets
(along the vertical path)

6.4.2.Static electro-magnetic force on the moving coils

The electro-magnetic force on the moving part is directly related to the coil current. The
static test in this section uses a load cell mechanically connected to the moving plate
and stabled at a certain position that is aligned with the airgaps. When the constant
current flows into the moving coils, the force measured by the load cell is recorded. The
change of electro-magnetic force against the coil current is shown in Fig. 6-7, where the
current ranges from 0 to 10 A. The theoretical force is calculated by equation F = BIL,
where B is the magnetic field in the airgap, | is the coil current, and L is the total length

of the conductors of the moving coils.
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Fig. 6-7 Electro-magnetic force on the moving plate

6.4.3.Actuator opening and closing process

6.4.3.1 Opening process

The moving part of the designed vacuum circuit breaker includes an actuator moving
plate and a vacuum interrupter moving contact. Fig. 6-8 shows the moving plate and
moving contact opening process of the passive compensation actuator with a capacitor
voltage of 80 V. The displacement is a negative value as the open process for the
actuator is moving downwards. The moving plate displacement is up to 4.2 mm. The
moving contact displacement is up to 2.5 mm, as a mechanical stopper is applied to
protect the bellow in the vacuum interrupter. The rated stroke of the vacuum interrupter
is 2 mm, therefore, once the contact travels over 2 mm, the actuator is opened. There is
a time delay before the moving contact acts because of the 2.5 mm gap between the
moving plate and the moving contact. From the time zero, the moving plate starts to

move downwards. It starts to pull the moving contact to open at t1. Then the moving plate
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and the moving contact are moving downwards together, until the moving plate is
stopped by the bottom absorbing rubber at t2 and the moving contact hits the stopper at
t3. Both the moving plate and the moving contact have a minor rebounding effect, but

soon achieve the stabilized position.
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t1 2 t3 Time (ms)

Fig. 6-8 Moving plate and moving contact opening displacement of passive
compensation actuator with capacitor voltage of 80V

6.4.3.2 Closing process

For the vacuum interrupt circuit breaker, the closing time is of less concern when
compared with the opening time. Due to the mechanical structure of the vacuum circuit
breaker, a supporting spring is used to provide the holding force and eliminate the contact
bouncing and rebounding effect. Thus, unlike the opening process, the vacuum
interrupter will not stay stationary but will move upwards and compress the supporting
spring. Therefore, there are three positions that need to be monitored during the closing

process: the actuator moving plate, the moving contact and the fixed contact of the
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vacuum interrupter. Fig. 6-9 shows an example of the closing process of the passive
compensation coil actuator with the initial capacitor voltage of 60 V. Once the actuator
receives the closing signal, the moving plate starts to move upwards with the moving
contact from time zero and reaches a position of 2 mm at time t1 when the moving
contact touches the fixed contact in the vacuum chamber. The moving plate then
separates with the moving contact. The moving plate will continue to move upwards until
hitting the top absorbing rubber to stop at time t2, which has a little rebound after t2 and
then stays steady. The moving contact moves upwards together with the fixed contact
since time t1 to compress the supporting spring, during which time period the two
contacts are kept closed. After time t3, the moving plate, moving contact and the fixed
contact become stable at the closed position. The closed time for the passive

compensation actuator under 60 V is 4 ms.
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Fig. 6-9 Closing process of passive compensation actuator with

capacitor voltage of 60 V
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6.4.4.Dynamic performance during the opening process

A circuit breaker is used to interrupt the current and clear the fault in a short period.
Therefore the opening process of the actuator is more important than the closing
process. This section therefore first concentrates on analyzed the dynamic opening
performance of each actuator under different initial capacitor voltages. Both the electrical
and mechanical properties of each actuator are tested to identify the best operating point.
According to the actuator design in section Il. B, there is a 2.5 mm difference between
the actuator’s moving plate displacement and the vacuum interrupter’s moving contact
displacement. Therefore, the displacement for the moving plate and the moving contact
are recorded, separately. The coil current and capacitor voltage are measured by an

oscilloscope and the displacement is recorded by the high-speed camera.
6.4.4.1 Original moving coil actuator

Fig. 6-10 presents the original moving coil actuator opening dynamic performance with
the initial test voltage from 30 V to 80 V. The coil current is increased with a higher
capacitor voltage. There are two stages of the coil current with each capacitor voltage:
at the first stage, the current is rising from zero and reaches its first and second plateau.
Then in the second stage, the current is increased to the overall peak value, holds for a
period, then decreases to zero. In the first stage, the actuator receives the opening signal.
The current starts flowing into the moving coils and increasing. The current reaches the
first peak at 1.4 ms because of the circuit inductance. Then the current starts decreasing
to its first valley, at which point the moving plate starts to pull the moving contact open.
The moving plate speed suddenly decreases, resulting in the reduction of the induced
voltage in the coils. Therefore, the coil current starts to increase again. The current then
reaches the second plateau due to the circuit inductance. The coil current then

decreased to the second valley, where the moving plate arrives at the fully open position.
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Then in the second stage, the moving coil speed decreases to zero, so that the induced
voltage is also reduced to zero. The current then increases to its highest value and lasts
for a period, which produces the holding force on the moving parts to eliminate the

bouncing effect.
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Fig. 6-10 Original moving coil actuator dynamic performance

6.4.4.2 Passive compensation actuator

Fig. 6-11 shows the passive compensation actuator dynamic performance with the initial
capacitor voltage from 30 V to 80 V. Compared with the original moving coil actuator, the

rate of rising of coil current at the beginning is much higher. This is because the
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compensation coils significantly reduce the coil inductance. The coil current increases to
the peak value in a very short period, which is less than 0.4 ms. The coil currentincreases
quickly producing higher acceleration for the moving parts. Thus, the moving plate moves

faster in the first milliseconds compared with the original moving coil actuator.
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Fig. 6-11 Passive compensation actuator dynamic performance

6.4.4.3 Series connection actuator

The series connection actuator dynamic performance is shown in Fig. 6-12. The tested
initial capacitor voltage is from 30 V to 100 V, which has a wider range as the high series

connected resistance needs a higher voltage to generate an exciting current for coils. It
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can be seen that the capacitor voltage remains at a relatively high level after each

operation. Although the four series connected coils bring high circuit inductance, the

compensation coils cancel most of the coil inductance. Therefore, the rate of rising of

current in the moving coils is still very fast. It takes the series connection actuator 3.8 ms

to open with a capacitor voltage of 100 V where the peak current is 22 A
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Fig. 6-12 Series connection actuator dynamic performance

6.4.4.4 Parallel connection actuator

13

Fig. 6-13 shows the dynamic performance of the parallel connection actuator, with the

initial capacitor voltage from 10 V to 50 V. The parallel connected coils achieve the lowest
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coil equivalent inductance, thus the highest rate of current rise. The peak current can
reach up to 35 A within 0.3 ms. The parallel connection actuator has the highest coil
current and the rate of rising of current, but the energy consumption is also high. It is
noted that the capacitor voltage drops very quickly from the beginning, which makes the
coil current decrease quickly at the end of the operation. The holding force, therefore,
becomes lower. The rebound effect is more obvious than that in other types of coil

connections.
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Fig. 6-13 Parallel connection actuator dynamic performance
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6.4.4.5 Hybrid connection actuator

The dynamic performance of the hybrid connection actuator is shown in Fig. 6-14 with
the initial capacitor voltage from 20 V to 60 V. The hybrid connection actuator combines
the advantages of low circuit inductance from the parallel connection and low mutual
inductance from the series connection. The coil current can reach a higher level with a
reasonable capacitor voltage and remain at a steady level for the holding force. The
moving contact has some rebound effect but the contact opening distance is over 2mm,

which is acceptable.
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Fig. 6-14 Hybrid connection actuator dynamic performance
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6.4.5.Comparison of different coil connections during the open

process

To compare the performance of the different connections, the actuator performance is
investigated at different initial capacitor voltages, in terms of the actuator opening time,

the peak current in the moving coils, and the energy consumption for one operation.

Fig. 6-15 and Fig. 6-16 show the opening performance of the original moving coil
actuator, passive compensation actuator, series connection actuator, parallel connection
actuator and hybrid connection actuator. Fig. 6-15 compares the opening time, coil peak
current, and energy consumption against the initial capacitor voltage. The parallel
connection actuator has the fastest operating speed as it has the lowest coil equivalent
inductance and resistance. Correspondingly, the peak current in the moving coils is also
the highest, as well as the energy consumption for one operation. The hybrid connection
actuator has twice the equivalent inductance and resistance when compared with the
parallel connection, thus the coil peak current is lower than the parallel connection
actuator but higher than other actuators. The passive compensation actuator is similar
to the original moving coil actuator, but employs two compensation coils to reduce the
coil inductance. The overall circuit resistance is almost the same. The series connection
actuator has the largest coil inductance and resistance, which decides its lowest coil
peak current and energy consumption, thus the opening time is longer than other
actuators at certain initial capacitor voltages. But the series connection actuator has a

great potential to have multi operations after one charge.
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Fig. 6-15 Actuator performance on different capacitor voltage for different connections

The overall fastest operating actuator is the parallel connection actuator at an initial
capacitor voltage of 50 V, which can reach 3.5 ms. It also has the highest coil peak
current of 35 A, which brings a challenge to the coils’ overcurrent ability and the requires
high current rating of the capacitor. The opening speed from fastest to slowest is parallel,
hybrid, passive, original, and series with the same capacitor voltage. The coil peak

current and energy are in opposite sequence.

The force from the moving coil actuator is proportional to the current in the coil. Fig. 6-
16 compares the five actuators in terms of the peak coil current. The opening speeds for

the original, passive, series, and hybrid connection actuator are almost the same at a
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certain peak moving coil current, but the parallel connection actuator is slower.
Correspondingly, the energy consumption for the parallel connection actuator is the

lowest with the same coil current.
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Fig. 6-16 Actuator performance with different coil peak currents for different
connections
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6.5.Discussion and potential improvements

The moving coil actuator with compensation coils is investigated in this paper with
passive compensation, series connection, parallel connection and parallel connection.
The simulation results in the previous published paper [33] have verified the magnetic
field saturation in the magnetic core is significantly improved by the compensation coils
and the rate of rise of current is significantly increased. The actuator performance with
the vacuum interrupter and necessary supporting structures is further investigated
experimentally. The overall experimental results demonstrated in this paper show that
the compensation coils can bring benefits to reduce the coil equivalent inductance and
improve operating speed. The passive compensation actuator has a similar operating
speed to the original moving coil actuator, but has lower system inductance, it also has
the simplest structure compared with other connections. The series connection actuator
can withstand higher capacitor voltage, which allows higher energy stored in the pre-
charged capacitor. Therefore, the series connection actuator can operate multiple times
after each charge. The parallel connection actuator performs the fastest operating speed
with the lowest capacitor voltage, but the energy consumption is high for one operation.
The holding force is less as the coil current drops very quickly. The hybrid connection
actuator balances the performance of the series and parallel connection with reasonable

coil current and holding force. The closing operation is reliable and as expected.
The potential improvements of the proposed actuator can be:

1) Increase the capacitor voltage level to achieve a higher coil current. This may pose a
challenge to the capacitor and coil current capability but will achieve faster operating

speed.

2) Increase the number of turns in the coils which brings a higher Lorentz force. The coll

inductance is fully compensated, but the longer conductor will increase the coil
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resistance and reduce the peak coil current.

3) Reduce the moving part mass. Since the moving force is generated on the moving
part, the acceleration depends on the moving mass. Minimizing the moving mass can

efficiently increase the operating speed.

4) With a higher operating speed, the coil current flow time should be extended to provide

the necessary holding force.
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6.6.Conclusions

This paper proposed a novel moving coil actuator with compensation coil topology. The
moving coil actuator with a vacuum interrupter prototype is designed, built and
experimentally tested in this paper. Four possible connections for the compensation coils
are presented. The passive compensation actuator has the most compact design. The
series connection actuator supports high capacitor voltage and small energy
consumption for each operation, thus having a great potential for multi-operation after
each charge. The parallel connection actuator has the smallest circuit inductance and
resistance, which gives the fastest rate of current rise. However, the energy consumption
is large and the coil current decreases too fast to generate a holding force. The hybrid
connection actuator balances the series and parallel connection, achieving small coil
inductance and a performance that is between the original moving coil and the parallel

connection actuator.

The actuator can hold the moving contact at the open or closed position with the
magnetic latch. The springs and supporting structures are designed to help to eliminate
the effect of bouncing, rebounding and welding. The dynamic performance of each

actuator is investigated, and the global comparison is analyzed.

This paper demonstrates that the moving coil actuator with the compensation coils has
a higher current rising rate than the original moving coil actuator. The parallel connection
actuator achieves the highest operating speed at 50 V capacitor voltage in less than 3.5
ms, however, with a high rebound effect. The most reliable operation is the passive
compensation actuator, which can separate the two contacts within 3.7 ms at a capacitor
voltage of 80 V. The high-speed moving coil actuator with compensation coils actuator

has great potential with applications in high voltage DC circuit breakers.
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This chapter presents the thesis conclusions and discusses the potential future works.
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7.1.Conclusions

This PhD research project developed a magnetically decoupled dual wound generator
and a novel fast-operation moving coil actuator topology. Onboard electric propulsion
systems have been proven to be an effective and environmental-friendly solution for
large ships and hydrogen-electric aircraft. This Thesis makes intensive efforts into two
aspects. Firstly, for the power side, a dual wound generator with decoupled outputs
providing power supplies for both ship services and propulsion systems independently
was designed and analysed. Secondly, for fault protection devices, the novel design of
a moving coil actuator with compensation coils was proposed as a promising protection

component for hybrid DC circuit breakers.

7.1.1.Magnetically decoupled design for a dual wound generator

This Thesis developed a dual wound generator for IFEP ship systems, which provided
dual outputs from the 2-pole and 6-pole windings. The objectives have been achieved

including:

® Designed the winding arrangement for a 2-pole and a 6-pole dual wound generator,

to achieve magnetic decoupling between the two outputs. (presented in Chapter 3)

® Built a 2D finite element model of the proposed dual wound generator in COMSOL,
to simulate the magnetic field distribution and operational performance. Investigated
the output voltage and current to verify the magnetic decoupling design. (presented

in Chapter 3)

® Built a prototype of the proposed dual wound generator design and experimentally
tested its practical performance, to validate the full decoupling between the two

outputs. (presented in Chapter 3 and Chapter 4)
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The design achieved a fully decoupled winding arrangement by magnetic field harmonics
analysis. The harmonics distributions of the 2-pole stator, 6-pole stator, 2-pole rotor and
6-pole rotor were calculated and cross-checked to ensure there was no common
harmonic components between the 2-pole and the 6-pole windings. The dual wound
generator topology was simulated in COMSOL using finite element modelling analysis.
The magnetic field distribution and dynamical performance under resistive load
conditions was also presented. The results further demonstrated the fully decoupled

windings properties.

A prototype of the dual wound generator was designed, built and tested operating at
1,500 rpm (Chapter 3), and 2,000 rpm (Chapter 4). The static operating performance
was demonstrated, showing no impact between the two outputs. Considering more
complex practical operating conditions, sudden changes of resistive load, inductive load
and rectified DC load were performed to further challenge the independence of the two
outputs. All the experimental testing results proved that the magnetic decoupling design

of the dual wound generator was achieved.

The dual wound generator design developed in this Thesis and experimentally validated
for its decoupled windings design is achieved for the first time. This is important since in
previous studies, using decoupled designs, were only performed entirely using 2D FEA,
and did not include the effects of the end windings. In addition, most of the dual wound
generators introduced previously used the same pole number for both windings,
therefore, they were electromagnetically coupled, which means that a change in
operating condition of one output would impact the operation of the other output. This is
not ideal for electric ship applications. The dual wound generator proposed in this PhD
research project achieves a fully magnetic decoupled design, where the change of

operation of one output will not impact the operation of the other output.
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7.1.2.Novel design of moving coil actuator topology with

compensation coils

As fault currents in onboard DC electric networks have a high peak and rising rate, the
key feature of the design of a hybrid circuit breaker used actuator is the operating speed.
A novel design using compensation coils for the moving coil actuators was proposed in

this Thesis. The objectives have been achieved including:

® Developed a novel moving coil actuator with compensation coils topology, and built
a 2D finite element model in COMSOL to simulate the actuating performance.

(presented in Chapter 5)

® Built and experimentally tested a prototype of the moving coil actuator design using

a vacuum interrupter. (presented in Chapter 6)

The designed moving coil actuator topology has two air gaps to fully use the magnetic
field generated by the permanent magnet. Four possible connections between the
moving coils and compensation coils were introduced, including the passive

compensation, series connection, parallel connection and hybrid connection.

The designed moving coil actuator topology was simulated using finite element modelling
in COMSOL, to investigate the compensation coils’ impact on the magnetic field
distributions and the compensating performance. The simulation results showed the
actuator’'s performance with compensation coils was significantly improved. The
compensation coils generate an opposite-direction magnetic field against the magnetic
field generated by the moving coils, avoiding the core saturation and eddy current losses
effect. The compensation coils also effectively reduce the system equivalent inductance,

thus increasing the rate of rise of the excitation current.
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A prototype of the moving coil actuator with the designed compensation coils topology
was built and experimentally tested with a vacuum interrupter. A pre-charged capacitor
was used to provide energy for coil excitation. A ‘H-bridge’ circuit using four MOSFETs
controlled the excitation current in both directions, which drove the actuator to open and
close. The mechanisms were designed to operate with the actuating process including
the latching system, springs and other supporting structures, which helped to eliminate

the effects of bouncing, rebounding and welding.

The manufacture of the prototype actuator considered operation in a cryogenic
environment for hydrogen electric aircraft applications. Cryogenic materials such as G10
and epoxy were used. The experimental tests investigated the dynamical performance
of each actuator, and further analysed the global comparison between them. The key

findings of the actuator performance can be summarised as follows:

® The compensation coils effectively eliminate the coil magnetic field saturation, thus

reducing the eddy current losses

® The compensation coils effectively reduce the equivalent coil inductance, thus

increasing the rate of rise of the excitation current

® The passive compensation coil actuator has a similar operation to the original MCA,
but lower equivalent inductance. It can separate the two contacts of the vacuum

interrupter in 3.7 ms at a capacitor voltage of 80 V

® The series connection actuator can withstand higher capacitor voltage, which allows
higher energy stored in the pre-charged capacitor. It, therefore, can operate multiple

times after each charge

® The parallel connection actuator performs at the fastest operating speed with the

lowest capacitor voltage but has the highest energy consumption for one operation
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® The hybrid connection actuator balances the performance between the series and
parallel connection actuators, and achieves reasonable coil excitation current and

operating speed

Overall the experimental results indicate the great potential of the designed actuator

proposed in this Thesis for MVDC circuit breaker applications.

In summary, this Thesis provides valuable guidance for the magnetic decoupled windings
design for dual wound generators and provides a novel idea for compensation coils for

moving coil actuators, which provides the potential technologies for MVDC systems.

7.2.Future works

It is recommended that further research can be carried out in the following areas:

7.2.1.Magnetically decoupled design for a dual wound generator

® End-winding experimental analysis

The next research step for the dual wound generator could be the analysis of the end-
windings. For machine designs, the end-windings effects are always a concern, as they
contribute to unexpected harmonics. The 2D finite element modelling investigated in this
Thesis only considered the in-slot windings. The experimental test results for the
prototype dual wound generator in this Thesis included both the in-slot windings and also
the end-windings effects. The author’s previous research in [112] proposed a simplified
2D and 3D end-windings model to analyse the end-windings effects using the Biot-Savart
law. It would therefore be beneficial to separately test and measure the end-windings
magnetic field distributions, to verify the results from the finite element end-windings

model.
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® Dual wound motor applications

Generally, a dual wound machine can either operate as a generator or an electric motor.
Dual wound three-phase motors have been proven to have the potential to improve the
torque density and torque quality, with even higher efficiency. The dual wound generator
designed in this research project is a synchronous machine with windings in both the
rotor and stator frame, which can also operate as a synchronous motor. Benefiting from
the decoupled winding design, it provides the possibility to design two independent

control systems for this dual wound machine when operating as a dual wound motor.
® Permanent magnet dual wound machine applications

Permanent magnet machines have been proven to have better power density and
promise higher efficiency compared to induction machines, which is a result of the
development of NdFeB magnets. Future works may consider replacing the wound rotor
of the dual wound machine with a permanent magnet rotor. This can be either an interior
permanent magnet machine or a surface permanent magnet machine, which would
depend on specific application requirements. It is noted that a permanent magnet
arrangement may be carefully considered and designed to generate magnetic fields to

only couple with the corresponding stator windings.

7.2.2.Novel design of moving coil actuator topology with

compensation coils

® Cryogenic environment test

The moving coil actuator proposed in this Thesis from its initial design was considered
for cryogenic electric aircraft applications. The materials used for the prototype MCA can

withstand a cryogenic environment. Future experiments on the operation of the prototype
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MCA could include a cryogenic environment, which may challenge the reliability of the
movable parts. However, the lower operating temperature would result in the copper

wires of the coils having lower resistance, thus supporting a higher excitation current.

® Test the actuator with a resonance circuit or in a hybrid DC circuit breaker

The actuator developed in this Thesis can separate the two contacts of a vacuum
interrupter but is not able to break a fault current. This actuator topology is designed for
hybrid DC circuit breakers, thus no resonance circuit is designed. To test it as a DC fault
protection device, it must either operate with a passive or active resonance circuit
(Section 2.2.1.4 and 2.2.1.5) or work as the mechanical switch in a hybrid DC circuit
breaker. Future works on testing the performance of the actuator may contain the
operation in a hybrid DC circuit breaker as a mechanical switch to block the full system

voltage.
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